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Abstract
The draining lymph node (dLN) is the anatomical site in which adaptive immune responses are
initiated following vaccination. It is increasingly recognised that the dLN also serves an
important innate barrier function and that inflammatory stimuli (including vaccine adjuvants)
drive cardinal aspects of the innate immune response within the dLN. The characterisation of
these intranodal innate immune processes and their impact upon the concurrently developing
adaptive immune response is therefore central to the design of novel vaccines and adjuvants.
Neutrophil and monocyte infiltration is a cardinal feature of the innate immune response. This
phenomenon is studied within the dLN in the context of two key innate immune pathways;
cyclooxygenase-dependent prostanoids and type I interferons. These processes were studied
using a murine skin immunisation model following challenge with killed E. coli (KEC), which
induced the rapid and sequential infiltration of neutrophils and monocytes into the dLN. These
infiltrating myeloid cells were major expressers of cardinal prostanoid synthases
(cyclooxygenase-2, microsomal PGE synthase-1 and thromboxane synthase), as well as
important interferon-stimulated genes such as CXCL9 and CXCL10. Notably, cyclooxygenase
inhibition during their infiltration did not modulate the developing humoral immune response.
In contrast, type 1 interferons drove the differential upregulation of CD69 by different
lymphocyte subsets and the acute production of interferon-γ by dLN NK cells; processes that
play important roles in the retention and activation of T cells. In vitro evidence suggests that
these processes are driven by interferon-stimulated monocytes, a hypothesis supported by the
markedly increased expression of type I interferon stimulated genes by dLN monocytes in vivo.
In conclusion, this thesis highlights the role of infiltrating myeloid cells as unappreciated
orchestrators of type I interferon-driven innate immune pathways in the dLN. This finding
informs hypotheses that assert that inflammatory monocytes drive Th1 T cell responses in the
dLN.
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Impact Statement
The field of vaccine research has rarely seemed more pertinent than in the light of the COVID19 pandemic. This thesis contributes to this crucial field as it presents data that informs
vaccine adjuvant design. Adjuvants serve to increase the immunogenicity of the antigen(s)
within a vaccine formulation. However, until recently, adjuvant design was a relatively
neglected field of research, with only two adjuvants currently listed in the UK immunisation
regimen. It is increasingly recognised that adjuvants work in part by engaging the innate
immune system directly within the draining lymph node (dLN). It is by characterising and
delineating these intranodal innate immune pathways that this thesis contributes to this
expanding field.
This thesis demonstrates that neutrophils and monocytes (both key effector cells of the innate
immune system) infiltrate the dLN in large numbers following a murine skin challenge with
killed E. coli bacteria (KEC). Moreover, these infiltrating myeloid cells demonstrated markedly
elevated expression of genes that drive the innate immune response, including synthases that
manufacture inflammatory prostanoids and a range of type 1 interferon-stimulated genes
(ISGs). Type 1 interferons were shown to play important roles in driving the differential
upregulation of CD69 by different lymphocyte subsets as well as inducing the production of
IFNγ by NK cells. These processes are important for the retention and activation of T cells
within the dLN. The fact that monocytes in particular are major expressers of ISGs suggests
that monocytes orchestrate these processes within the dLN. This thesis therefore highlights
interferon-activated monocytes as key cells that potentially orchestrate the induction of T cell
responses and are thus an important target for future adjuvant research. Indeed, this thesis
poses several hypotheses that address how monocytes may mediate such a function and sets
out the methods by which these hypotheses could be tested. Moreover, efforts have been
made to disseminate the findings of this thesis to the wider scientific community. In this
regard, data from this thesis has been presented at both university and national conferences in
poster format (the British Society of Immunology Congress 2017 and the UCL Division of
Medicine Conference 2018) and is planned to be submitted for publication in peer-reviewed
academic journals.
Finally, the fact that the aforementioned processes are studied in the context of a challenge
with KEC is also of wider significance. Laboratories within the UCL Division of Medicine have
pioneered the use of KEC to study acute inflammation in the skin of healthy human volunteers.
The intradermal murine immunisation model established in this thesis therefore provides a
platform that can be readily adopted to undertake parallel studies of this inflammatory
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stimulus in humans and mice. Furthermore, this thesis demonstrates that aspects of the innate
immune response to KEC mirror that of novel TLR4-agonist adjuvants such as AS01 and GLA-SE.
The direct comparison of KEC with these adjuvants in mice and/or humans may therefore
reveal important differences in the immune response that could inform future adjuvant
design.
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Explanation of Acronyms and Abbreviations
2-ME

2-Mercaptoethanol

AIM2

Absent in Melanoma 2

AP-1

Activator Protein 1

APRIL

A Proliferation Inducing Ligand

BAFF

B cell Activating Factor

BCA

Bicinchoninic Acid

BCG

Bacillus Calmette-Guerin

BCR

B Cell Receptor

BSA

Bovine Serum Albumin

CD11b-ve

CD11b-Negative Cells

cDC

Conventional Dendritic Cell. Type 1 = cDC1, type 2 = cDC2

cDNA

Complementary DNA

CFA

Complete Freund’s Adjuvant

CFU

Colony Forming Unit

CLEC2

C-type Lectin-like receptor 2

CNS

Conserved Non-coding Sequence

Con

Contralateral

Contra

Contralateral

COX

Cyclooxygenase

CpG

C-phosphate-G Nucleotides

CREB

cAMP Response Element Binding Protein

Ct

Cycle Threshold

CTRL

Control – refers to either (1) the ipsilateral superficial parotid
lymph nodes of mice injected with appropriate control diluent,
(2) the collective term to refer to contralateral, inguinal and
control lymph nodes or (3) cell suspensions not exposed to
inflammatory stimuli in vitro. Please see figure legends.

DAB

Diaminobenzidine
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DC

Dendritic Cell

dLN

Draining Lymph Node

DMSO

Dimethyl Sulphoxide

DNA

Deoxyribonucleic Acid

dNTP

Deoxyribonucleotide Triphosphates

EDTA

Ethylenediaminetetraacetic acid

EGR

Early Growth Response Transcription Factors

ELISA

Enzyme-Linked Immunosorbent Assay

ELISPOT

Enzyme-Linked Immunospot

FACS

Fluorescence-Activated Cell Sorting

FBS

Fetal Bovine Serum

FDC

Follicular Dendritic Cell

FLICA

Fluorochrome-Labelled Inhibitor of Caspase 1

FMO

Fluorescence Minus One Control

FRC

Fibroblastic Reticular Cell

FSC-A

Forward Scatter Area

GC

Germinal Centre

GFP

Green Fluorescent Protein

GLA-SE

Glucopyranosyl Lipid Adjuvant Formulated in a Stable
Emulsion

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HEV

High Endothelial Venule

HKEC

Heat-killed E. coli

hr

Hour

HSV

Herpes Simplex Virus

i.p.

Intraperitoneal

IFNAR

Interferon α/β Receptor

IFNα

Interferon-alpha

IFNβ

Interferon-beta
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IFNγ

Interferon-gamma

IFZ

Interfollicular Zone

IHC

Immunohistochemistry

ILC

Innate Lymphoid Cell

Imm

Immunised

IMS

Industrial Methylated Sprits

Indo

Indomethacin

Ipsi

Ipsilateral

IRF

Interferon Regulatory Factor

ISG

Interferon-Stimulated Gene

JAK

Janus Kinase

KEC

Killed E. coli (either heat or UV-killed)

KEC-Draining Lymph Node

The ipsilateral superficial parotid lymph node that drains the
murine earflap following intradermal injection of KEC. HKECdraining lymph node is synonymous.

KO

Knockout (refers to IFNAR-deficient mice)

LAT1

Large Neutral Amino Acid Transporter 1

LCMV

Lymphocytic Choriomeningitis Virus

LFA-1

Lymphocyte Function-Associated Antigen 1

LIGHT

Lymphotoxin-like, exhibits inducible expression and competes
with HSV glycoprotein D for binding to herpesvirus entry
mediator, a receptor expressed on T lymphocytes

LN

Lymph Node

LPA

Lysophosphatidic Acid

LPS

Lipopolysaccharide

LYVE-1

Lymphatic Vessel Endothelial Hyaluronan Receptor 1

MALT

Mucosa-Associated Lymphoid Tissue

MHC II

Major Histocompatibility Complex 2

Mig DC

Migratory Dendritic Cell

MMLV

Moloney Murine Leukaemia Virus
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Mono

Monocyte

mPGES-1

Microsomal Prostaglandin E Synthase 1

MRC

Marginal Reticular Cell

MRI

Magnetic Resonance Imaging

mRNA

Messenger RNA

MSMD

Mendelian Susceptibility to Mycobacterial Disease

mTOR

Molecular Target of Rapamycin

MVA

Modified Vaccinia Virus Ankara

MyD88

Myeloid Differentiation Primary Response 88

ndLN

Non-Draining Lymph Node

Neut

Neutrophil

NFκB

Nuclear Factor Kappa B

NK Cell

Natural Killer cell

NKT cell

Natural Killer T cell

NLR

NOD-Like Receptor

NLRP3

NLR family pyrin domain containing 3

NO RT

No Reverse Transcriptase Control

NSAIDS

Non-Steroidal Anti-Inflammatory Drugs

OCT (Immunohistochemistry)

Optimum Cutting Temperature Compound

OCT (Transcription Factor)

Octamer Transcription Factor

OD

Optical Density

Other

CD11b-positive cells that are neither neutrophils or monocytes

OVA-A647

Ovalbumin Alexa Fluor 647

p.o.

Per Os (administered by oral gavage)

PAMP

Pathogen Associated Molecular Pattern

PBS

Phosphate-Buffered Saline

PCR

Polymerase Chain Reaction

PFA

Paraformaldehyde
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PGE2

Prostaglandin E2

PMA

Phorbol Myristate Acetate

PNAd

Peripheral Node Addressin

PPD

Purified Protein Derivative

PRR

Pattern Recognition Receptor

PVC

Perivascular Channel

qRT-PCR

Quantitative Reverse Transcription Polymerase Chain Reaction

RCT

Randomised Controlled Trial

RNA

Ribonucleic Acid

RT

Reverse Transcriptase

S1P

Sphingosine-1-Phospate

S1PR1

Sphingosine-1-Phosphate Receptor 1

SCS

Subcapsular Sinus

SLO

Secondary Lymphoid Organ

SPL

Spleen or splenic

SSI

Statens Serum Institut (manufacturer of vaccine-grade BCG)

STAT

Signal Transducer and Activator of Transcription

TBXA2

Thromboxane A2

TBXAS

Thromboxane A Synthase

TCR

T Cell Receptor

TLR

Toll-Like Receptor

TNFα

Tumour Necrosis Factor-Alpha

TRM T cell

Tissue Resident Memory T cell

UV

Ultraviolet Light

UVKEC

UV-Killed E. coli

VSV

Vesicular Stomatitis Virus

WT

Wild-Type

γδ T cell

Gamma-Delta T cell
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1 Introduction
1.1 Vaccines
Vaccination is considered to be amongst the most effective health interventions in history (1).
The incidence of various infectious diseases that used to plague populations has declined
precipitously since the advent of vaccination programs, notably culminating in the successful
eradication of smallpox (2,3).
Vaccines work through the safe exposure of the adaptive immune system to antigens from an
infectious agent. This facilitates the development of immunological memory, which bestows
protection against the pathogen if subsequently encountered. Currently available vaccines can
be divided into 3 main types; live attenuated vaccines, inactivated vaccines and subunit
vaccines. These, respectively, utilise weakened strains of a chosen pathogen , killed
preparations of a chosen pathogen and purified antigens to generate immunological memory
(4). The majority of the vaccines included in the United Kingdom’s routine immunisation
schedule are intramuscularly administered subunit vaccines, although a notable minority are
either of the live attenuated and inactivated subtypes and/or are administered by other routes
(e.g. intradermal, intranasal and oral) (Appendix 1).
The advent of vaccinology pre-dates both germ theory and any detailed understanding of the
immune system. As such the development of the first vaccines was largely empiric and thus
the history of vaccination is a useful lens through which to discuss the state of modern
vaccinology.

1.1.1 History of vaccines
The principle of immunity (protection bestowed by prior disease exposure) has been
recognised for millennia (5). Prior to vaccination, this was most famously exploited through the
practice of variolation, in which individuals were inoculated with small amounts of smallpox
lesion material to protect against future smallpox outbreaks (although this practice did incur a
2% risk of developing smallpox) (6). The advent of vaccination is largely credited to the work of
Edward Jenner in the late 18th century (5,7), who used both experimental and observational
data to demonstrate that exposure to the relatively harmless disease cowpox bestowed
protection against subsequent exposure to the much more dangerous disease smallpox (7).
This is due to the fact that that the cowpox and smallpox viruses belong to the same genus and
are sufficiently similar to induce cross-protective immune responses (8). Further vaccines were
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not developed until the late 19th century, in tandem with the increasing acceptance of the
germ theory of disease (4). This time period was marked by the discovery of methods to
attenuate pathogens through exposure to hostile conditions such as heat and oxidative stress
(4). Louis Pasteur was a pioneer in this field, formulating a rabies vaccine in 1885 in which
attenuation was achieved through the exposure of infected rabbit spinal cord to dry air (9). In
addition to attenuated vaccines, the end of the 19 th century bore witness to the development
of the first inactivated vaccines, targeting typhoid, cholera and bubonic plague (4,10).
The 20th century heralded huge strides in vaccine development, including the attenuation of
pathogens via serial culture that underpins the majority of modern live attenuated vaccines
(4). This was first adopted by Albert Calmette and Camille Guerin at the Pasteur institute, who
in 1905, isolated a culture of Mycobacterium bovis from the udder of an infected cow and
proceeded to attenuate it through hundreds of repeated passages over a period of 16 years in
order to develop a live attenuated vaccine against tuberculosis; Bacillus Calmette-Guerin (BCG)
(11). The serial passage of viral pathogens was made possible by the discovery that viruses
could be propagated in in vitro cell cultures in the mid-20th century (12). A series of live
attenuated viral vaccines were therefore developed in the latter half of the 20 th century, with
notable examples including the measles, mumps and rubella vaccines (4,13,14).
The other major vaccine development of the 20th century was the introduction of subunit
vaccines. The first step to the development of a subunit vaccine was the discovery that
formalin-inactivated diphtheria toxin (toxoid) exhibited immunogenicity (15). Another
important step was the serendipitous discovery that aluminium salts used in toxoid
preparation enhanced their immunogenicity (16), underlining the importance of adjuvants
(discussed extensively in Section 1.3.1). Since then, a diverse range of subunit vaccines have
been developed utilising antigens such as cell-surface proteins and capsular polysaccharides
(Appendix 1). The conjugation of capsular polysaccharides to carrier proteins was a further
advance, as this increases the immunogenicity of non-protein antigens by enabling T cell help
(17,18). As a result, several such conjugate vaccines are included in the UK routine
immunisation schedule (Appendix 1).
With regard to vaccine mechanisms, seminal work conducted in the late 19 th and early 20th
centuries led to the discovery and description of antibodies and their capacity to neutralise,
agglutinate and opsonise pathogens and/or their toxins (19–21). This was a significant advance
as the vast majority of modern-day vaccines bestow antibody-dependent protection (22,23).
Such protection may be mediated by various antibody functions, including neutralisation and
complement activation (22,23). As a result, measures of antibody titre or function are used as
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immune correlates of protection following vaccination (22,23). Exceptions are the varicella
zoster and BCG vaccines, which are believed to bestow T cell dependent protection (although
antibody titres remain a useful correlate of vaccine efficacy in the case of the varicella zoster
vaccine) (22,23).
Since the turn of the twenty first century, important vaccines have been developed against
human papilloma virus (a major driver of cervical cancer), meningitis B and rotavirus (4). The
live attenuated rotavirus vaccine was developed through the genetic reassortment of bovine
and human rotaviruses and bestows a high level protection against severe childhood
gastroenteritis (24,25). Furthermore, the subunit meningitis B vaccine represents the first
vaccine developed using reverse vaccinology, in which novel antigens were identified through
sequencing of the pathogen’s genome (26). In summary, these examples exemplify the history
of vaccinology, which has been characterised by a steady progression from the empiric
methods employed by Jenner to more informed approaches to vaccine design that are
underpinned by advances in our understanding of immunology (27).

1.1.2 Vaccine challenges
Whilst vaccines have been developed against a broad array of pathogens, two challenges
persist; namely novel pathogens and pathogens that have proved refractory to vaccines. With
regards to the former, early characterisation of the novel pathogen is important for candidate
vaccines to be rapidly developed and clinically evaluated (28). In a pandemic scenario where
time is of the essence, an approach that encourages the parallel development of multiple
candidate vaccines of varying types is advantageous (29,30). This is facilitated through the use
of a range of different technology platforms and adjuvants (29,30). Similarly, time necessitates
the clearance of different regulatory steps and the establishment of manufacturing and
logistics processes in parallel so that once a candidate vaccine is validated it can rapidly be
administered at scale to large populations (29).
In addition to novel pathogens, there remain a number of important pathogens that have
proved refractory to the development of an effective vaccine. Notable examples include
tuberculosis, malaria, and human immunodeficiency virus (HIV). A multitude of factors
contribute to this problem. Firstly, with some pathogens, it has proved difficult to identify
immunogenic antigens that are not subject to the escape mechanisms of antigen drift and
shift. This may be overcome by novel methods to identify such antigens, such as the genome
sequencing and reverse vaccinology approach used to develop the meningitis B vaccine (21).
Another problem is that the precise mechanisms of protective immunity are not fully
29

understood for certain pathogens. Tuberculosis is a prime example as there is evidence that T
cells bestow protection but vaccine development is hindered by the lack of reliable correlates
of protection akin to antibody titres (31–34). This problem has been compounded by the fact
that (until recently) there has been a relative dearth of adjuvants capable of potentiating T cell
responses (Section 1.3.1). Fundamental to this problem is the fact that the adjuvant
mechanisms and the factors that modulate the developing adaptive immune response are only
partially understood.
Secondary lymphoid organs such as draining lymph nodes (dLNs) are the anatomical location in
which adaptive immune responses are initiated. This thesis concerns itself with the
characterisation of innate immune pathways within the draining lymph node (dLN) in order to
better our understanding of how these processes may impact the developing adaptive immune
response and thereby inform adjuvant design. This introduction therefore first covers the
anatomy and physiology that underpins the initiation of adaptive immune responses within
the dLN before exploring our current understanding of adjuvant mechanisms and innate
immune pathways in the dLN.

1.2 Initiation of adaptive immune responses
Adaptive immune responses are initiated by a process of clonal selection whereby antigens
induce the activation and proliferation of lymphocytes expressing cognate antigen receptors.
Lymphocyte antigen receptors are generated by the somatic recombination of numerous
different gene segments during lymphocyte development. This process facilitates the
generation of a huge variety of lymphocyte antigen receptors; theoretically ≥10 11 different B
cell receptors (BCRs) and ≥1015 T cell receptors (TCRs) (35). The diversity of the lymphocyte
antigen receptor repertoire maximizes the number of antigens that can be targeted by
lymphocytes. However, as each lymphocyte can only express a single lymphocyte antigen
receptor, the diversity of this repertoire necessarily limits the number of cognate lymphocytes
available to respond to a given antigen. Indeed, studies demonstrate that only 1 in 1-3 x 105 T
cells (36–38) and 1 in 105-106 B cells (39–41) are cognate for a given antigen in a naïve mouse.
Facilitating the presentation of an antigen to the small numbers of cognate lymphocytes
available therefore represents a ‘needle in a haystack’ problem for the immune system.
Nevertheless, the activation of naïve T cells is remarkably efficient, Van Heijst et al having
demonstrated that >95% of cognate T cells are activated during the first 8 days of a viral
infection (42). Such efficiency is promoted by the fact that vertebrate immune systems have
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evolved secondary lymphoid organs that serve as specialised sites of lymphocyte activation by
facilitating the presentation of antigen to large numbers of naïve lymphocytes (43).
The secondary lymphoid organs (SLOs) consist of the mucosa-associated lymphoid tissue
(MALT), spleen and lymph nodes. SLOs accumulate antigen from distinct anatomical
compartments (the mucosa, blood and extracellular fluid/lymph respectively) and present it to
large numbers of lymphocytes that continually recirculate between SLOs and the bloodstream
(43). Their importance with regard to lymphocyte activation is demonstrated by the impaired
adaptive immune responses exhibited by mice harbouring defects in SLO development and
structure (44–47). In evolutionary terms, lymph nodes are the most recent of the SLOs (48)
and initiate adaptive immune responses to antigens transported from tissues via afferent
lymphatic vessels (43). The dLN is therefore central to the generation of adaptive immune
responses to vaccines and pathogens that enter the intradermal, subcutaneous and
intramuscular spaces. In such circumstances, cognate lymphocytes are predominantly
activated in the primary dLN (49–52) and ablation of afferent lymphatic vessels results in
delayed lymphocyte activation in the spleen as opposed to the dLN (53).
Lymph nodes are highly organised structures in which antigen and lymphocytes are
concurrently channelled so as to efficiently promote the rapid activation of the small number
of lymphocytes with receptors cognate for a given antigen. Thus, the following sections
describe lymph node anatomy and the physiological processes fundamental to lymph node
function; lymphocyte recirculation, antigen trafficking and lymphocyte activation.

1.2.1 Lymph node anatomy
The cumulative action of Starling forces acting across the capillary wall that force the
extravasation of fluid out of capillaries and into the extracellular space of the tissue
interstitium. This extracellular fluid is redefined as lymph as it enters the lymphatic system via
blunt-ended lymphatic capillaries located within tissues. These lymphatic capillaries
progressively converge to form larger lymphatic vessels that ultimately drain lymph back into
the cardiovascular system via the thoracic duct (54). Lymph nodes are encapsulated beanshaped lymphoid structures interspersed along the lymphatic tree, particularly at sites where
lymphatic vessels converge (55). Lymph flows through lymph nodes; entering by one or more
afferent lymphatic vessels that penetrate the lymph node capsule and exiting through an
efferent lymphatic vessel that projects from the lymph node hilum (55,56). Lymph nodes also
receive a vascular supply via a feed arteriole and a draining vein that enter and exit from the
hilum respectively (55,57). Lymph nodes possess a highly organised internal structure that can
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be divided into three compartments, the parenchyma, the lymphatic sinuses and the
vasculature. The parenchyma can be further divide into an outer cortex and an inner medulla.
Figure 1.1 depicts the major features of lymph node anatomy.

Figure 1.1: Gross lymph node anatomy.
Created with biorender.com

1.2.1.1 Parenchyma
1.2.1.1.1

Cortex

The cortex forms the main body of the lymph node parenchyma and can be broadly divided
into the B cell-rich follicles in the outer cortex that lie directly underneath the subscapular
sinus and the T cell rich paracortex that lies deep to the follicles. The follicles exhibit marked
expression of the CXCR5 ligand CXCL13, whereas the paracortex exhibits marked expression of
the CCR7 ligands CCL19 and CCL21 (58–62). These chemokines are central to the organisation
of the lymph node cortex as both T cells and dendritic cells use CCR7 to localise within the
paracortex and B cells use CXCR5 to localise within the follicles (61,63–65). Indeed, deletion of
CXCL13 and CCL21 leads to gross distortions in the anatomy of the lymph node cortex
(61,62,66). These regions also exhibit differences in their underlying stromal architecture, with
follicular dendritic cells (FDCs) and fibroblastic reticular cells (FRCs) forming distinct stromal
networks in the follicles and paracortex respectively (67). Moreover, the paracortex also
harbours networks of resident dendritic cells (68) and macrophages (69). T cells migrate along
the FRC network in the paracortex and scan both lymph node resident and migratory dendritic
cells for cognate antigen, whilst B cells move along the FDC network in the follicle in search of
soluble or membrane bound antigen (Section 1.2.2.2).
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The paracortex is not a uniform structure and can be further subdivided. The cortical ridge
refers to the region of the paracortex adjacent to the follicles. It exhibits a particularly dense
stromal network, an increased number of high endothelial venules (HEVs) and is a prominent
site for the interaction of dendritic cells with lymphocytes entering the lymph node (59,70).
Similarly, the peripheral region of the paracortex adjacent to the medulla also serves as a site
of T cell activation and has been termed the medullary ridge (70). These regions are
superficially contiguous with the interfollicular zones (IFZs) that lie between follicles. The IFZs
are rich in HEVs and host strategically positioned dendritic cells, NK cells, γδ T cells, NKT cells
and innate-like CD8 T cells that rapidly respond to pathogens that drain into the overlying
lymphatic sinuses via afferent lymphatics (71,72). In terms of dendritic cells, it is recognised
that these peripheral regions of the paracortex are enriched with cDC2s that are specialised to
present to CD4 T cells via MHC Class II (71,73–76). In contrast, deeper regions of the
paracortex are enriched with cDC1s specialised to present to CD8 T cells via MHC class I(71,73–
76). Moreover, CD4 and CD8 T cells are similarly distributed such that CD4 T cells and cDC2s
are concentrated in peripheral regions of the paracortex, whilst CD8 T cells and cDC1s are
concentrated within deeper regions of the paracortex (76).
The lymph node cortex is therefore characterised by the spatial segregation of lymphocytes
into the superficial follicles and underlying paracortex, which express different chemokines
and harbour distinct networks of stromal cells and antigen presenting cells. Moreover, the
border zones between these regions are prominent sites for the activation of both innate
immune cells and lymphocytes. The main features of the LN cortex are depicted in Figure 1.2.

1.2.1.1.2

Medulla

The medulla lies deep to the paracortex and is adjacent to the lymph node hilum. It consists of
a network of interconnected lymphatic sinuses interspersed with sections of parenchyma
called medullary cords (55,77). The medullary cords are predominantly populated by
medullary cord macrophages, B cells and plasma cells residing on a network of medullary
fibroblastic reticular cells (77–81). CXCL12 is strongly expressed in the medullary cords and is
thought to promote the localisation of CXCR4+ve plasma cells in this region (78,79). Indeed, the
medullary cords are regarded as a specific niche for the survival of plasma cells (77,79,80).
Moreover, the medullary cord macrophages, along with medullary sinus macrophages, play an
important role in the trapping of foreign material that drains into the medullary lymphatic
sinuses (77). Finally, the medulla also been reported as a site of lymphocyte egress into
efferent lymph (82) , although the cortical lymphatic sinuses are thought to be the primary site
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of lymphocytes egress from the lymph node parenchyma (Section 1.2.2.3). The main features
of the LN medulla are depicted in Figure 1.2.

1.2.1.1.3

Lymphatic sinuses

Lymph flows through lymph nodes via a series of lymphatic sinuses lined by LYVE-1+ve
lymphatic endothelial cells. Afferent lymph first enters the subcapsular sinus, a space that lies
between the overlying capsule and the underlying cortex, before distributing throughout the
medullary and cortical lymphatic sinuses (57). The cortical lymphatic sinuses are blunt-ended
structures that begin in interfollicular and perifollicular regions of the paracortex and connect
to the medullary lymphatic sinuses (83,84). The medullary lymphatic sinuses coalesce to form
an efferent lymphatic vessel that protrudes from the hilum.
These lymphatic sinuses play important roles with regard to the trapping of antigen borne in
afferent lymph as strategically positioned macrophages and dendritic cells capture antigen
that drains into the subcapsular and medullary sinuses (Sections 1.2.3.1 and 1.3.2.3). In
addition, these lymphatic sinuses serve as sites of cellular entry and egress from the dLN. T
cells and dendritic cells arriving via afferent lymphatics have been shown to enter the lymph
node parenchyma via the subcapsular and medullary sinuses (85), whilst lymphocytes egress
the lymph node parenchyma by transmigrating into the cortical and medullary lymphatic
sinuses (82,83,83).

1.2.1.1.3.1

Lymphatic endothelial cells

The lymphatic endothelial cells (LECs) that line the lymphatic sinuses are not homogenous and
exhibit more than just structural functions. Single cell transcriptional analysis has revealed
clear differences in gene expression between LECs depending on their location within the dLN
(86,87). Indeed, the LECs that line the floor and ceiling of subcapsular sinus are distinct
populations, as are the LECs lining the medullary (86,87) and cortical lymphatic sinuses (86). In
terms of function, LECs help establish concentration gradients for the cardinal chemokines
CCL21 (88) and sphingosine-1-phosphate (S1P) (89,90). Moreover, the S1P produced by LECs
provides an important survival signal to recirculating T cells (91). Finally, LECs do more than
just passively channel lymph. Indeed, the LECs that line the floor of the subcapsular sinus
synthesise protein filters that regulate access of lymph borne material to the lymph node
conduit system (92) (Section 1.2.1.2.4). Furthermore, LECs have been shown to process and
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present antigen and are thereby able to induce peripheral tolerance within T cells under
steady state conditions (93–95). Thus, the lymphatic sinuses and their resident cell populations
actively modulate the entry, egress and function of cells within the dLN as well as contributing
to the capture and distribution of lymph-borne antigen.

1.2.1.1.4

Vasculature

The vascular system of a lymph node consists of a feed arteriole and draining vein that enter
and exit the lymph node at the hilum and are connected by capillary networks that perfuse the
lymph node parenchyma (55,57,96,97). The unique feature of the lymph node vasculature is
the high endothelial venule (HEV). HEVs are specialised post-capillary venules that facilitate
the trafficking of lymphocytes from the bloodstream into the lymph node parenchyma. HEVs
are found in orders III to V of the lymph node venular tree and predominantly course through
the paracortex (57,97,98). The thick cuboidal endothelium, basal lamina and perivascular
sheath of HEVs distinguishes them from post-capillary venules in other tissues (99). Indeed, the
term ‘high’ endothelial venule stems from the height of their cuboidal endothelium relative to
the flat endothelium of other venules (57). The HEV endothelium expresses the CD62L ligands
collectively known as peripheral node addressin (PNAd) (100,101), membrane bound forms of
the chemokines CCL19, CCL21 and CXCL12 (102–109), and the integrin ligands ICAM-1, ICAM-2
and VCAM (110) to facilitate the rolling, firm arrest and transmigration of lymphocytes (Section
1.2.2.1.1). The specialised phenotype of HEV endothelial cell is maintained by dendritic cells as
their depletion incurs a loss of HEV phenotype and a consequent reduction in lymphocyte
trafficking and lymph node cellularity (98).

1.2.1.2 Lymph node stromal cells
Non-haematopoietic stromal cells are crucial to the structure and function of lymph nodes.
They can be divided into the endothelial cells that line the lymphatic sinuses and blood vessels
of the lymph node (Sections 1.2.1.1.3.1 and 1.2.1.1.4) and the non-endothelial structural cell
subsets that populate the lymph node parenchyma (111). The latter include fibroblastic
reticular cells (FRCs), follicular dendritic cells (FDCs) and marginal reticular cells (MRCs).

1.2.1.2.1

Fibroblastic reticular cells

Distinct subsets of fibroblastic reticular cells (FRCs) form dense fibrous networks in the
paracortex (T zone FRCs) and medulla (medullary FRCs) (59,67,79). A third subset of FRCs that
35

sparsely populate the outer regions of follicles have also been described (B zone FRCs) (58).
Each of these FRC subsets serves to promote the structure and function of its corresponding
lymph node compartment. The network formed by T zone FRCs is a lattice-like structure that
provides a physical framework which B cells and T cells use to migrate through the paracortex
after exiting HEVs (67). These T zone FRCs also promote the survival and localisation of T cells
by producing the survival factor IL-7 and the CCR7 ligands CCL19 and CCL21 respectively (62).
The B zone FRCs are an important source of the B cell survival factor BAFF (58) and there is
also evidence to suggest they produce the B cell chemokine CXCL13 (79). Similarly, medullary
FRCs support plasma cell localisation and survival within the medulla through the production
of CXCL12, BAFF, APRIL and IL-6 (79). It is thus unsurprising that the conditional ablation of
FRCs has profound effects upon lymph nodes; resulting in significant reductions in their
cellularity, the loss of distinct B cell and T cell regions and a reduced capacity to initiate T cell
and B cell responses (58,112). Thus, distinct FRC subsets organise and maintain the
compartmentalised structure of the lymph node parenchyma through the production of
distinct combinations of survival factors and chemokines.

1.2.1.2.2

Follicular dendritic cells

Follicular dendritic cells (FDCs) form the stromal network that B cells use to migrate within the
follicle (67) and can be identified by their high expression of the complement receptors CD21
and CD35. FDCs store opsonised antigens on their surface that can be recognised by migrating
B cells (113,114) and are important for the maintenance of the germinal centres that develop
during a humoral immune response (60). The conditional ablation of FDCs changes the
organisation of B cells in the outer cortex from a set of discrete follicles to a peripheral band of
B cells (60). However, FDC ablation does not reduce either B cell numbers or the expression of
BAFF and CXCL131 in the lymph node (60). These findings suggest that FDCs are important for
the organisation of B cells in the outer cortex but are redundant for their survival and
localisation in the lymph node.

1.2.1.2.3

Marginal reticular cells

Marginal reticular cells (MRCs) are a subset of lymph node stromal cells that form a fibrous
network in the outer regions of the follicle directly underneath the floor of the subcapsular

1

B zone FRCs (Section 1.2.1.2.1) and marginal reticular cells (Section 1.2.1.2.3) are considered more
important sources of BAFF and CXCL13 in the lymph node.
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sinus (115,116). It is thought that MRCs are the direct descendants of the lymphoid tissue
organizer cells that participate in the formation of lymph nodes during embryological
development (115,116). Their precise role is not yet clear but they are known to express
CXCL13 (79,115) and serve as progenitor cells for follicular dendritic cells (117).

1.2.1.2.4

The lymph node conduit system

The interconnecting fibres that form reticular stromal network of the paracortex (Section
1.2.1.1.1) consist of an inner collagen core and an outer sheath formed by the basement
membranes of the basement membranes of T zone FRCs (118). The network of these tube-like
structures is the lymph node conduit system (Figure 1.2). These conduits begin as
transendothelial channels in the subcapsular sinus and allow lymphatic fluid and low molecular
weight substances (<70kDa) to flow throughout the paracortex and rapidly accumulate in FRC
layer that sheathes HEVs (92,118,119). The 70kDa size-limit is imposed by sieve-like protein
structures that span the entrance to conduits in the lymphatic sinus endothelium (92). These
sieves exclude the majority of lymph-borne virions but a small number are able to gain rapid
access to the conduit system, demonstrating that this size exclusion is not perfect (120). These
conduits serve as an antigen distribution network as dendritic cells can sample conduit-borne
antigen via extend processes they extend into the conduit lumen (118). A similar but less
dense conduit system lined by MRCs and FDCs has been described in the follicles and similarly
it facilitates the rapid capture of low molecular weight antigens by B cells and FDCs (121,122).
In addition to such antigen distribution, the paracortical conduit network is utilised by B cells
to rapidly export IgM into efferent lymph (123). It therefore serves the dual function of
facilitating the rapid access and export of antigens and IgM antibodies respectively.
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Figure 1.2: Lymph node microanatomy
Representative diagram detailing the structural and cellular microanatomy of a lymph node in cross section. cDC:
conventional dendritic cell, FDC: follicular dendritic cell, HEV: high endothelial venule, LEC: lymphatic endothelial
cell, MRC: marginal reticular cell. Created with biorender.com
SCS: subcapsular sinus, S1P: sphingosine-1-phosphate. Created with biorender.com
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1.2.2 Lymphocyte recirculation
Lymphocytes continually recirculate between the bloodstream and secondary lymphoid organs
in search of cognate antigen (97). This is necessary in light of the low frequency of lymphocytes
cognate to any given antigen (Section 1.2). Lymphocytes enter lymph nodes via both HEVs and
afferent lymphatics and egress via efferent lymph. It is estimated that T cells and B cells spend
an average of 30 minutes in the bloodstream before entering an SLO (124) and take 12-20
hours and 18-36 hours respectively to transit through lymph nodes in the steady state
(125,126). The following sections will describe the process of lymphocyte entry into, transit
through and egress from lymph nodes as well as the mechanisms that regulate these complex
processes.

1.2.2.1 Lymphocyte entry
1.2.2.1.1

High endothelial venules

Lymphocytes continually transmigrate across the HEV endothelium to enter lymph nodes
directly from the bloodstream (57). Lymphocytes initially roll along the HEV endothelium due
to the interactions of CD62L on lymphocytes with peripheral node addressins on the HEV
endothelium (102). LFA-1 on rolling lymphocytes binds endothelial ICAM-1/2 to mediate the
firm arrest of lymphocytes on the HEV endothelium (110). This adhesion is also dependent
upon chemokines2 such as CCL19, CCL21, CXCL12 and CXCL13 anchored to the surface of the
HEV endothelium (102–109,128), which are thought to induce the conformational changes in
LFA-1 required for it to bind ICAM-1 and 2 (129). In addition, the adhesion of rolling
lymphocytes to the HEV endothelium requires their desensitisation to the chemokine
sphingosine-1 phosphate (S1P), which is present in high concentrations in blood (130). Once
firmly adherent, lymphocytes cross from the luminal to the abluminal surface of the HEV
endothelium and accumulate in pockets formed between the underside of HEV endothelial
cells and their basement membrane (107,131,132). This process requires lymphocytes to
modulate the affinity of LFA-1 on their surface; presumably to facilitate the morphological
changes required for diapedesis (133). Lymphocytes within these HEV pockets cross the
endothelial basement membrane to enter a narrow perivascular channel (PVC) created by the
fibroblastic reticular cells that ensheath the HEV (67,107,131). This process of transmigration is
dependent upon the production of lysophosphatidic acid (LPA) by HEV endothelial cells as it
drives an autocrine increase in HEV endothelial cell motility (132,134). Lymphocytes finally

2

These chemokines are not necessarily produced by the HEV endothelial cells, they can synthesised by
other LN cells and transcytosed onto the HEV surface (109,127)
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enter the lymph node parenchyma via defined ‘exit ramps’ between the fibroblastic cells that
line the perivascular channel (67).
A notable aspect of lymphocyte entry via HEVs is the dependence of this process on a variety
of cells beyond HEV endothelial cells alone. Indeed, dendritic cells are required actively
maintain the specialised phenotype of the HEV endothelial cells (98). Moreover, type 3 innate
lymphoid cells (ILC3s) are important for maintaining lymphocyte entry via HEVs, although the
mechanism by which they mediate this function is unclear as ILC3 deficiency does not change
HEV phenotype (135). In addition, expression of nuclear factor inducing kinase (NIK) by LECs is
crucial for B cell entry into the dLN and likely linked to CXCL13 production by LECs (127).
Finally, the interaction of platelets with FRCs is required to maintain HEV barrier function in
the context of a high volume of lymphocyte trafficking in order to prevent spontaneous
haemorrhage into the lymph node parenchyma (136). It is thus clear that the entry of
lymphocytes via HEVs is a tightly regulated multi-step process orchestrated by a wide variety
of cells. This may be necessary to maintain the correct balance of lymphocytes within the dLN
and respond rapidly to an infectious challenge as discussed in Section 1.2.2.4.

1.2.2.1.2

Afferent lymphatics

Lymphocytes are present in the afferent lymph that drains peripheral tissues, with T cells
outnumbering B cells (137,138). As lymph nodes are arranged in serial anatomical chains, the
efferent lymph of primary lymph nodes also delivers egressing lymphocytes to downstream
secondary and tertiary lymph nodes (56,125). Labelled T cells injected into afferent lymphatics
have been observed transmigrating into the lymph node parenchyma from peripheral
medullary lymphatic sinuses (85). This transmigration does not require CCR7 but the
subsequent migration of these T cells from the medullary cords to the paracortex is CCR7dependent (85). T cells have also been shown to enter the lymph node parenchyma through
the floor of subcapsular sinus but only after it has been disrupted by the entry of migratory
dendritic cells (85). Unlike T cells, the mechanisms governing the entry of lymph-borne B cells
into the lymph node parenchyma have not been elucidated. Nevertheless, it is clear that the
entry of lymph-borne lymphocytes operates in parallel to the continual entry of lymphocytes
across HEVs.
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1.2.2.2 Intranodal lymphocyte migration and motility
1.2.2.2.1

Intranodal migration

Upon exiting the HEV, T cells rapidly migrate throughout the paracortex using the T zone FRC
network, whilst B cells initially remain in the close vicinity of the HEV before also using the T
zone FRC network to migrate to the base of a lymph node follicle (67,107). Upon entering the
follicle, B cells switch to using the FDC network as the stromal underpinning for their migration
(67). Chemokines are central to these patterns of intranodal migration as CXCR5-deficient B
cells fail to enter the CXCL13-rich follicles (61) and CCR7-deficient T cells or T cells with
defective chemokine receptor signalling exhibit impaired migration into the deep paracortex
(63–65). Moreover, CD4 T cells are directed by the chemokine receptor Ebi2 to peripheral
regions of the paracortex, such that the distribution of CD4 and CD8 T cells is somewhat
segregated between peripheral and deep regions of paracortex respectively (76). This serves to
colocalise CD4 and CD8 T cells with cDC1 and cDC2 dendritic cells respectively (73,76).

1.2.2.2.2
1.2.2.2.2.1

Intranodal motility
T cells

Live cell imaging has shown that T cells are highly motile in the paracortex and scan dendritic
cells for cognate antigen (67,139–142). This pattern of migration has been described as a
‘guided random walk’ (143) as T cells exhibit random and independent paths of migration
within the confines of the T zone FRC network (67,139,141,142). The high motility of T cells is
maintained by the expression of CCR7 ligands (63,64,144) and ICAM-1 (145) and brings T cells
into contact with a large number of dendritic cells. Indeed, it is estimated that a single
dendritic cell can interact with up to 5000 T cells per hour (141) and each T cells scans
approximately 150-300 dendritic cells per lymph node transit (126). Thus, the spatial colocalisation of T cells and dendritic cells in the paracortex combined with high T cell motility
promotes efficient scanning of the immune repertoire for cognate T cells.

1.2.2.2.2.2

B cells

Like T cells in the paracortex, B cells are highly motile in the follicles (108,139) and this motility
is similarly dependent on chemokine signalling (108,146). There is a directional aspect to the
overall motility exhibited by B cells as they enter the base of a follicle and progressively move
superficially through the follicle with time (107,146). It is thought that this motility enables B
cells to scan the follicle for cognate antigen present in the follicle (Section 1.2.4.1). B cell
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motility may also help maintain homeostasis of the follicle as B cell-dependent lymphotoxin
signalling is required for the survival and maintenance of both follicular dendritic cells and the
subcapsular sinus macrophages that overlie the follicle (61,147). Thus, motile B cells
simultaneously scan the follicle for cognate antigen and maintain the structure of the lymph
node follicle.

1.2.2.3 Lymphocyte egress
The egress of lymphocytes out of the lymph node parenchyma and into efferent lymph
depends upon a balance of egress and retention factors. The lipid sphingosine-1 phosphate
(S1P) is the major egress factor. An S1P concentration gradient exists between the low S1P
concentrations of the lymph node parenchyma and the high S1P concentrations maintained in
blood and lymph by erythrocytes and lymphatic endothelial cells respectively (89–91,148,149).
Disruption of this concentration gradient impairs the egress of lymphocytes from lymph nodes
and thereby induces lymphopenia (148). Moreover, deletion or downregulation of
sphingosine-1-phosphate receptor 1 (S1PR1) on lymphocytes impairs their egress and induces
lymphopenia (150–152)3. Indeed, lymphocytes downregulate and upregulate S1PR1 to enter
and egress from lymph nodes respectively (130,146,152). Lymphocytes predominantly egress
the lymph node by parenchyma by transmigrating into the cortical lymphatic sinuses
(83,84,146), although there is evidence that lymphocytes can also egress via the medullary
lymphatic sinuses (82). With regards to precise mechanism by which S1P promotes egress,
intravital imaging suggests that S1PR1-deficient T cells do not exhibit S1P-dependent
chemotaxis to the cortical sinus endothelium4; rather S1PR1 is required to facilitate the
transmigration of T cells across this endothelium (83).
In contrast to the deletion of S1PR1, deletion or antagonism of the chemokine receptors CCR7
and CXCR4 increases the rate of T cell and B cell egress (65,153). The chemokines that bind
these receptors are therefore considered retention factors. The retention promoting effect of
these chemokines can be modulated as there is evidence that B cells become progressively
insensitive to these chemokines as they transit through the lymph node (107). Moreover, the
agonism of β2 adrenoceptors on lymphocytes potentiates signalling via CCR7 and CXCR4 and
thereby promotes their retention in the lymph node (153,154). The egress of lymphocytes
3

Sinha et al (146) argue that neither S1P or S1PR1 are required for the egress of B cells on the basis that
an S1PR1 antagonist is unable to inhibit B cell S1P chemotaxis in vitro. However, the fact that S1PR1deficient B cells exhibit impaired egress from lymph nodes demonstrates that S1PR1 is necessary for B
cell egress in vivo (150,152)
4
Although S1P concentration gradients between different regions of the lymph node parenchyma have
been described (90).
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from lymph nodes therefore depends upon a fine and shifting balance of egress and retention
factors.

1.2.2.4 Regulation of lymphocyte recirculation
It is apparent from the three previous sections that lymphocyte recirculation is dependent
upon a series of complex processes. There is increasing evidence that these processes are
integrated and subject to regulation. Indeed, the rates of lymphocyte entry and egress have
been shown to exhibit reciprocal patterns of diurnal variation that result in lymph nodes
accumulating lymphocytes during the active dark phase and losing lymphocytes during the
inactive light phase of a 12 hour light/dark cycle (154,155). This diurnal variation in lymph node
cellularity is associated with corresponding changes in the expression of the retention factor
CCR7 and the egress factor S1PR1 (154,155). These findings therefore illustrate that the rates
of lymphocyte egress and entry are subjected to co-ordinated regulated mechanisms. In
addition, that finding that the specific deletion of the clock gene Bmal1 within T cells is
sufficient to ablate the diurnal variation in lymph node T cell numbers (155) suggests that
lymph node cellularity is intrinsically regulated by lymphocytes. This theory proposes that
lymphocytes determine their own entry and egress rates (and thereby lymph node cellularity)
by modulating their sensitivity to retention and egress factors. However, Mionnet et al (131)
argue that the lymph node itself also regulates the entry and egress of lymphocytes. This is
because they provide evidence to suggest that the blockade of lymphocyte egress results in a
corresponding reduction in lymphocyte entry 5. They theorise that this reflects a competition
for physical space within the lymph node, whereby lymphocyte egress is required to ‘make
space’ for lymphocytes to enter via HEVs. These findings therefore suggest that diurnal
fluctuations in lymph node cellularity must be permitted by corresponding changes in lymph
node volume.
Another notable feature of lymphocyte recirculation is the fact that lymphocyte subsets differ
in their rates of lymph node transit, with CD4 T cells transiting faster than CD8 T cells and both
T cell subsets transiting faster than B cells (125,126). This likely reflects differing antigen
surveillance requirements of these lymphocyte subsets. Logic dictates that these different
transit times require corresponding differences in entry and egress rates to prevent one
lymphocyte subset displacing another. There is evidence to suggest this is the case as the entry

5

This accords with a study demonstrating that the disruption of S1P-dependent egress does not cause
an increase in lymph node cellularity (148), although others have shown that this does increase lymph
node cellularity (155).
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(107) and egress rates (125) of B cells are lower than that of T cells but the precise
determinants of these differences are unclear. One possibility is that lymphocyte subsets differ
in their sensitivity to retention and egress factors. Overall, it is clear that there are still
important gaps in the current understanding of how lymph node cellularity and composition
are regulated.

1.2.3 Trafficking and distribution of antigen in the draining lymph node
Lymph nodes must concentrate and process antigen in order to facilitate its presentation to
cognate lymphocytes. Antigen can either passively drain into the lymph node in the flow of
afferent lymph or can be actively trafficked into the lymph node within migratory cells.

1.2.3.1 Lymph-borne antigen
1.2.3.1.1

Determinants of lymphatic antigen drainage

Numerous murine studies illustrate that afferent lymph delivers protein antigens, viruses and
bacteria to the primary dLN within minutes of their subcutaneous injection (71,74,156–160).
Moreover, MRI contrast has been used to show that lymphatic drainage is similarly rapid in
humans (161). Although tissue oedema promotes the delivery of lymph-borne antigen to the
lymph node (162), such drainage does not require the hydraulic pressure generated by the
process of injection (71). However, one determinant of such lymphatic drainage is antigen size.
Indeed, 20nm-diameter nanoparticles injected into the murine footpad reach the draining
popliteal lymph node within 2 hours, whilst the drainage of 500nm-diameter nanoparticles
takes between 2 and 24 hours and is dependent on dendritic cells (163). Another determinant
is the access of antigen to the tissue interstitium. This is evidenced by the fact that antigens
topically applied to a mucosal surface or an abraded skin surface do not to exhibit rapid
drainage to the dLN (164,165). Nevertheless, rapid lymph-borne antigen drainage occurs in
numerous contexts and notably is sufficient to induce adaptive immune responses
(74,158,166,167).

1.2.3.1.2

Distribution of lymph-borne antigen within the draining lymph node

Lymph-borne antigen rapidly distributes throughout the subcapsular, medullary and cortical
lymphatic sinuses of the dLN (71,84,159,160,168,169) and is rapidly captured by resident
macrophages populating the subcapsular and medullary sinuses (159,169–171). Depletion of
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these macrophages results in the dissemination of pathogens from the dLN (159,170–173),
suggesting that such antigen/pathogen capture is a key component of the barrier function of
the dLN. It is also thought to promote adaptive immune responses as subcapsular sinus
macrophages help initiate adaptive immune responses by transferring intact antigen to B cells
in underlying follicles (159,174,175). Dendritic cells have been shown to perform similar
functions. For example, a specialised set of lymph sinus dendritic cells use long motile
processes to capture lymph-borne antigen and rapidly present it to cognate T cells (71).
Moreover, a subset of medullary dendritic cells use SIGNR1 to capture antigen in the medulla,
which they subsequently traffic to the follicles to initiate humoral immune responses
(168,169). Thus, a diverse range of phagocytes capture antigen in lymphatic sinuses to both
limit the further dissemination of antigen and trigger adaptive immune responses.
Low molecular weight antigens (<70kDa) that are not captured by the phagocytes that line the
lymphatic sinuses can enter the conduit networks of the paracortex and follicles (Section
1.2.1.2.4). Dendritic cells in the paracortex as well as B cells and FDCs in the follicles can
sample antigen from these conduits (118,122) and such conduit drainage promotes rapid B cell
activation (122). Indeed, protease-dependent cleavage of large particulate antigen in the
subcapsular sinus has been shown to promote B cell responses, potentially by increasing the
drainage of cleaved antigens into these conduit systems (157). In addition to the known role of
conduits, protein antigens have also been recently shown to exhibit conduit-independent
penetration of the lymphatic sinus endothelium (74). This results in the formation of antigen
gradients that extend from the lymphatic sinuses into the lymph node parenchyma (74). Whilst
conduits are important for the acquisition of antigen by B cells, the acquisition of lymph-borne
antigen by paracortical dendritic cells is much more dependent on this conduit-independent
antigen dispersal (74). However, it has also been shown that small numbers of virions are able
to rapidly distribute through the conduit network despite its 70kDa size limit and thereby
rapidly infect conduit-adjacent paracortical DCs (120). The authors of this study hypothesise
that such rapid but limited virion distribution may prove beneficial in terms of its effect upon
accelerating the onset of T cell activation (120). Overall, it is clear that a multitude of processes
operate in parallel to facilitate the capture and distribution of lymph-borne antigen to antigenpresenting cells and cognate lymphocytes.
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1.2.3.2 Cellular trafficking of antigen
1.2.3.2.1

Dendritic cells

1.2.3.2.2

Dendritic cell classification

The term dendritic cell (DC) can be used to describe a range of professional antigen presenting
cells. In mice, DCs can be divided into conventional and non-conventional DCs on the basis of
their ontogeny (176). The differentiation of the conventional dendritic cells (cDCs) is dictated
by the transcription factor zDC (177) and the cDCs can be subdivided further into cDC1s and
cDC2s. The cDC1s consist of CD8α+ve lymphoid resident DCs and CD103+ve migratory dendritic
cells that are specialised for cross-presentation to CD8 T cells and whose differentiation is
driven by the transcription factor Batf3 (178–181).The development of cDC2s is less welldefined but is promoted by the transcription factor Irf4 and these cells are more associated
with the presentation of antigen to CD4 T cells (74,176,182,183). Notably, these differences in
function are reflected by marked differences in their localisation within lymph nodes, with
cDC1s concentrated in central paracortical regions and cDC2s distributed more peripherally
and adjacent to the lymphatic sinuses (71,73–75,167,168,184).
The non-conventional dendritic cells include monocyte-derived dendritic cells, plasmacytoid
dendritic cells and embryonically-derived macrophage-like cells such as Langerhans cells (185).
Of these, monocyte derived DCs are of relevance to this thesis and are discussed further in
Section 1.3.3.2. However, it is important to note that research continues to refine and redefine
dendritic cell classification. For example, there is a subset of monocyte-derived dendritic cells
that phenotypically resemble cDC2s but cross-present antigen like cDC1s (186). Moreover, an
extra layer of complexity is introduced by the fact that these DC cell subsets have been shown
to co-operate in various contexts (184,187–191). The classification of dendritic cells and their
functions is therefore an evolving field with scope for further research.

1.2.3.2.3

Dendritic cell trafficking

Dendritic cells are the archetypal traffickers of antigen from peripheral tissues to the dLN.
Dendritic cells continually migrate from the skin to the dLN in the steady state (125,192) and
the rate of such migration is increased by inflammatory stimuli (193). The migration of
dendritic cells to the dLN is dependent upon CCR7 (192,194,195), as the CCR7 ligand CCL21
facilitates both the entry and migration of dendritic cells within afferent lymphatic vessels
(196,197) as well as the migration of dendritic cells through the floor of the subcapsular sinus
into the paracortex (85,88). Once within the paracortex, migratory dendritic cells can present
antigen to cognate T cells (164,165,188,191,198). Dendritic cells are also capable of
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transferring native antigen to B cells (199,200) but it is not clear to what extent this function is
performed by lymph node resident or migratory dendritic cells.
Antigen arrives in the dLN in two sequential waves, the first being the rapid cell-free drainage
of lymph-borne antigen described in Section 1.2.3.1 and the second being the migration of
antigen-bearing dendritic cells (198). Some studies illustrate that this second wave of antigenbearing migratory dendritic cells is necessary for the induction of effective T cell responses
(188,191,198), whilst other studies demonstrate that it is either partially or completely
redundant in this regard (74,158,166,167). There is evidence to suggest that migratory
dendritic cells play a more important role in T cell priming when antigen does not have ready
access to afferent lymphatics, either due to the route of infection (164,165) or due to the size
of antigen (163).

1.2.3.2.4

Neutrophils and monocytes

In addition to dendritic cells, there is evidence to suggest that antigen can be trafficked to the
dLN by neutrophils and monocytes. Indeed, a wide variety of inflammatory stimuli induce the
appearance of large numbers of antigen-bearing neutrophils (201–203) and monocytes
(50,187,189,204–208) in the dLN. Moreover, antigen-bearing neutrophils and monocytes have
been visualised in afferent lymphatics (201,209,210) or sampled from afferent lymph (211–
214,214–217) during inflammation. However, neutrophils and monocytes appear to
predominantly enter lymph nodes via HEVs (Sections 1.3.2.1, 1.3.3.1.2 and 1.3.3.2.2) and thus
their uptake of antigen likely represents the phagocytosis of lymph-borne antigen in the dLN.
Indeed, there is evidence to suggest that afferent lymphatics express the chemokinescavenging receptor D6 as a mechanism by which to limit the lymphatic trafficking of
inflammatory myeloid cells but not dendritic cells during inflammation (218). Thus, whilst
neutrophils and monocytes likely traffic antigen to the dLN, the extent and significance of this
trafficking relative to dendritic cell or lymph-borne antigen is unknown.

1.2.4 Activation of lymphocytes in the draining lymph node
1.2.4.1 B cells
B cells recognise antigen in its native form using the B cell receptor (BCR) and can acquire both
soluble and membrane-bound antigen (219). Intact antigen can be presented to naïve B cells
by a number of cells in the dLN. Upon arrival into the lymph node parenchyma, B cells can
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acquire cognate antigen from dendritic cells surrounding high endothelial venules (199). B cells
can also recognise cognate antigen trafficked into the follicle by overlying subcapsular sinus
macrophages (159,174), other B cells (175), dendritic cells (168,169) and the follicular conduit
network (122) as well as antigen stored on the surface of follicular dendritic cells (113,114).
Once activated, B cells rapidly internalise and degrade cognate antigen to facilitate the
presentation of antigenic peptides complexed with MHC II to cognate CD4 T cells (156).
Simultaneously, activated B cells exhibit CCR7-dependent migration to the follicle boundary in
order to interact with activated cognate T cells in the interfollicular regions of the paracortex
(220–222). Cognate B and T cells exhibit extensive interactions in the interfollicular region for
2-3 days following immunisation before cognate B cells migrate back into the follicle to
establish germinal centres or migrate to a region under the subcapsular sinus to differentiate
into plasmablasts (221). In summary, antigen is rapidly acquired by cognate B cells, which then
interact with cognate T cells to initiate humoral immune responses.

1.2.4.2 T cells
1.2.4.2.1

Dynamics of T cell activation

T cells use the T cell receptor (TCR) to recognise antigen-derived peptides presented by the
major histocompatibility complex (MHC) and continually survey dendritic cells in the
paracortex for cognate antigen (Section 1.2.2.2.2.1). Intravital imaging demonstrates that T
cells initially make brief contacts with multiple dendritic cells presenting cognate antigen
before reducing their motility and forming a stable conjugate with a single antigen-presenting
dendritic cell (140). The former brief interactions and latter stable conjugates have been
defined as kinapses and synapses respectively, with rapid synapse formation promoted by high
affinity antigens (143). T cells bound to antigen-presenting dendritic cells upregulate CD69 and
CD25 and produce IL-2 and IFNγ (140). Eventually the T cell becomes refractory to further TCR
stimulation and dissociates from the dendritic cell, allowing it to regain its motility and
undergo vigorous proliferation (140,223). These processes occur rapidly in the dLN. Clusters of
activated cognate T cells and dendritic cells can be observed within 24 hours of
immunisation/infection (71,74,165,224,225) and the proliferation of cognate T cells is first
detectable between 2-3 days following challenge with protein antigen/adjuvant formulations
(50,220,226), viruses (165) bacteria (227–229) and fungi (187). Nevertheless, it must be noted
that all these studies assess T cell activation and proliferation following the adoptive transfer
of large numbers of antigen-specific T cells, which artificially increases the likelihood of their
encounter with dendritic cells presenting cognate antigen. Moreover, there is evidence that
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some pathogens delay the onset of T cell activation as mice infected with M. tuberculosis do
not exhibit the proliferation of adoptively transferred cognate T cells in the dLN until at least 7
days following infection (230). However, overall, the findings described demonstrate that the
activation of cognate T cells is a rapid and efficient process.

1.2.4.2.2

Anatomy of T cell activation

T cell activation does not occur uniformly throughout the paracortex. Rather several studies
have shown that naïve T cells are preferentially activated in outer regions of the paracortex
and interfollicular regions (71,224,231,232). This may be due to the propensity of lymph node
resident dendritic cells to acquire antigen in regions adjacent to the lymphatic sinuses
(71,74,231) and of migratory dendritic cells to localise around HEVs in the outer paracortex
(59,224). Further studies have demonstrated that the activation of naïve CD4 and CD8 T cells is
anatomically segregated, with naïve CD4 T cells predominantly activated in the outer regions
of the paracortex adjacent to the B cell follicles and lymphatic sinuses, and naïve CD8 T cells
predominantly activated in deeper regions of the paracortex (74,76,165,181,184)6. This
anatomical segregation of naïve CD4 and CD8 T cell activation reflects their interaction with
distinct subtypes of dendritic cells (74,165,181,184), with CD4 T cells preferentially activated
by CD11b+ve MHC II specialised cDC2 dendritic cells and CD8 T cells by MHC class I specialised
cDC1 dendritic cells (74,76). Moreover, the activation of CD4 T cells appears to be prioritised as
CD4 T cell activation has been shown to precede that of CD8 T cells (165) and to require lower
doses of antigen (74). This accords with the fact that CD4 T cells are required to license
activation of CD8 T cells, a process that requires the subsequent interaction of both CD4 and
CD8 T cells with a subset of cross-presenting XCR1+ve dendritic cells in the peripheral
paracortex (165,184). Indeed, ablation of the peripheral positioning of CD4 T cells
compromises CD8 T cell activation and impairs cell-mediated immunity (76). Overall, it appears
that that the priming of T cells is spatiotemporally coordinated in the dLN.

1.2.4.2.3

T cell differentiation

Following activation by cognate antigen, CD4 T cells can differentiate into a variety of effector
T cell subsets. 5 subsets have been well described thus far; Th1, Th2, Th17, iTreg and Tfh cells.
Each of these subsets exhibit specialised effector functions and can be characterised by the

6

Nevertheless, CD8 T cell activation has also been shown to occur in the cortical ridge, peripheral
paracortex and interfollicular regions in other contexts (70,71,231).
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expression of subset-specific transcription factors and hallmark cytokines (233–238). Many
studies have illustrated the importance of polarising cytokines in determining the
differentiation fate of activated T cells. For example, IFNγ and IL-12 play key roles in the Th1
differentiation of T cells (239–243). However, recent studies also demonstrate that the
duration and strength of TCR signalling and co-stimulation are important determinants of
differentiation fate that precede the effects of polarising cytokines (244–246). Precisely how
this complex array of factors is integrated in order to determine the differentiation fate of T
cells is unclear.
There is growing evidence to suggest that the migration of activated T cells to specific regions
of the dLN is an important part of their differentiation. Indeed, CXCR3 is required for both the
migration of activated T cells to interfollicular and medullary zones and their Th1
differentiation (247) and CXCR5 facilitates the migration of dendritic cells and T cells to
perifollicular regions where Th2 differentiation occurs (248). Similarly, Tfh differentiation
requires the interaction of activated T cells with cognate B cells in interfollicular regions (221).
It has thus been proposed that T cell differentiation occurs in distinct anatomical niches within
the dLN (249,250). Such niches could expose T cells to polarising cytokines, although this
theory is somewhat undermined by the fact that IFNγ and IL-4 have been shown to permeate
throughout the entire dLN (251). Alternatively these niches could facilitate cellular interactions
that promote T cell differentiation as has been shown with regard to B cells and Tfh and Th2
responses (221,248). Overall, diverse and overlapping factors appear to regulate T cell
differentiation in the dLN and these processes warrant further study. Indeed, similar factors
may determine effector and memory cell formation as studies of T cell activation in the spleen
have shown that the expression of CXCR3 promotes the localisation of antigen-specific CD8 T
cells in antigen-rich areas of the spleen and thereby their differentiation into effector T cells
(252,253).
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1.3 Adjuvants and innate immune pathways in the draining lymph
node
1.3.1 Adjuvants
Vaccines bestow protection through the induction of adaptive immune responses and the
formation of immunological memory. The understanding that such protection required
exposure to material from the chosen pathogen (i.e. antigens) was sufficient for the
development of live attenuated and whole-cell inactivated vaccines in the 19th century (Section
1.1.1). However, in the 20th century, immunologists found that purified antigens were often
poorly immunogenic and required combination with adjuvants to induce robust adaptive
immune responses (16,254,255). Adjuvants can be broadly defined as any substance that
potentiates the immunogenicity of a vaccine. Despite the extensive use of adjuvants in vaccine
formulation and immunological research throughout the 20th century, the mechanistic
underpinnings of adjuvants were largely unknown; with Charles Janeway famously dubbing
them as ‘the immunologists dirty little secret’ in 1989 (254). In the same seminal article,
Janeway predicted the discovery of pattern recognition receptors and hypothesised that
adjuvants work by licensing antigen-presenting cells to provide the co-stimulatory signals
required for lymphocyte activation (254). As predicted, the ensuing 30 years have
revolutionised our understanding of innate immune recognition and these insights have driven
the development of new vaccine adjuvants.
Adjuvants differ markedly in their structure and composition. Alum is the most widely used
adjuvant in human vaccines and is a collective term to describe various aluminium salts.
Alum’s adjuvant action was serendipitously discovered in the 1920s as aluminium salts were
used to purify antigen preparations (16,256). Another very popularly used adjuvant in the 20th
century was a mixture of mineral oil and killed mycobacteria called complete Freund’s
adjuvant (CFA) (257), although its use has always been restricted to research purposes on
account of its side effect profile. Modern adjuvants have diversified markedly to include oil-inwater emulsions such as MF-59 and TLR agonists such as monophosphoryl lipid A (MPL). In the
past two decades it has been discovered that many adjuvants exhibit additive and synergistic
properties when combined and thus modern adjuvant design is characterised by such adjuvant
combinations (258). A pertinent example is the adjuvant system AS01, which combines the
adjuvants monophosphoryl lipid A (MPL, a TLR4 ligand) and QS-21 (a saponin), induces potent
T cell responses and has recently been licensed for use in human vaccines against herpes
zoster and malaria (259). Table 1.1 details important features of AS01 and other commonly
studied adjuvants. Nevertheless, alum is still by far the most commonly used adjuvant, with
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MF-59 being the only other adjuvant included in the routine UK immunisation schedule
(Appendix 1).

1.3.1.1 Adjuvant mechanisms
1.3.1.1.1

Common features

Consistent with the early history of vaccines (Section 1.1.1), adjuvants were first empirically
developed with little understanding as to how they potentiated adaptive immune responses
(254). However, our understanding of adjuvants has progressed markedly over the past 30
years and several common features have been identified. Firstly, it is clear that adjuvants must
be spatiotemporally associated with their antigen (185,260–262). Indeed, adjuvants remain
localised to the site of immunisation and dLN (204,263–266) and are not thought to distribute
systemically. In the case of alum, its adsorption to antigen is considered a key requirement of
its immunogenicity (261,267) although the strict importance of adsorption relative to simple
physical association has been challenged (268,269). Whilst there is evidence that the direct
conjugation of adjuvants to antigen can increase immunogenicity (270), in other contexts it is
sufficient for the adjuvant to be delivered to the site of immunisation at the same time as the
antigen (260,262). Nevertheless, the physical properties of an adjuvant can be important as
some adjuvants are capable of altering the distribution of antigen within secondary lymphoid
organs. For example, the phagocytosis of alum-antigen complexes by follicular B cells is
associated with increased humoral immune responses relative to a soluble antigen/adjuvant
formulation (271). Furthermore, oil in water emulsions target antigen to interfollicular regions
of the dLN and this is associated with potentiated T cell responses (272). It has also been long
thought that alum facilitates the slow release of antigen from the site of immunisation (the socalled depot theory) but this has been discounted (166). Nevertheless, it is clear that the
spatiotemporal association of antigen and adjuvant is one common determinant of adjuvant
action.
Another common feature of adjuvants is their capacity to elicit inflammation. Indeed, all
classes of adjuvant have been shown to drive inflammatory gene expression, cytokine
production and innate cell recruitment to a greater or lesser extent at the site of immunisation
(50,51,260,262,265,273–277) and in many cases the dLN
(50,204,242,260,262,265,266,274,277–280). These innate immune pathways contribute to
adjuvant action in various ways. Firstly, adjuvants are associated with immune cell infiltration
and increased cellular uptake of antigen at the site of immunisation and/or in the dLN
(50,51,204,260,262,275,279). Secondly, as Janeway predicted, adjuvants are associated with
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increased expression of co-stimulatory markers on antigen-presenting cells
(51,242,263,265,277,280) and in some instances, have also been shown to drive the
differentiation of monocytes into dendritic cells (50,263). This is in combination with the
aforementioned cell recruitment is thought to boost antigen presentation capacity in the dLN.
Finally, there is evidence that the chemokines and cytokines induced by inflammatory stimuli
such as adjuvants in the dLN serve to orchestrate the recruitment of naïve T cells and/or
provide key polarising signals that drive their differentiation (242,247,272,277–279). It is in this
respect that adjuvants appear to differ most and these differences are discussed in the next
section.

1.3.1.1.2

Differentiating features

Adjuvants differ markedly in the degree and manner to which they induce inflammation and
potentiate the developing adaptive immune response (Table 1.1). In terms of inflammation,
these are evidenced by different profiles of inflammatory gene expression (273,274) and
differences in the relative importance of different inflammatory pathways and cells in their
adjuvant action (Table 1.1). For example, alum elicits minimal inflammation at the site of
inflammation and induces weak T cell responses relative to other adjuvants but is nevertheless
sufficient to potentiate antibody responses (262,280–283). In contrast, MF-59 elicits a greater
inflammatory response at both the site of immunisation and in the dLN and yields higher T cell
responses and antibody titres (51,204,273–275,284,285). In addition, MF59 has been shown to
elicit cross-protective antibody responses in the context of influenza immunisation (286–288).
Despite their common use, the inflammatory pathways engaged by alum and MF59 are only
partially understood. Alum has been shown to activate the NALP3 inflammasome via
phagosomal destabilisation (185,289), although there are conflicting reports as to whether this
contributes to its adjuvant action (185,290). In contrast, MF-59’s activity is independent of the
inflammasome but relies upon MyD88, an intracellular adapter central to TLR and IL-1
signalling (276). MF-59 itself does not directly agonise TLRs (276) but may indirectly engage
PRRs via the release of DAMPs such as ATP, which has been shown to contribute to its
adjuvant effect (291). Moreover, MF-59 has been shown to accumulate in the macrophagerich subcapsular and medullary compartments of the dLN and thus may mediate its adjuvant
activity through activation of lymph node resident macrophages, as has been illustrated for
other adjuvants (265,266). Indeed, it is the capacity to target antigen and adjuvants to
peripheral regions of the dLN that appears to underlie their adjuvant action of oil in water
emulsions (272).
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In addition to alum and MF-59, various TLR agonists (e.g. MPL, CpG) have been shown to
exhibit adjuvant activity, thereby supporting the importance of PRR agonism in adjuvant action
(241,242,260,274). Notably, the combination of TLR agonists with each other or with other
adjuvants results in additive or synergistic effects on both the inflammatory response and the
developing adaptive immune response (277,278,281,284,292–294). For example, the addition
of the TLR-9 ligand CpG to MF-59 results in the strong induction of a Th1 T cell response (284).
This property of CpG has been attributed to the infiltration of IL-12 producing monocytes into
the dLN (242). Similarly, the adjuvant action of the liposome-based TLR-4 ligand/saponin
combination adjuvant AS01 is dependent upon TLR-4 signalling in haematopoietic cells (295).
Both AS01 and GLA-SE (a TLR-ligand/emulsion combination adjuvant) induce potent th1 T cell
responses and with these adjuvants the rapid production of IFNγ by NK cells and memory CD8
T cells within the dLN is key (277–279,296). These studies provide evidence that lymph node
resident macrophages, type I interferons, IL-12 and IL-18 all contribute to this wave of early
IFNγ production (277–279,296). Moreover, there is evidence that the interferon-driven
chemokines CXCL9 and CXCL10 orchestrate the Th1 response by directing the intranodal
migration of T cells (247,272). The production of IL-12 family cytokine IL-27 by lymph node
dendritic cells is another factor shown to correlate with and contribute to T cell responses
driven by a variety of PAMP-based adjuvants (297,298). In summary, whilst adjuvants share
several common features, distinct innate immune pathways appear to drive the manner in
which they shape the developing adaptive immune response.

1.3.1.2 Outstanding questions for adjuvant research
Adjuvant research and development has progressed markedly over the past three decades,
with the vaccine adjuvants AS01, AS03, AS04 and CpG licensed for use in several human
vaccines (259). Most notable is probably the AS01-adjuvanted vaccine RTS,S/AS01 (Mosquirix),
which is the first licensed vaccine against malaria (299,300). In addition, AS01-adjuvanted
vaccines against HIV and TB have also been trialled (301–303). Whilst some results are
encouraging, these new vaccine candidates have thus far not been shown to bestow full
protection against these important pathogens. Indeed, RTS,S/AS01 has only been shown to
bestow 26-51%7 protective efficacy against malaria (300). There is therefore still an unmet
need for new adjuvants and therefore research informing adjuvant design.

7

depending on the immunisation regimen and follow up period (300)
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The combination of adjuvants into adjuvant systems was a rationale advance in adjuvant
design as it better represents the fact that pathogens activate multiple PRRs (304). The fact
that certain adjuvant combinations exhibit synergistic effects upon the ensuing inflammatory
and immune responses validates this approach (277,278,281,284,292,294). It is now a
question of better understanding the pathways driving these adjuvants and determining
whether or not they can be improved further through the activation or repression of other
inflammatory pathways. The increasing use of high throughput technologies such as
microarrays and transcriptomics has been particularly beneficial in this respect as they can be
used to compare the biological signatures driven by different vaccines/adjuvants (273,305) and
even establish predictors of protection (283). These complex biological networks can be
explored and rationalised using computational models (306). Nevertheless, such approaches
still need to be complemented with in vivo experiments that inform our understanding of key
pathways.
A particularly pertinent pathway discussed in Section 1.3.1.1.2 is the rapid production of IFNγ
within the dLN that is associated with the potentiation of th1 T cell responses observed
following challenge with the combination adjuvants AS01 and GLA-SE (277–279) . Notably, this
phenomenon has also been shown to occur in models of infection (72,90,172,307) and is
mirrored by a similarly rapid peak in IFNγ concentration in the blood of human volunteers
administered with AS01-adjuvanted vaccines (277,308–310). Moreover, in the case of
RTS,S/AS01 this rapid peak in serum IFNγ is somewhat correlated with protection. This
suggests that this pathway may be an important adjuvant pathway that could potentially also
serve as a correlate of adjuvant activity. That such correlates exist is supported by a recent
murine study demonstrating a strong and reliable correlation between the magnitude of early
IL-27 production in the dLN and the magnitude of the ensuing T cell responses across variety of
PAMP-based adjuvants (298).
A common theme of the preceding discussion is that the dLN often serves as a crucial site of
adjuvant action. This is evidenced by the physical drainage of certain adjuvants to the dLN
(204,263–266,311) as well as the induction of intranodal gene expression, cellular infiltration
and cytokine production (50,204,242,260,262,265,266,274,277–280). The rapid infiltration of
neutrophils and monocytes into the dLN is a feature of various adjuvants
(204,242,262,263,265,277,278,280,312) and in the case of CFA and CpG they have been
shown to modulate the adjuvant-driven immune response (242,312). Furthermore, TLR-4
signalling within haematopoietic cells is required for the adjuvant action of AS01 (295) and
immunomodulatory properties have been ascribed to lymph node infiltrating neutrophils and
monocytes in various models of infection (Sections 1.3.3.1 and 1.3.3.2). Thus, the question as
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to how neutrophils and monocytes interact with currently identified adjuvant-driven innate
immune pathways within the dLN serves as the focus of this thesis.
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Table 1.1 Notable adjuvants and their inflammatory properties
Adjuvant

Constitution

Non-Redundant factors

Innate Immune Processes within the
Draining Lymph Node

Adaptive Immune Responses
Potentiated

Licensed
Vaccines

Alum

Aluminium salts

Nalp3 inflammasome (185) – disputed
(276,313)
Type I IFN (small contribution)(274)
Uric acid (50), although disputed (185)
RhoG-dependent phagocytosis of alum
aggregates by B cells (271)

Minimal cell infiltration and inflammatory
gene expression relative to other adjuvants
(204,262,273,274)

Antibody responses
(185,262,265,276,281,284,314,
315)
Weak T cell responses
(51,281,282) – Th2 bias (50)

Numerous (see
Appendix 1)

MF59

Oil in water
emulsion of
squalene, span85, tween-80 and
citrate (275)

MyD88 (although does not agonise TLRs)
(276)
Extracellular ATP (291)
ASC – although this finding is not
replicated across mouse strains (316)

Induction of inflammatory gene
expression, cytokine production and cell
infiltration (neutrophils, monocytes,
dendritic cells) (51,204,263,273)

Antibody responses
(204,274,276,284)
T cell responses (275,284)
N.B. Combination with CpG
results in th1 T cell response +
shift in antibody isotype to
IgG2a (284)

Fluad

MPL

Monophosphoryl
lipid A (TLR4
agonist)

No data

Increased NFκB activity, cell infiltration
(monocytes, dendritic cells (260,280))

Antibody Responses (260)
T cell responses (260,277)

N/A – see AS01

CpG

CpG
Oligodeoxynucleo
tides (TLR9
agonist)

CCR2, Flt3, IL-12 produced by
inflammatory monocytes (242).
Type I IFN (small contribution) (274)

Induction of inflammatory gene
expression, cytokine production and cell
infiltration/expansion (monocytes, pDCs)
(242,280)

Antibody responses (274,292)
T cell responses (Th1 bias) (242)

HEPLISAV-B
(FDA approved,
awaiting EMA
approval)

QS-21

Saponin in
liposomes

Lymph node resident macrophages
(clodronate), MyD88, Caspase 1, Baft3,
HMGB1 (265)

Induction of inflammatory gene
expression, cell infiltration (including
neutrophils, monocytes, dendritic cells).
HMGB1 (DAMP) release (265)

Antibody Responses (265)
T cell responses (265)

N/A – See AS01

AS01

MPL (TLR4
agonist) +
liposomal QS-21

IFNγ, IL-12 for T cell response (277)
IL-18, IL-12 and LN resident macrophages
(clodronate) for early IFN production
(277)

Induction of inflammatory gene
expression, strong IFNγ signature not seen
with MPL or QS-21 alone (synergism). Cell
infiltration (neutrophils, monocytes) (277)

Antibody responses
(277,281,282). IFNγ antagonism
reduces IgG2c titres (277)

Mosquirix,
Shingrix
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T cell responses (277,281,282) Th1 bias (277,281)
N.B. MPL and QS-21 exhibit
synergistic effects (277)
AS03

Alpha-tocopherol
and squalene in
an oil in water
emulsion

No data

Increased NFκB signalling, inflammatory
gene expression, cytokine production, cell
infiltration (neutrophils, eosinophils) (262)

Antibody Responses (262,282)
T cell responses (262,282)

Pandemrix,
Arepanrix

AS04

MPL + Alum

No data

Cell infiltration (monocytes dendritic cells)

Antibody Responses
(260,282,315)
T cell responses (260,282,315)

Fendrix,
cervarix

GLA-SE

Glucopyranosyl
lipid A (TLR 4
agonist) stable
emulsion
(squalene)

MyD88/TRIF, IFNγ, IL-12, IL-18, Caspase1, LN resident macrophages. Type I IFN
(266,278,279,317)

Production of inflammatory cytokines –
rapid IL-18 driven IFNγ production by CD8 T
cells and neutrophils. Type I interferons
also produced (266,278,279)

Antibody Responses
(266,279,317,318) – IgG1 and
IgG2c (279,317)
Th1 T cell responses (278,279)

Not yet
licensed, trialled
for candidate
TB vaccine (319)

N.B. Please note that the term clodronate refers to roles for lymph node resident macrophages determined by their depletion with clodronate liposomes.
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1.3.2 Innate immune pathways in the draining lymph node
The initiation of adaptive immune responses is time-consuming as it requires the activation,
proliferation and differentiation of the small numbers of lymphocytes that bear cognate
antigen receptors. In contrast, the innate immune response is rapid and relies upon a system
of pattern recognition, in which germ-line encoded pattern recognition receptors (PRRs)
recognise structures common to invading pathogens; so called pathogen-associated molecular
patterns (PAMPS) (320,321). The agonism of PRRs rapidly elicits acute inflammation, which is
typified by processes such as the production of inflammatory cytokines, increased vascular
permeability and the recruitment and activation of innate immune cells such as neutrophils,
monocytes, macrophages and natural killer cells (320,321). Acute inflammation and innate
immune pathways can also profoundly affect the dLN. It is increasingly recognised that in
addition to orchestrating the developing adaptive immune response, the dLN serves as a
barrier to the dissemination of pathogens that escape infected tissue via afferent lymph.
Indeed, several cardinal inflammatory processes such as macrophage activation, cytokine
production and neutrophil infiltration have also been described within the dLN. The following
sections will review these and other intranodal innate immune pathways (depicted in Figure
1.4) and describe their impact upon concurrently developing adaptive immune responses
within the dLN.

1.3.2.1 Innate immune pathways within afferent lymph
Afferent lymphatics serve as the conduit between the site of inflammation and the dLN. As
discussed in Section 1.2.3.1, afferent lymphatics facilitate the free drainage of antigens ranging
from proteins to whole bacteria to the dLN within minutes of inoculation (71,74,156–160).
The extent to which the afferent lymph also exports the inflammatory milieu at the site of the
inflammation to the dLN is a much-debated question. The direct analysis of afferent lymph is
precluded by size constraints in murine studies and thus has mostly been studied by
cannulation of modified afferent lymphatics in ovine models. In the 1970s it was established
that a subcutaneous challenge with heat-killed E. coli induced sharp increases in neutrophils
and inflammatory prostanoids in draining afferent lymph (211). Further studies conducted in
the past decade have demonstrated that acute increases in neutrophil trafficking within
afferent lymph is a feature of various inflammatory stimuli, including, MPL (212), poly IC (213–
215), CpG (216) and the novel combination adjuvant AS01 (217,322), although not alum (323).
Moreover, several of these stimuli have also been shown to elicit smaller increases in
monocytes in afferent lymph (212–215,217). However, no appreciable rises in dendritic cell
trafficking have been observed during the first 72 hours in such models (212–217,323).
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Nevertheless, all three of these cell subsets have been shown to carry antigen in afferent
lymph (212,213,215–217,322,323) and to exhibit increased expression of inflammatory genes
and cell surface markers (214,215,322,324). Finally, in addition to the direct measurement of
increased levels of inflammatory prostanoids in afferent lymph (211), there is also evidence
from rodent studies that cytokines (e.g. TNFα) and chemokines (e.g. CCL2, CCL19) are
transported to the dLN in afferent lymph (109,325–327) where they gain rapid access to HEVs
via the LN conduit system (92,109,118,119,325). Moreover, these lymph-borne chemokines
are capable of recruiting lymphocytes and monocytes into the dLN via HEVs (109,325).
The presence of these innate cells and mediators within afferent lymph may be read to suggest
that the dLN passively relies upon this lymphatic input for its innate barrier function. This is
strongly argued against by numerous studies that demonstrate the rapid activation of LNresident macrophages by lymph-borne PAMPs (72,170,171,266,328) and the endogenous
production of inflammatory mediators within the dLN
(70,72,170,171,241,242,247,266,312,328–330). Moreover, imaging studies have demonstrated
the mass mobilisation of innate immune cells from high endothelial venules (173,202) and
photoactivation experiments have demonstrated that only a small fraction of infiltrating
neutrophils and monocytes stem from the site of inflammation, further suggesting that HEVs
comprise the major source (209,272). With these findings in mind, the role for afferent lymph
can be revised to that of supplying the necessary signals to initiate intranodal innate immune
pathways. In the majority of circumstances this is probably achieved by the rapid activation of
LN-resident macrophages by lymph-borne PAMPs (72,170,171,266,328). However, Wong et al
(331) have demonstrated that migratory Langerhans cells are essential orchestrators of the
intranodal innate immune response to ectromelia virus as their absence ablates the usual NK
cell and monocyte infiltration required for pathogen control. It is likely that the importance of
Langerhans cells in this context reflects poor lymphatic drainage of free virions in this model as
migratory dendritic cells are identified as the first infected cells within the dLN and the
intranodal inflammatory response takes 24 hours to begin, which is much longer than in other
models (331). Nevertheless, it further supports the theory that afferent lymph provides the
initial signals that trigger endogenous innate immune pathways within the dLN.

1.3.2.2 Lymph node hypertrophy
Inflammatory stimuli induce a rapid increase in the cellularity of the dLN. This process is
termed lymph node hypertrophy (96,326,327,332–334). Numerous inflammatory cells and
mediators have been shown to contribute to lymph node hypertrophy in various contexts,
60

including dendritic cells (335,336) mast cells (326,327,332), TNFα (326,327), TLR-9 (337),
complement (332), LIGHT (333), inflammasome activation and IL-1β (328,338). Lymph node
hypertrophy does not initially require the priming of lymphocytes with cognate antigen (96)
but is potentiated by primed T cells (336,339). Thus, hypertrophy of the dLN is a common
feature of acute inflammation that is induced by a diverse array of inflammatory mediators.
Lymph node hypertrophy is due to the accumulation of large numbers of naïve nonproliferating lymphocytes (96) and accordingly inflammation induces both increased rates of
lymphocyte entry (96,325,340,341) and reduced rates of lymphocyte egress (84,342–344) from
the dLN. With regards to entry, inducing fever-range thermal stress has been shown to
increase lymphocyte homing through the upregulation of CCL21 and ICAM-1 on the HEV
endothelium (341). In addition, dLNs exhibit remodelling and growth of the feed arteriole and
HEVs (96,345). With regards to egress, various stimuli have been shown to transiently shut
down lymphocyte egress into efferent lymph (216,217,343,344,346), with complement
activation, prostaglandin production, TNFα and IL-6 evidenced as contributors to this process
in ovine lymphatic cannulation models (343,344,346). Moreover, type I interferon-driven
upregulation of CD69 has been shown to impair the transmigration of lymphocytes into the
cortical lymphatic sinuses and induce lymphopenia (84,342). The relative importance of
increased entry and reduced egress in driving lymphocyte accumulation has not been assessed
but the transience of the reduction in egress (342–344) coupled with the growth of HEVs
suggests increased lymphocyte entry is the dominant driver. The increased throughput of
lymphocytes through the dLN is thought to promote the rate at which the immune repertoire
is screened for cognate lymphocytes. Indeed, inhibition of the inflammasome-driven
lymphocyte accumulation that occurs following MVA infection results in the defective
recruitment and activation of antigen-specific T cells in the dLN (328).
Physical expansion of the dLN is required to accommodate the increase in cellularity induced
by inflammatory stimuli. CLEC-2 expressing dendritic cells have been shown to facilitate such
physical expansion as the interaction of CLEC2 with podoplanin on fibroblastic reticular cells
(FRCs) induces relaxation of the FRC cytoskeleton and thus facilitates stretching of the stromal
cell networks that underpin the lymph node parenchyma (334,347). Despite this rapid
expansion, the distribution of small antigens via the conduit network is maintained within
inflamed lymph nodes (348). Indeed, there is evidence that CD11b+ve cells are recruited to the
conduit network to increase antigen sampling from the conduit network in inflamed LN (348).
LN hypertrophy is also associated with rapid FRC proliferation, a process triggered by dendritic
cells and the trapping of naïve lymphocytes (336). Such proliferation can also be driven by the
production of IL-17 by activated Th17 T cells (349). When considered in combination with the
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aforementioned expansion of lymph node vasculature (335,345) it is apparent that the stromal
underpinnings of the dLN are remodelled to facilitate lymph node hypertrophy.

1.3.2.3 Lymph node resident macrophages
The CD169+ve F4/80-ve and the CD169+ve F4/80+ve macrophages that line and populate the
subcapsular and medullary sinuses are crucial to the barrier function of the dLN8. Indeed, their
depletion or deletion results in the systemic dissemination of bacteria and viruses from the
dLN into the bloodstream and peripheral organs (72,170,173,350). These macrophages rapidly
capture both viral (72,159,168,170,171) and bacterial (72,169) pathogens that drain into the
lymphatic sinuses and such physical trapping is likely an important mechanism by which they
prevent dissemination. In addition these macrophages have been shown to rapidly produce
type I interferons, IL-1α, IL-1β and IL-18 in the dLN following an inflammatory challenge
(72,170,171,266,328). Their rapid production of type I interferons is necessary to protect
intranodal neurons from fatal neuroinvasion and dissemination in the context of VSV infection
(147,170). Moreover, macrophage-derived IL-18 also indirectly reduces pathogen
dissemination by inducing rapid IFNγ production by strategically positioned lymphoid cells
(72). Finally, ablation of LN-resident macrophages or their derived cytokines has been shown
to impair the recruitment of innate immune cells into the dLN, including neutrophils (72,328),
monocytes (328) and natural killer (NK) cells (172,307,328). Thus, lymph node resident
macrophages are likely to bolster the barrier function of the dLN by both directly capturing
pathogens and initiating inflammatory processes in the dLN.
The roles of lymph node macrophages also extend to the developing adaptive immune
response. Several studies have shown that their prior depletion impairs subsequent T cell (266)
and humoral immune responses (266,351) following immunisation or infection. The proposed
mechanisms by which lymph node resident macrophages promote adaptive immune
responses are varied but include the activation and maturation of dendritic cells (171), the
recruitment of naïve T cells (328) and the production of IL-4 by NKT cells (351).

8

Lymph nodes also harbour a network of T cell zone macrophages that populate the paracortex and
efferocytose apoptotic lymphocytes during homeostasis (69). Whilst these macrophages proliferate in
the draining lymph node following an inflammatory challenge, these macrophages have not yet been
shown to play any additional roles during inflammation and thus will not be commented upon further.
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1.3.2.4 Natural killer cells
Natural killer (NK) cells are lymphoid cells that act as part of the innate immune system;
classically by inducing the death of virus-infected host cells. Like T and B lymphocytes, NK cells
recirculate through lymph nodes; homing to lymph nodes following adoptive transfer
(352,353) and egressing from lymph nodes in an S1P-depdendent manner (354). In the steady
state, NK cells are motile cells predominantly localised in the medulla, paracortex and
interfollicular regions (72,90,352,355). Inflammatory stimuli can elicit the CXCR3-depdendent
recruitment of circulating NK cells to the dLN (172,241,307) and the rapid accumulation of NK
cells in the subcapsular sinus (172,355) and interfollicular regions (356). Numerous studies
have demonstrated that NK cells rapidly produce IFNγ in dLN following an inflammatory
challenge (72,90,172,241,352,355,356). Moreover, Fang et al (90) demonstrate that the
peripheral positioning of NK cells within the dLN is important to induce their expression of
IFNγ. This likely reflects activation of NK cells by other inflammatory cells in the dLN, with
subcapsular sinus macrophages and inflammatory monocytes and migratory dendritic cells
implicated in this process (172,355,357). The recruitment and activation of NK cells has
consequences for both innate and adaptive immunity in the dLN. Both NK cell depletion and
antagonism of IFNγ have been shown reduce pathogen growth in and dissemination from the
dLN (72,307). In addition, the production of IFNγ by NK cells in the dLN has been shown to
drive Th1 immune responses (241). The mechanisms by which NK cells and IFNγ exert these
effector functions are unclear. With regard to innate pathogen control, NK cell derived IFNγ is
thought to promote antimicrobial effector functions in lymph node resident macrophages but
direct evidence of this has not been established (72). Similarly, the precise mechanism by
which NK cell derived IFNγ biases T cell differentiation is unclear, although it is notable that NK
cells have been shown to closely interact with dendritic cells and activated T cells in outer
regions of the paracortex (352). Indeed, NK cell derived IFNγ has recently been shown to
potentiate antibody responses following influenza vaccination by driving the production of IL-6
by dendritic cells (356). It is therefore possible that NK cells drive Th1 T cell responses in a
similarly indirect fashion.

1.3.2.5 Innate lymphoid cells
The innate lymphoid cells (ILCs) are united by their developmental dependence on IL-2Rγ and
the transcriptional repressor ID2 (358). Akin to CD4+ve T cell subsets, they can be split into
three groups based on their expression of transcription factors and effector cytokines (358).
Group 1 ILCs express the Th1 transcription factor T-bet and produce IFNγ, group 2 ILCs express
the Th2 transcription factor GATA-3 and produce IL-4, 5 and 13 and the group 3 ILCs express
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the Th17 transcription factor RORγt and produce IL-17 and IL-22 (358). Each of these groups
can be divided into further subsets, most notably group 1 ILCs can be divided into NK cells and
ILC1s (358).
All three groups of ILCs can be found in lymph nodes, a proportion of which are migratory cells
and another proportion are resident cells (359,360). Akin to NK cells (Section 1.3.2.4), ILC1s
recirculate between the vascular and lymphatic systems and produce IFNγ in the dLN following
an inflammatory challenge (359). Their precise localisation within the dLN is yet to be
characterised. In contrast, group 2 and 3 ILCs have been shown to exhibit a predominantly
interfollicular distribution (360). The precise of functions of group 2 ILCs in the dLN is unclear.
Group 3 ILCs include the lymphoid tissue inducer cells known to be crucial for lymph node
organogenesis (361). In addition, ILC3s have also been shown to actively maintain lymphocyte
entry into adult lymph nodes in the steady state (135). However, the role they play in the
context of acute inflammation is unclear. Interestingly group 3 ILCs are enriched within lymph
nodes that drain mucosal tissues and there is some evidence that they operate to regulate CD4
T cell activation in mucosa-draining lymph nodes (360).

1.3.2.6 Natural killer T cells
Natural Killer T (NKT) cells are a subset of T cells that express a restricted set of T cell receptors
and recognise glycolipid antigens presented by CD1d (362). A small population of NKT cells are
present in lymph nodes where they are predominantly localised in the paracortex but are also
found in interfollicular and subcapsular regions (363). Upon inflammation, lymph node
resident macrophages have been shown to rapidly activate NKT cells through presentation of
glycolipids complexed with CD1d and the production of IL-18 (351,363). Like NK cells and
memory CD8 T cells (Sections 1.3.2.4 and 1.3.2.7), activated NKT cells in the dLN exhibit
increased expression of IFNγ (72,351). Moreover, NKT cells serve as a major source of IL-4, the
rapid production of which initiates antiviral B cell responses (351). These IL-4 producing NKT
cells are predominantly localised at the borders of B cell follicles and thus may form part of
anatomical niche that orchestrates the developing humoral immune response.

1.3.2.7 Memory CD8 T cells
The rapid activation of memory CD8 T cells in the dLN is a common feature of acute
inflammation. Indeed, the viral pathogens LCMV, VSV, MVA and ectromelia virus, the bacterial
pathogen Pseudomonas aeruginosa and the TLR-4 adjuvant GLA-SE have all been shown to
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rapidly elicit IFNγ production by memory CD8 T cells in the dLN (70,278,329,364). Moreover,
these activated memory CD8 T cells are predominantly localised in the peripheral medullary,
interfollicular and subcapsular regions of the dLN (70,328). There is some debate concerning
the factors that determine this peripheral distribution. On the one hand, Sung et al (329) have
demonstrated that infection induces the CXCR3-dependent migration of memory T cells from
the paracortex to these peripheral regions, whilst on the other hand Kastenmüller et al (70)
have shown that memory CD8 T cells are prepositioned in these peripheral regions in the
steady state. These contrasting findings are likely due to context dependent factors.
Regardless, the presence of memory CD8 T cells in the dLN has been shown to play a key role
in preventing the replication and dissemination of pathogens (329,364). Notably, the induction
of IFNγ expression by these cells is not dependent upon the presence of cognate antigen (70)
but has been shown to require expression of CXCR3 (329) and IL-18 (278). These findings
therefore suggest that memory CD8 T cells contribute to the innate barrier function of the dLN
even in the absence of their specific pathogen.

1.3.2.8 Cytokines and chemokines in the draining lymph node
1.3.2.8.1

Sources of cytokines and chemokines in the draining lymph node

Numerous studies have measured increased concentrations of cytokines and chemokines in
the dLN following challenge with a variety of inflammatory stimuli. These cytokines and
chemokines can be transported to the dLN in afferent lymph (109,325–327) or be produced by
cells within the dLN. A diverse range of cells have been shown to be intranodal producers of
cytokines and chemokines, including lymph node resident macrophages (72,170,171,266,328),
resident interfollicular lymphoid cells (including γδ T cells, NK cells, NKT cells and innate-like
CD8+ve T cells) (72), stromal cells (70,247,329,330), memory CD8+ve T cells (70,329) and
recruited neutrophils (312), monocytes (242) and NK cells (241). The precise mechanisms that
drive cytokine and chemokine production within the lymph node during inflammation are only
partially understood. As lymph node resident macrophages rapidly capture pathogens in the
lymphatic sinuses (Sections 1.2.3.1.2 and 1.3.2.3) it seems likely that PAMPs directly drive their
rapid production of type I interferons and inflammasome-derived IL-1β and IL-18; although
there is currently no direct evidence for this. However, it is clear that once the production of
inflammatory cytokines is initiated, it potentiates further cytokine and chemokine production.
For example, it has been repeatedly demonstrated that type I interferons and IL-18 induce the
production of IFNγ (72,172,278,279) and that type I interferons and IFNγ induce the
production of CXCL9 and CXL10 (70,329) within the dLN. Thus, whilst the initial drivers of
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cytokine production within the dLN remain to be characterised, there appear to be conserved
mechanisms of cytokine and chemokine production that are engaged once this process has
been initiated.

1.3.2.8.2

Distribution of cytokines and chemokines in the draining lymph node

The highly organised structure of the dLN would suggest that intranodal cytokines exert
paracrine effects in the regions that they are produced. However, Perona-Wright et al (251)
question this theory, demonstrating that the intranodal IFNγ and IL-4 bind to and induce
signalling across the majority of lymphocytes within the dLN. This suggests that cytokines
permeate throughout the dLN and are not concentrated in particular regions. In contrast, the
expression and localisation of chemokines is strictly defined in lymph nodes, as evidenced by
the compartmentalised expression of CCL21 and CXCL13 in the paracortex and follicles
respectively (Section 1.2.1.1). Moreover, the expression of CXCL9 and CXCL10 is concentrated
in the medullary and interfollicular regions of dLNs during inflammation (70,247,329).
Furthermore, CCL21 and S1P have been shown to form concentration gradients within the
lymph node parenchyma (88,90,220). Thus, there is evidence that inflammatory mediators can
either be compartmentalised within or permeate throughout the dLN. The precise pattern of
distribution likely differs according to the inflammatory mediator.

1.3.2.8.3

Functions of cytokines and chemokines in the draining lymph node

Cytokines and chemokines can promote both the innate barrier and adaptive immune
functions of the dLN. With regards to innate immunity, ablation or antagonism of type I
interferons and IFNγ have been shown to increase the dissemination of viral and bacterial
pathogens respectively (72,170). The increased expression of CXCL9 and CXCL10 observed in
many contexts is also likely to be important in this regard as the CXCR3-dependent recruitment
of NK cells and memory CD8 T cells controls pathogen growth within and dissemination from
the dLN (72,307,329). With regards to adaptive immunity, the intranodal production of IL-12,
IFNγ, type I interferons and CXCR3 ligands have all been associated with the development of
Th1-baised T cell responses in a variety of contexts (241,242,247,266,278) and the intranodal
production of IL-4 by perifollicular NKT cells is required for optimal B cell responses in the
context of influenza infection (351). These findings establish the principle that cytokines and
chemokines expressed in the draining lymph during acute inflammation can modulate innate
and adaptive immunity. The relative importance and roles of these and other inflammatory
mediators differs according to the inflammatory context. This thesis focusses upon the
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relationship between neutrophils and monocytes and two key families of inflammatory
mediators; the COX-derived prostanoids and these type I interferons. These innate immune
pathways are discussed in detail in chapters 4 and 5/6 respectively.

1.3.3 Neutrophils and monocytes in the draining lymph node
Neutrophil and monocyte infiltration is a cardinal aspect of the innate immune response. The
final section of the introduction reviews out current understanding of this innate immune
process within the dLN following an inflammatory challenge. Furthermore, it is increasingly
recognised that small populations of neutrophils and monocytes also traffic through lymph
nodes in the steady state (173,365,366). In the steady state, neutrophils are primarily localised
in the interfollicular regions and are thought to contribute to the innate barrier function of the
dLN and to help capture immune complexes circulating in the vascular system (173,365). On
the other hand, monocytes constitutively traffic antigens from tissues to the dLN in the steady
state (366). These findings are emblematic of our increasing insight into the varied roles of
these cardinal myeloid cell subsets within lymph nodes, which will be discussed in the context
of inflammation in the following sections.

1.3.3.1 Neutrophils in the draining lymph node
1.3.3.1.1

Determinants of neutrophil infiltration into the draining lymph node

A wide variety of inflammatory stimuli have been shown to induce neutrophil infiltration into
the dLN. These include immune complexes (203,367), the infectious agents Staphylococcus
aureus (173,202,209), Pseudomonas aeruginosa (72), Bacillus Calmette-Guerin (BCG) (201),
Modified Vaccinia Ankara (MVA) (328) and Toxoplasma gondii (368), and the adjuvants MF-59
(204), DNA liposomes (369,370), complete Freund’s adjuvant (CFA) (202,203,312,371–374),
QS-21 (265), AS01 (277), AS03 (262) and GLA-SE (278). However, not all inflammatory stimuli
induce such neutrophil infiltration. Indeed, sterile injury elicits robust neutrophil infiltration at
the site of damage but does not elicit a neutrophil influx into the dLN (209). Moreover, whilst
the subcutaneous injection of 1 x 107 CFU of P. aeruginosa elicits a lymph node neutrophil
infiltrate, the subcutaneous injection of 1 x 107 CFU of S. typhimurium does not (72). The
precise determinants of neutrophil infiltration into the dLN are only partially understood. IL-1β
produced by lymph node resident macrophages has been shown to promote neutrophil
infiltration following challenge with Pseudomonas aeruginosa (72) and MVA (328). However,
the depletion of lymph node resident macrophages does not impair the neutrophil influx
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induced by S. aureus (173). Rather, in this context neutrophil infiltration is heavily dependent
upon complement activation (173). Finally, inhibition or deletion of either cyclooxygenase
(COX) 1 or 2 ablates the lymph node neutrophil influx elicited following challenge with CFA,
suggesting that COX-derived lipid mediators play an important role in this context (312). Thus,
the infiltration of neutrophils into the dLN is a common but not universal feature of
inflammation that can be driven a number of inflammatory mediators.

1.3.3.1.2

Mechanisms of neutrophil infiltration into the draining lymph node

Neutrophils can enter the dLN from the site of inflammation via afferent lymphatics or directly
from the bloodstream via HEVs. With regards to lymphatic entry, numerous studies have
visualised neutrophils in afferent lymphatic vessels following the induction of acute
inflammation (201,209,367,374) and their migration from the site of inflammation to the dLN
has been confirmed using an in vivo photoconversion system (209). The mechanisms by which
neutrophils achieve such migration are not clear but there is evidence to suggest that CD11b
expression and LFA-1/ICAM-1 interactions are important (209,367,374).
With regards to the direct infiltration of neutrophils from the bloodstream, studies have
visualised rapid and substantial neutrophil transmigration across HEVs into the lymph node
parenchyma (173,202). Like lymphocytes (Section 1.2.2.1.1), neutrophils use selectins to
interact with peripheral node addressin (PNAd) on the HEV endothelium. Neutrophils can use
both L-selectin and platelet-derived P-selectin to bind PNAd and the drastic reduction in lymph
node neutrophil infiltration observed following PNAd antagonism is only recapitulated by dual
antagonism of these two selectins (173). That neutrophil transmigration requires additional
integrin and chemokine-based interaction with the HEV endothelium is suggested by the fact
that antagonism of LFA-1, CD11b, CXCR4 or S1PR1 also impairs neutrophil infiltration into the
dLN (367). It is also notable that increased concentrations of the neutrophil-associated
chemokines CXCL1, CCL3 and CCL4 have been reported in the dLN in various contexts
(171,266,307,375) and that the chemotactic complement component C5a is crucial for lymph
node neutrophil infiltration following challenge with S. aureus (173). However, no studies have
yet shown that these chemokines are presented on the surface of the HEV endothelium and
thereby facilitate neutrophil transmigration. The fact that PNAd blockade almost completely
ablates neutrophil infiltration into the dLN without affecting neutrophil infiltration at the site
of inflammation strongly suggests that HEVs are the primary source of neutrophils in the dLN
(173).
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1.3.3.1.3
1.3.3.1.3.1

Functions of neutrophils in the draining lymph node
Innate immunity

Neutrophils are cardinal cells of the innate immune response and are best known for their role
in phagocytosing and killing pathogens at the site of inflammation. It is therefore notable that
neutrophils are frequently localised in the subcapsular and medullary sinuses of the dLN
(72,201,202,209,367,368,371) and often harbour injected antigens and pathogens (201–
203,209,368). Moreover, intravital imaging has been used to visualise both the migration of
neutrophils from high endothelial venules to the subcapsular sinus (202), and the phagocytosis
of bacteria by neutrophils within the subcapsular sinus (173). Kastenmüller et al (72) argue
that neutrophils contribute to the innate barrier function of the dLN as they demonstrate that
neutrophil depletion increases the growth and dissemination of Pseudomonas aeruginosa
within and from the dLN. However, such depletion does not distinguish between neutrophils
within the dLN and neutrophils at the site of inflammation and as such does not prove a role
for neutrophils within the lymph node. Bogoslowski et al (173) resolve this confounder as they
demonstrate that PNAd antagonism ablates neutrophil infiltration into the dLN but not the site
of inflammation. Notably, such lymph node specific neutrophil ablation only increases the
growth and dissemination of S. aureus when combined with the depletion of lymph node
resident macrophages (173) . This suggests that in this context, the role of neutrophils is
secondary to the importance of lymph node resident macrophages in terms of the innate
barrier function of the dLN.

1.3.3.1.3.2

Adaptive immunity

The infiltration of neutrophils into the dLN is generally thought to have a deleterious effect on
the developing adaptive immune response. Indeed, neutrophil depletion has been shown to
potentiate both T cell (312,371) and humoral immune responses (202,371). No clear
mechanisms have been established for how neutrophils impair the developing adaptive
immune response; Yang et al (371) provide evidence that they impair antigen presentation by
dendritic cells, Unanue et al (312) illustrate that their production of thromboxane A2 is an
important factor and Kamenyeva et al (202) suggest that they limit humoral immune responses
by interacting with B cells. This picture is further complicated by the findings of Parsa et al
(372) who have demonstrated that neutrophil depletion at the time of immunisation
paradoxically drives a secondary wave of neutrophils into the dLN that promote humoral
responses through their production of BAFF and interactions with plasma cells. In addition,
Castell et al (376) provide evidence that whilst neutrophils initially restrict CD4 T cell
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proliferation in the dLN, they ultimately promote CD4 T cell proliferation once they have
dissipated. Moreover, other studies have shown neutrophil depletion to have no effect on
subsequent humoral immune responses following immunisation with the adjuvants alum and
MF59 (204,377). Thus, further work is required to establish the complex mechanisms by which
lymph node neutrophils modulate adaptive immune responses in specific contexts.

1.3.3.2 Inflammatory monocytes in the draining lymph node
1.3.3.2.1

Definition and differentiation of monocytes in the draining lymph node

Monocytes are mononuclear myeloid cells that differentiate from common monocyte
progenitor cells in the bone marrow (378) and circulate in the bloodstream as non-dividing
cells. Geissman et al (379) defined two distinct subsets of monocytes that circulate in the
bloodstream of mice; a Ly6Chi ‘inflammatory’ subset and a Ly6Clo ‘resident’ subset.
Inflammatory Ly6Chi monocytes are a common feature of the acute inflammatory infiltrate
(380) and have been shown to infiltrate the dLN following challenge with the pathogens L.
major (207), influenza (205), LCMV (381), VSV (381) and T. gondii (382) or the adjuvants alum
(50), MF-59 (263), CpG (242), CFA (205), DNA liposomes (369,370), QS-21 (265) and AS01
(277). The majority of these stimuli induce monocyte infiltration into the dLN within 24 hours
of challenge (50,242,263,280,370,381). Nevertheless, several inflammatory stimuli have also
been described that cause robust monocyte infiltration at the site of inflammation but elicit
only small increases in numbers of monocyte-derived cells in the dLN (189,204,383,384). Thus,
the rapid influx of monocytes into the dLN is a common but not universal feature of acute
inflammation.
The study of inflammatory monocytes is complicated by the fact that monocytes readily
differentiate into cells resembling macrophages or dendritic cells upon microbial stimulation
(385). Indeed, whilst circulating Ly6Chi inflammatory monocytes do not express the canonical
dendritic cell marker CD11c (379), this marker is expressed by Ly6Chi inflammatory monocytes
infiltrating the dLN in many contexts (50,205,207,242,263) and such cells are often termed
monocyte-derived dendritic cells (50,207,263) or inflammatory dendritic cells (205). To further
complicate matters, several authors have identified monocyte-derived dendritic cells in the
dLN that have either reduced or lost expression of Ly6C (189,207,242,383,386,387). Thus,
acute inflammation can induce the infiltration of a range of monocyte-derived cells into the
dLN, from Ly6ChiCD11c-ve cells resembling circulating monocytes to Ly6C-ve CD11c+ve dendritic
cells (Figure 1.3). There is currently no evidence to suggest that inflammation induces lymph
node monocytes to differentiate into macrophages, although it is notable that the T zone
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macrophages of the paracortex are replenished by monocytes in the steady state and that
subcapsular and medullary sinus macrophages are bone marrow derived cells (328,388).

Figure 1.3: Range of Ly6Chi monocyte-derived cells that have been described in the draining
lymph node
Mo-DC: Monocyte-derived dendritic cell. Created with biorender.com

1.3.3.2.2

Mechanisms of inflammatory monocyte infiltration into the draining lymph
node

Inflammatory monocytes and their derivatives can enter the dLN from the site of inflammation
via afferent lymphatics or from the bloodstream via HEVs. With regards to lymphatic entry,
ovine studies have shown that monocytes rapidly appear in afferent lymph following
immunisation (210,214). Moreover, murine studies demonstrate that subcutaneously injected
monocytes can migrate to the dLN and that such migration is dependent on CCR7 (207,389).
With regards to the entry of monocytes from the bloodstream, it is notable that the monocyte
chemokines CCL2 and CXCL10 have been shown to accumulate in HEVs (325,390) and facilitate
the arrest of monocytic cells on the HEV endothelium (325). In addition, a wide variety of
inflammatory stimuli have been shown to elicit rapid increases in the concentration of CCL2
and other CCR2 ligands in the dLN (205,325,328,369,375,391) and CCR2-deificient monocytes
exhibit impaired accumulation in the dLN relative to wild-type monocytes 2 hours following
intravenous adoptive transfer (205). Finally, antagonism of L-selectin impairs monocyte
infiltration into the dLN (392) suggesting that, like neutrophils and lymphocytes (Sections
1.2.2.1.1 and 1.3.3.1.2), monocytes engage PNAd on the HEV endothelium to transmigrate
across HEVs.
The relative importance of afferent lymph and HEVs as sources of monocytes in the dLN is
difficult to gauge. This is because antagonism of L-selectin and deletion of CCR2 impair
monocyte infiltration at the site of inflammation as well as the dLN (205,392). Nevertheless,
Leon et al (207) sought to directly compare lymph and blood as sources of monocytes by
phenotyping the monocyte-derived cells in the dLN 72 hours following either subcutaneous or
intravenous adoptive transfer of bone marrow monocytes into leishmania-infected mice.
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Whilst intravenous monocyte transfer resulted in the appearance of Ly6C hi monocytes, Ly6Chi
monocyte-derived cells and Ly6Clo monocyte-derived dendritic cells in the dLN, subcutaneous
monocyte transfer resulted in the appearance of only Ly6Clo monocyte derived dendritic cells
in the dLN. This suggests that both monocytes and monocyte-derived dendritic cells are
capable of entering lymph nodes directly from the bloodstream, whilst the latter cells are also
capable entering via afferent lymphatics. This conclusion is supported by other studies
demonstrating that the infiltration of Ly6Chi cells is not dependent on CCR7, whilst the
infiltration of Ly6Clo monocyte-derived dendritic cells is (242,383). Moreover, a recent study in
which monocytes stemming from the site of inflammation were marked by a process of
photoconversion provides evidence that the vast majority dLN-infiltrating monocytes do not
stem from the site (272). Altogether, these findings suggest that the transmigration across the
HEV endothelium is primary route by which Ly6Chi monocytes and Ly6Chi monocyte-derived
dendritic cells acutely infiltrate the dLN.

1.3.3.2.3

Functions of inflammatory monocytes in the draining lymph node

Studies of monocyte function in the dLN have focussed on their potential effects upon the
developing adaptive immune response. However, monocytes are known to be important in the
innate control of infections in other contexts (393–395) and several authors have
demonstrated that lymph node monocytes or monocyte-derived cells harbour antigens or
pathogens in the context of acute inflammation (50,187,189,204–208). It is thus reasonable to
hypothesise that monocytes contribute to the innate barrier function of the dLN but this
hypothesis requires testing.
With regards to the developing adaptive immune response, there is evidence that the
differentiation of monocytes into monocyte-derived dendritic cells potentiates T cell responses
via antigen presentation. Indeed, studies have demonstrated that antigen is enriched in
CD11c+ve Ly6Chi monocyte-derived dendritic cells relative to CD11c-ve Ly6Chi monocytes in the
dLN (50,187,205) and that monocyte-derived dendritic cells isolated from dLNs are capable of
activating cognate T cells ex vivo, either in terms of eliciting T cell proliferation (189,387,396)
and/or cytokine production (205,207,387). That such findings reflect in vivo antigen
presentation is supported by studies that demonstrate that CCR2-deficient mice exhibit
impaired T cell responses, either in terms of the antigen-specific proliferation (187,396) or IFNγ
production (205,242,397). In addition, monocyte-derived dendritic cells can compensate for
the depletion of resident CD11c+ve cells in the dLN (50,189). However, others have shown that
monocytes perform an important antigen trafficking function without presenting antigen
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(398). Indeed, antigen presentation is not the only means by which monocytes can promote T
cell responses. De Koker et al (242) demonstrate that the impaired ability of CCR2 knockout
mice to generate IFNγ-secreting antigen-specific T cells following OVA/CpG immunisation is
due to a lack of monocyte-derived IL-12 rather than any defect in antigen presentation. Thus,
monocyte-derived dendritic cells infiltrating the dLN can potentiate T cell responses, especially
Th1 T cell responses, by either antigen presentation or cytokine production.
Monocytes have been shown to exhibit deleterious effects on the developing humoral immune
response as deficiency or antagonism of CCR2 has been shown to increase antigen-specific
antibody titres (369,370,381). Similarly, McCarthy et al (399) demonstrate that infiltrating
neutrophils and monocytes reduce the total size of germinal centres within the dLN and
reduce the neutralising capacity of the antibodies generated following challenge with
Chikungunya virus. Similarly, Sammicheli et al (381) illustrate that monocytes interact with and
promote the death of antigen-specific B cells in the dLN following challenge with LCMV.
However, this study (381) also demonstrates that this effect is specific to the protracted
monocyte infiltration (≥ 7 days) elicited by LCMV as the transient lymph node monocyte influx
(<48 hours) elicited by VSV infection does not impair the subsequent humoral immune
response. Thus, the infiltration of monocytes into the dLN can have neutral or deleterious
effects on the humoral immune response depending on the context.
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Figure 1.4: The draining lymph node during acute inflammation
Representative diagrams demonstrating (A) the initial cytokine response to pathogens draining in afferent
lymph and (B) the subsequent cellular responses to the arrival of pathogens in the draining lymph node.
Created with biorender.com
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1.4 Summary and aims
The lymph nodes that drain acutely inflamed tissues serve a dual function to both prevent the
systemic spread of pathogens and facilitate the initiation of adaptive immune responses. As
discussed in the preceding sections, it is increasingly recognised that many of the innate
immune pathways long known to occur at the site of inflammation also operate within the
dLN. This includes the activation of resident macrophages, the recruitment of innate immune
cells and the production of pro-inflammatory cytokines and chemokines. Whilst considerable
effort has been employed to delineate the mechanisms by which adaptive immune responses
are initiated in the dLN, relatively little is known with regard to the extent to which adaptive
immunity is modulated by innate immune pathways within the dLN. In particular, the roles
played by infiltrating neutrophils and monocytes within intranodal inflammatory responses
and their interaction with the developing adaptive immune response are only partially
understood. As such, this thesis is grounded in the following hypothesis:
Neutrophils and monocytes infiltrating the draining lymph node shape the intranodal
inflammatory milieu and thereby modulate the developing adaptive immune response.
The term ‘acute inflammation’ can represent the interaction of a huge variety of different cell
types and inflammatory mediators that differ in their relative importance depending on the
nature of the inciting inflammatory stimulus and the tissue site. This thesis therefore focuses
upon the roles played by neutrophils and monocytes with regard to two cardinal innate
immune pathways; those of cyclooxygenase-dependent prostanoids and type I interferons.
Importantly, there is evidence that both prostanoids and interferons modulate the developing
adaptive immune response. However, their roles in shaping both innate and adaptive immune
pathways in the dLN are not fully understood.
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1.4.1 Aims
•

To characterise the infiltration of neutrophils and monocytes into the draining lymph
node

•

To examine the role of neutrophils and monocytes as sources of cyclooxygenasedependent prostanoids in the draining lymph node

•

To examine the roles played by neutrophils and monocytes in type I interferon-driven
inflammation in the draining lymph node

•

To examine the effects of these innate immune pathways on lymphocyte activation
and retention within the draining lymph node.

In essence, this thesis examines how cells and soluble mediators traditionally associated with
innate immunity interact within the draining lymph node and thereby modulate the
developing adaptive immune response.
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2 Materials and Methods
2.1 Materials
2.1.1 General reagents

Table 2.1: General reagents
Reagent

Manufacturer

Catalogue Code

2-Mercaptoethanol
BSA
BSA (fatty-acid free)
DMEM with glucose
EDTA
Fetal Bovine Serum
Goat Serum
HEPES
Hydrochloric Acid
L-glutamine
Methanol
Milk Powder (0.1% Fat,
Skimmed)
Mouse Serum
PBS
Penicillin/Streptomycin
Rabbit Serum
Rat Serum
RPMI 1640
Sodium Azide
Sodium Chloride
Sodium Citrate
Tween-20

Sigma
Sigma
Sigma
Gibco
Sigma
Gibco
Thermo Fisher
Gibco
VWR
Gibco
VWR
Sainsbury’s

M3148
A9647
A8806
41965-039
03690
10500-064
10000C
15630-049
20252.20
25030-024
20847.320
N/A

Unknown
Gibco
Gibco
Unknown
Unknown
Gibco
Sigma
Sigma
Sigma
Sigma

Unknown
10010-015
15148-122
Unknown
Unknown
31870025
S2002
S7653
S1804
P2287
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2.1.2 Formulations
Table 2.2: Cell culture media
Culture Medium

Formulation

Reference

Chemotaxis
Medium

RPMI 1640, 0.1% w/v BSA (fatty-acid free), 100U/ml
penicillin, 100μg/ml streptomycin, 2mM Lglutamine and 25mM HEPES
RPMI 1640, 10% FBS, 2mM L-glutamine, 100U/ml
Penicillin, 100μg/ml Streptomycin and 0.05mM 2Mercaptoethanol
DMEM with glucose, 10% FBS, 2mM glutamine,
100U/ml penicillin, 100μg/ml streptomycin

As per Sensken et al
(400)

Lymphocyte
Culture Medium
RAW 264.7
Culture Medium

As per Coro et al (401)

N/A

See Table 2.1 for Catalogue Numbers

Table 2.3: Flow cytometry buffers
Buffer

Formulation

FACS Buffer
Wash Buffer

PBS, 5% w/v FBS, 1% w/v BSA, 0.1% w/v Sodium Azide
PBS, 1% v/v FBS, 2mM EDTA, 0.1% w/v Sodium Azide

Table 2.1 for catalogue numbers

Table 2.4: Immunohistochemistry buffers
Buffer

Formulation

Antigen retrieval
buffer
Block Buffer
Staining Buffer

Distilled water, 10mM Sodium Citrate, adjusted to pH 6.0 with 1M
hydrochloric acid
PBS, 1% w/v BSA, 10% v/v serum in which secondary antibody was raised
PBS, 1% w/v BSA

Wash buffer

PBS

See Table 2.1 for Catalogue Numbers
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2.1.3 Antibodies
Table 2.5: Flow cytometry antibodies
Target

Fluorochrome

Staining
Concentration
0.5μg/ml

Supplier

PerCP-Cy5.5

Antibody
Clone
RA3-6B2

B220/
CD45R
CD11b
CD11b
CD11b
CD11c
CD11c
CD11c
CD11c
CD19
CD19
CD19
CD19
CD19
CD3
CD3

Percp Cy5.5
V450
V500
APC
BV605
FITC
PE
FITC
Pacific Blue
PE
Percp Cy5.5
V450
FITC
Pacific Blue

M1/70
M1/70
M1/70
N418
N418
N418
N418
6D5
6D5
1D3
1D3
1D3
17A2
17A2

0.5μg/ml
0.5μg/ml
0.5μg/ml
0.5μg/ml
0.5μg/ml
1.25μg/ml
0.5μg/ml
1.67μg/ml
1.67μg/ml
0.67μg/ml
0.5μg/ml
0.67μg/ml
1.67μg/ml
1.67μg/ml

550993
560455
562127
117309
117333
117305
117307
115526
115526
553786
551001
560375
100203
100214

PE
V450
A488
APC
PE
V500
A488

17A2
17A2
RM4-5
RM4-5
H1.2F3
53-6.7
15A7

0.67μg/ml
0.67μg/ml
0.67μg/ml
0.67μg/ml
0.5μg/ml
0.67μg/ml
1.67μg/ml

BD
BD
BD
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BD
BD
BD
Biolegend
Biolegend
(CC)
Biolegend
BD (CC)
BD
BD
Biolegend
BD
eBioscience

CD3
CD3
CD4
CD4
CD69
CD8
CD95/
Fas
CXCR3/
CD183
GL-7
Antigen
GR-1
IFNγ
Ly6C
Ly6C
Ly6C
Ly6G
Ly6G
MHC-II
MHC-II
MHC-II
NK1.1
NK1.1
NK1.1

FITC

CXCR3-173

2.5μg/ml

Biolegend

126535

A647

GL7

1.67μg/ml

Biolegend

144605

FITC
APC
APC
APC
fitc
Pacific Blue
PerCP Cy5.5
A700
FITC
Pacific blue
A700
PE
V450

RB6-8C5
XMG1.2
AL-21
HK1.4
AL-21
1A8
1A8
M5/114.15.2
M5/114.15.2
M5/114.15.2
PK136
PK136
PK136

1.67μg/ml
1.25μg/ml
0.67μg/ml
0.67μg/ml
1.67μg/ml
1.67μg/ml
0.5μg/ml
1.25mg/ml
1.25mg/ml
1.25mg/ml
1μg/ml
1μg/ml
1μg/ml

Biolegend
Biolegend
BD
Biolegend
BD
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
BD
Biolegend
BD

108405
505809
560595
128015
553104
127611
127616
107621
107605
107619
560515
108707
560524

BD

Catalogue
Number
552771

100205
561389
557667
553051
104507
560776
53-0591
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Table 2.6: Flow cytometry isotype controls
Host and Isotype

Fluorochrome

Clone

Armenian
Hamster IgG
Rat IgG1κ
Rat IgG2bκ

PE
APC
PE

HTK888

Staining
Concentration
0.5μg/ml

Manufacturer,
Catalogue Number
Biolegend, 400907

RTK2071
RTK4530

1.25μg/ml
0.67μg/ml

Biolegend, 400411
Biolegend, 400607

Table 2.7: Immunohistochemistry primary antibodies
Target

Clone

Staining
Concentration

Antigen Retrieval
Duration

Antigen Retrieval
Required?

Manufacturer,
Catalogue
Number

B220

RA3-6B2

2.5μg/ml

9 min

No

Ly6G

1A8

5μg/ml

9 min

No

GR-1

RB6-8C5

5μg/ml

9 min

No

Biolegend,
103201
Biolegend,
127601
Biolegend,
108401

Table 2.8: Immunohistochemistry isotype controls
Host and Isotype

Clone

Rat IgG2a κ
Rat IgG2b κ

RTK2758
RTK4530

Staining
Concentration
2.5-5μg/ml
5μg/ml

Manufacturer, Catalogue
Number
Biolegend, 400501
Biolegend, 400601

Table 2.9: Immunohistochemistry secondary antibodies

Target

Host and isotype

Clone

Staining
Concentration

Manufacturer,
Catalogue Number

Rat IgG

Goat IgG (HRPconjugate)

Polyclonal

2μg/ml

Abcam, ab205720
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2.1.4 Primer sequences
Table 2.10: Primer sequences
Gene, NCBI Reference

Primer Sequences

Product
size

Efficiency

Actb, NM_007393.5

F: CTGTCGAGTCGCGTCCA
R: TCATCCATGGCGAACTGGT

87bp

106.05%

Aim2, NM_001013779.2

F: TTGTATCTAGGCTGATCCTGGGAC
R: ACCTGCACTTTGAATCAGGTGGTC

201bp

98.03%

B2m, NM_009735.3

F: CCTTCAGCAAGGACTGGTCT
R: TGTCTCGATCCCAGTAGACG

132bp

98.945

Ccl2, NM_011333.3

F: TTAAAAACCTGGATCGGAACCAA
R: GCATTAGCTTCAGATTTACGGGT
F: TGGTCCTCATCACGTCCTTAATAA
R: TCCAACTTCTCGTACAAGCCTG
F: CCAAGTGCTGCCGTCATTTTC
R: GGCTCGCAGGGATGATTTCAA

121

97.43%

85bp

88%

157

94.32%

6hr Lymph
Node
RAW + LPS

F: AATGCACGATGCTCCTGCA
R: AGGTCTTTGAGGGATTTGTAGTGG
F: AGGAGTCCTGTTGATGTTGCCAGT
R: GGGACGCAGCAACTGACATTTCTA

65

95.99%

RAW + LPS

134bp

88%

RAW + LPS

Ifit1, NM_008331.3

F: CAGAAGCACACATTGAAGAA
R: TGTAAGTAGCCAGAGGAAGG

157bp

93%

Ifit2
NM_008332.3 (2bp
mismatch in red)
Ifit3, NM_010501.2

F: GGGAAAGCAGAGGAAATCAA
R: TGAAAGTTGCCATACAGAAG

173bp

83%

F: CGCCATGTTCCGCCTAGA
R:CCAGGAGAACTTTCAGGTACTGGTT

107bp

95%

Ifna1, Ifna5, Ifna7, Ifna11,
Ifna12, Ifna14, Ifna15. 13bp mismatch for Ifna2,
Ifna4, Ifna6, Ifna9, Ifna13,
Ifna16 and Ifnab
Ifna4. 1-3bp mismatch for
Ifna1, Ifna2, Ifna5, Ifna6,
Ifna7, Ifna11, Ifna12,
Ifna13, Ifna14, Ifna1, Ifna16
and Ifnab
Ifna6. 1-3bp mismatch for
Ifna1, Ifna2, Ifna4, Ifna5,
Ifna7, Ifna11, Ifna12,
Ifna13, Ifna14, Ifna1, Ifna16
and Ifnab
Ifnb1, NM_010510.1

F: ATGGCTAGGCTCTGTGCTTT
R: CTCTTGTTCCTGAGGTTAT

107bp

91.99%

RAW +
LPS/SPL +
IFNβ
RAW +
LPS/SPL +
IFNβ
RAW +
LPS/SPL +
IFNβ
SPL+ HKEC

F: ATGGCTAGGCTCTGTGCTTT
R: CTCTTGTTCCCGAGGTTAT

110bp

82.75%

SPL+ HKEC

F: ATGGCTAGGCTCTGTGCTTT
R: TTCTTGTTCCTGAGGTTAT

107bp

89.74%

SPL+ HKEC

F: ATGAGTGGTGGTTGCAGGC
R:TGACCTTTCAAATGCAGTAGATTCA

82bp

97%

RAW + LPS

Ifng, NM_008337.4

F:TGGCATAGATGTGGAAGAAAAGAG
R: TGCAGGATTTTCATGTCACCAT

81

101.87%

SPL + LPS,
IFNβ

Il18, NM_008360.2

F: GGTTCCATGCTTTCTGGACT
R: GGCCAAGAGGAAGTGATTTG

125

103.68%

RAW + LPS

Il1b, NM_008361.4

F: GGTCAAAGGTTTGGAAGCAG
R: TGTGAAATGCCACCTTTTGA
F: AGAGCCTACAGTTGGGTGAAATG
R: CCACGCCTACCAGGAAATCTC

94bp

100.14%

Justine

116bp

88.67%

SPL + LPS,
IFNβ

Cd69, NM_001033122.4
Cxcl10, NM_021274.2
Cxcl9, NM_008599.4
Hprt, NM_013556.2

Nlrp3, NM_145827.4

+ve CTRL
cDNA
(Table
2.16)
RAW +
LPS/SPL +
IFNβ
SPL + LPS,
IFNβ
RAW +
LPS/SPL +
IFNβ
RAW + LPS

81

Ppia, NM_008907.1

F: ATGGTCAACCCCACCGTG
R: TTTCTGCTGTCTTTGGAACTTTGTC

103bp

99%

RAW + LPS

Ptges, NM_022415.3

F: ATGAGGCTGCGGAAGAAG
R: GCCGAGGAAGAGGAAAGGATAG

150bp

99%

Peritoneal
Washout

Ptgs2, NM_011198.4

F: ACACACTCTATCACTGGCACC
R: TTCAGGGAGAAGCGTTTGC

274bp

90%

RAW + LPS

Tbxas1, NM_011539.3

F: GAAGGTCTGCCGTATCTGGA
R: TCAGGGTCAAAGGTCTCAGG

200bp

102%

Peritoneal
Washout

Table 2.11: Positive control (+ve CTRL) cDNA
cDNA
RAW + LPS
SPL + HKEC
SPL + LPS,
IFNβ

Definition
RAW 264.7 cells stimulated in vitro with 100ng/ml LPS for 6 hours.
Splenocytes stimulated in vitro with 7.5 x 107 CFU heat-killed E. coli for 6 hours.
Splenocytes stimulated in vitro with 1μg/ml LPS and 20,000 units/ml IFNβ for 6
hours.
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2.2 Methods
2.2.1 Animal procedures
2.2.1.1 Mice
Wild-type male C57BL/6 mice were purchased from a commercial supplier (Harlan/Envigo) and
male IFNAR-deficient mice (Ifnar1tm1Ag strain) were kindly provided by Dr Andreas Wack of the
Francis Crick Institute. Mice were housed in individually ventilated cages in specific pathogenfree facilities at University College London. In terms of animal husbandry, mice were provided
with food and water ad libatum, were subject to a 12-hour light/dark cycle and were housed
with at least one companion at all times. With regards to euthanasia, mice were sacrificed by
CO2 asphyxiation unless plasma had to be harvested by cardiac puncture, in which case mice
were sacrificed by terminal anaesthesia. All mice were between 7-8 weeks of age at the
beginning of all experiments. Mice were allocated either individually or by cage to undergo
either an active or control procedure. This allocation process was not randomised as this was
deemed unnecessary. All animal procedures were conducted in accordance with the Animals
(Scientific Procedures) Act 1986 under the following UK home office project licenses; 70/8290
(Professor Derek Gilroy), 70/8499 (Professor Claudia Mauri) and P69E3D849 (Professor Derek
Gilroy).
The animal experiments presented in this thesis were conducted with regard to the ethical
principles of replacement, refinement and reduction of the use of animals in research and are
reported with regard to the ARRIVE guidelines. In terms of replacement, the use of mice was
necessitated as the mouse model is the gold standard for lymph node (LN) biology research. In
terms of refinement, the murine earflap immunisation model used in this thesis was
demonstrated to and approved by the named veterinary surgeon (Mercedes Sanchez Garzon).
The earflap was chosen over the footpad as the immunisation site in part to reduce the degree
of suffering incurred by this procedure (as per project licence 70/82909). Overall, the severity
of all procedures conducted in this thesis was deemed to be mild as all mice scored zero on the
murine sickness score outlined in project licenses 70/8290 and P69E3D849. Finally, substantial
efforts were made to reduce the numbers of animals used in the experiments conducted in
this thesis. Firstly, contralateral cervical and inguinal lymph nodes from challenged mice were
used as a comparator against the ipsilateral draining lymph node (dLN) where appropriate.
This reduced the number of animals used solely to provide control lymph nodes. Secondly, in
many instances harvested tissue was subjected to several methods of analysis in parallel in
order to maximise the amount of data extracted from any given animal (Table 2.12). Thirdly, as
9

‘As subplantar injection can be painful, skin/ear sites will be used in preference’

83

discussed in the statistical analysis section, small sample sizes were utilised to detect large
biological differences between control and draining lymph nodes. Finally, mice were
challenged with inflammatory stimuli immediately translatable to human studies of
inflammation, in order that the data generated from these animal studies could better inform
future human studies.
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Table 2.12: Overview of the use of animals in this thesis

Number of mice

Sex

Strain,
Genotype

Experimental Unit

C57BL6,
WT
C57BL6,
WT
C57BL6,
WT
C57BL6,
WT
C57BL6,
WT
C57BL6,
WT

2 x ipsilateral
draining LN (pooled)
2 x ipsilateral
draining LN (pooled)
2 x ipsilateral
draining LN (pooled)
2 x ipsilateral
draining LN (pooled)
1 x ipsilateral
draining LN
1 x ipsilateral
draining LN

Procedure

Treatment

Control

Details

4

4

M

4

4

M

8

4

M

4

1

M

4

2

M

4

2

M

6

5

M

C57BL6,
WT

1 x ipsilateral
draining LN

15

6

M

C57BL6,
WT

1 x ipsilateral
draining LN

8

14

M

C57BL6,
WT

1 x ipsilateral
draining LN

Skin injection 1.5 x
107 UVKEC, 3mg/kg
indomethacin PO

3

2

M

C57BL6,
WT

1 x ipsilateral
draining LN

Skin injection 1.5 x
107 HKEC

Skin injection Ova
A647 + Alum
Skin injection E. coli
A488
Skin injection 1-4 x
105 CFU BCG SSI
Skin injection 2-8 x
105 CFU BCG SSI
Skin injection 2-8 x
105 CFU BCG SSI
Skin injection 2 x
106 CFU BCG
Pasteur
Skin injection 2 x
106 CFU BCG
Pasteur
Skin injection 1.5 x
107 UVKEC

Duration of
Experiment
24hr

Severity

Methods of
Analysis

Figures

Mild

Flow cytometry

3.1

3 hours

Mild

Flow cytometry

3.1, 3.2

3hrs (4 mice),
48hrs (4 mice)
24 hours

Mild

Flow cytometry

3.3

Mild

Flow cytometry

3.3

4 hours

Mild

Flow cytometry

3.3

24 hours

Mild

Flow cytometry

3.3

12 weeks

Mild

IFNγ ELISPOT,
Flow cytometry

3.4

3hr (5 mice),
24hr (3 mice),
7 (4 mice), 14
days (3 mice)
2hr (2 mice), 7
(8 mice), 14
days (8 mice)

Mild

Flow cytometry

3.5A-B, 3.7, 5.1C

Mild

Flow cytometry,
Anti-mouse IgG
Antibody ELISA

3.5C, 4.6

12hr

Mild

Immunohistoche
mistry

3.6
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12

6

M

C57BL6,
WT

1 x ipsilateral
draining LN

Skin injection 1.5 x
107 HKEC

6hr (4 mice),
24hr (4 mice),
48hr (4 mice)
6hr (2 mice)

Mild

Flow cytometry,
qRT-PCR

3.8, 3.9, 4.3A,
5.1D, sFig 3.11

2

0

M

16

7

M

C57BL6,
WT
C57BL6,
WT

1 x ipsilateral
draining LN
1 x ipsilateral
draining LN

Skin injection 1.5 x
107 HKEC
Skin injection 1.5 x
107 HKEC

Mild

3.9

6hrs (4 mice),
7 days (4
mice), 14 days
(4 mice)
3hr (4 mice),

Mild

Flow cytometry,
Western blot
Flow cytometry,
RT-PCR

4

0

M

C57BL6,
WT

1 x ipsilateral
draining LN

Skin injection 1.5 x
107 HKEC

Mild

Flow cytometry,
qRT-PCR

8

0

M

C57BL6,
WT

1 x ipsilateral
draining LN

Skin injection 1.5 x
107 HKEC

6hr (4 mice),
12hr (4 mice)

Mild

Flow cytometry,
qRT-PCR

16

0

M

C57BL6,
WT

4 x ipsilateral
draining LN pooled

Skin injection 1.5 x
107 HKEC

12hr

Mild

Flow cytometry,
FACS + qRT-PCR

8

8

M

C57BL6,
WT

1 x ipsilateral
draining LN

3hrs

Mild

Flow cytometry

M

C57BL6,
WT

6hr (5 x WT, 6
x Ifnar1tm1Ag),
12hr (5 x WT,
6 x Ifnar1tm1Ag)

Mild

Flow cytometry,
in vitro
stimulation assays

M

C57BL6,
WT

1 x ipsilateral
draining LN (Flow
cytometry), lymph
node cell suspensions
(in vitro)
1 x ipsilateral
draining LN (Flow
cytometry), LN cell
suspensions (in vitro)

Skin injection 1.5 x
107 UVKEC, 3mg/kg
Indomethacin PO (8
mice only)
Skin injection 1.5 x
107 HKEC

12

10

4

2

Skin injection 1.5 x
107 HKEC

12hr

Mild

Flow cytometry,
in vitro
stimulation assays

4.2, 5.1A-B, 6.3C,
6.3G, sFig 3.10,
sFig 6.15C, sFig
6.15G, sFig 6.16
3.9, 4.3B, 5.4A-D,
5.5A-B, 5.6A,
5.7A-B, 5.8A,
6.3B, 6.3G, sFig
6.15B, sFig 6.15G,
sFig 6.16
3.9, 4.3C, 5.4A-D,
5.5A-B, 5.6A,
5.7A-D, 5.8A
3.9, 4.4, 5.3A-B,
5.4E-H, 5.5C-E,
5.6B-C, 5.7E-H,
5.8B-C
4.4, 5.1C

5.2, 5.3C, 5.10,
5.12, 5.13, 5.14B,
6.4A, 6.5, 6.6D,
6.8, 6.9, 6.10,
6.14E-G, 6.11B
3.9, 5.5F-G, 5.9,
5.11, 5.14A, 6.2C,
6.3D, 6.3G, 6.4B,
6.11A, sFig 6.15D,
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16

4

M

C57BL6,
WT

1 x ipsilateral
draining LN

Skin injection 1.5 x
107 HKEC

2hr (4 mice),
6hr (4 mice),
24hr (4 mice),
48hr (4 mice)

Mild

Flow cytometry

3

2

M

Flow cytometry

M

Skin injection 1.5 x
107 HKEC
N/A

Mild

4

1 x ipsilateral
draining LN
LN cell suspensions

6hr

0

N/A

N/A

0

4

M

LN cell suspensions

N/A

N/A

N/A

8

1

M

C57BL6,
WT
C57BL/6,
WT
C57BL/6,
WT
WT
C57BL/6

2-4 x ipsilateral
draining LN (pooled)

Skin injection 1.5 x
107 HKEC

12hr

Mild

in vitro
stimulation assays
in vitro
stimulation assays
FACS + qRT-PCR,

0

6

M

C57BL/6,
WT

LN cell suspensions

N/A

N/A

Mild

in vitro S1P
chemotaxis

8

0

M

C57BL/6,
WT

1 x ipsilateral
draining LN (flow
cytometry), LN cell
suspensions (in vitro)

Skin injection 1.5 x
107 HKEC

19hr (4 mice),
24hr (4 mice)

Mild

in vitro S1P
chemotaxis, Flow
cytometry

0

2

M

C57BL/6,
WT

Pooled cervical and
inguinal lymph nodes

N/A

N/A

Mild

Flow cytometry

Total 177

Total 100

sFig 6.15G, sFig
6.16
3.9, 6.2A-B, 6.3AC, 6.3E-G, 6.14AD, sFig 6.15A-C,
sFig 6.15E-G, sFig
6.16, sFig 3.11
6.4A
6.6B
6.6C
3.9, 6.3D, 6.3G
6.7, sFig 6.18, sFig
6.15D, sFig 6.15G,
sFig 6.15
6.12C, 6.13C-F,
sFig 6.17, sFig
6.18
3.9, 6.3E, 6.3G,
6.12D, 6.13G-I,
6.17, sFig 6.15E,
sFig 6.15G, sFig
6.16, sFig 6.17
sFig 6.19

Table 2.12: Overview of the use of animals in this thesis
This table details all of the animals used to generate the data presented in this thesis. In most cases controls represent mice not injected with an inflammatory
stimulus. However, in some cases control refers to mice injected with an inflammatory stimulus in the absence of a genetic defect or a pharmacological procedure.
Please see the statistical analysis section (Section 2.2.8) and relevant results figures for details of study design and sample size determination. Abbreviations; FACS:
fluorescence-activated cell sorting, HKEC: heat-killed E. coli, IHC: immunohistochemistry, LN: lymph node, qRT-PCR: quantitative reverse transcriptase polymerase
chain reaction, S1P: sphingosine-1-phosphate, UVKEC: UV-killed E. coli
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2.2.1.2 Murine earflap injection
This protocol is based upon methods outlined by Li et al (402). Mice were anaesthetised and
their right ear pinna applied onto an injection platform (Figure 2.1). The injection platform is a
band of adhesive tape wrapped around a secured 15ml falcon tube (Figure 2.1). The earflap
skin was then injected using a specialised 10μl syringe and fitted with a 31G-33G needle or a
0.3ml 30G insulin syringe (BD, 324826). Hamilton microliter syringes were cleaned between
experiments and separate syringes were used for injections of different stimuli and their
respective control solutions. The following stimuli were prepared and injected as described in
the following sections.

Figure 2.1: Murine earflap injection
(A) Diagram of the murine earflap injection platform, reproduced from Li et al 2012 (402).
Permission to reproduce this figure has been granted by Springer Nature, Nature Protocols. (B)
Annotated photo of injection platform used to inject the murine earflap in this thesis: M:
Anaesthetic Mask, F: 15ml falcon tube, P: Ear platform.

2.2.1.2.1

BCG Statens Serum Institut (SSI)

Lyophilised BCG SSI and BCG vaccine diluent were procured from Public Health England (PHE).
One vial of lyophilised BCG contains 2-8 x 106 CFU BCG. 100μl of BCG vaccine diluent was used
to resuspend one vial of BCG lyophilate to create a 100μl solution with a concentration of 2-8 x
107 CFU/ml. 5 or 10μl of this solution was then injected using a 10μl syringe (Hamilton, 763501/00) fitted with a 33G needle (Hamilton, 7803-05) to deliver a dose of 1-4 x 105 CFU or 2-8 x
105 CFU respectively. BCG vaccine diluent was used for control injections.

2.2.1.2.2

BCG Pasteur

A stock vial of BCG Pasteur (stored at -80℃) kindly provided by Dr Meera Mehta was thawed
and subsequently cultured in 20ml of sterile 7H9 Middlebrook broth (kindly provided by Dr
Meera Mehta) in a shaking incubator (100rpm, 37℃) for 7 days. BCG solution was
supplemented to achieve a glycerol content of 5% v/v, aliquoted at a concentration of
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approximately10 2 x 108 CFU/ml (OD600 = 0.6) and stored at -80℃ until required for injection.
10μl of this solution was injected using a 31G 10µl syringe (Hamilton, 80308) to deliver a dose
of 2 x 106 CFU. Sterile broth cultured in parallel with BCG was used for control injections.

2.2.1.2.3

Fluorescent E. coli bioparticles

A488-labelled E. coli bioparticles (Thermo Fisher, E-13231) were injected at a dose of 1 x
10 7 bioparticles in a volume of 10μl into the murine earflap using a 31G 10µl syringe
needle (Hamilton, 80308). PBS was used for control injections.

2.2.1.2.4

Ovalbumin A647: alum

33μg of A647-conjugated ovalbumin (Thermo Fisher, O34784) mixed with 50μg Alum
(Thermo Fisher, 77161) was injected into the murine earflap in a volume of 10μl using a
31G 10μl syringe needle (Hamilton, 80308). Sterile PBS was used for control injections.

2.2.1.2.5

UV-killed E. coli (UVKEC)

UV-killed E. coli (strain: NCTC10418) was kindly provided by my colleague Dr Madhur Motwani
at a concentration of 1.5 x 109 CFU/ml. 10µl of this solution was injected using a 31G 10μl
syringe needle (Hamilton, 80308) to deliver a dose of 1.5 x 107 CFU. PBS was used for control
injections.

2.2.1.2.6

Heat-killed E. coli (HKEC)

E. coli bacteria (strain: NCTC10418) were cultured, enumerated and heat-killed as described in
Section 2.2.3.2. Frozen aliquots with a concentration of 1.6 x 109 CFU/ml were thawed and
10μl was injected using a 30G 0.3ml insulin syringe (BD, 324826) to deliver a dose of 1.6 x 107
CFU.

2.2.1.3 Indomethacin: rationale, preparation and oral gavage
Indomethacin was used in this thesis to explore the effects of cyclooxygenase inhibition on LN
neutrophil infiltration and adaptive immune responses. These experiments were modelled
upon those performed by Yang and Unanue (312). Yang and Unanue also used indomethacin
to inhibit cyclooxygenase in vivo and this is the only study to have demonstrated a link
10

determined using a CFU: OD curve for mycobacterium tuberculosis kindly provided by Dr Meera
Mehta
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between cyclooxygenase inhibition, LN neutrophil infiltration and the developing adaptive
immune response. Thus, indomethacin was the cyclooxygenase-inhibitor of choice in this
thesis as it facilitated better comparison of the results of this thesis with those of Yang and
Unanue (312).
Indomethacin (Sigma, I7378) was administered at a dose of 3mg/kg, based on an assumed
mouse weight of 25g. Indomethacin was therefore weighed out and resuspended to a
concentration of 0.075mg/100μl. Indomethacin powder was crushed using a pestle and mortar
and gradually resuspended in the appropriate volume of 1% w/v tragacanth (Sigma, G1128) in
distilled water. 100μl of this indomethacin suspension or untreated tragacanth solution
(vehicle control) was then delivered to each mouse using an oral gavage needle attached to a
1ml syringe (Terumo, GS572).

2.2.2 Tissue collection and processing
2.2.2.1

Identification of the cervical lymph node draining the murine earflap

Lymph nodes draining the murine earflap were identified via injection of 50μl of 10% India ink
(diluted in PBS, Winsor & Newton, 1040030) into the murine earflap immediately after death.
The murine earflap is drained by cervical lymph nodes (403) and therefore (after allowing 5-10
minutes to allow the ink to drain) the cervical structures of the mouse were explored. One
lymph node was stained following this procedure and it is positioned lateral to the ipsilateral
mandibular salivary gland and adjacent/superficial to the junction between the facial vein and
the lingual vein to form the linguofacial vein. This is consistent with the location of the
superficial parotid lymph node (403–405).

2.2.2.2 Peritoneal washout
The parietal peritoneum of culled mice was exposed using dissection forceps and scissors and
the 2ml of cell dissociation buffer (Gibco, 13151-041) was injected between the visceral and
parietal peritoneum using a 26G needle (BD, 303800) fitted to a 5ml syringe (Terumo, GS575).
The mouse was then briefly manipulated to ensure mixture of the injected fluid in the
peritoneal space. The fluid in the peritoneal space was then aspirated using a sterile Pasteur
pipette and transferred to a 1.5ml Eppendorf or 15ml falcon and stored on ice.
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2.2.2.3 Plasma
Blood samples were obtained via cardiac puncture under terminal anaesthesia. Blood was
collected using a 23G needle (BD, 300800) attached to a 1ml syringe (Terumo, GS572) and
transferred to a 1.5ml Eppendorf containing 8μl of 0.5M EDTA, gently mixed and stored on ice.
Blood was subsequently centrifuged for 15 minutes at 4℃ with the centrifuge brake switched
off and the resulting supernatant (plasma) was aliquoted into 0.5ml protein Lobind tubes
(Eppendorf, 022431064) for storage at -80℃.

2.2.2.4 Generation of single-cell suspensions
2.2.2.4.1

Lymph nodes

Single cell suspensions can be generated from lymph nodes by an array of mechanical and
digestive methods. These methods vary substantially between published studies, although
certain methods are more commonly used to study particular cell types (Tables 2.13-2.20).
Mechanical disaggregation is routinely adopted for the study of lymphocytes (Table 2.13),
whereas short digestion protocols are utilised to a greater degree in the study of dendritic cells
(Table 2.18) and long detailed digestion protocols are utilised in the study of stromal cells
(Table 2.20).
This thesis focussed upon the study of lymphocytes, neutrophils and monocytes and utilised
mechanical disaggregation to analyse these cell types in the dLN. Mechanical disaggregation
was preferred in this thesis for a number of reasons. Firstly, the speed of mechanical
disaggregation relative to digestive methods increased both the number of lymph nodes and
the number of analytical methods that could be processed in a single experiment. This
ultimately reduced the number of animals used in this thesis. Secondly, several published
studies of lymph node lymphocytes, neutrophils and monocytes have also utilised mechanical
methods of lymph node disaggregation (Table 2.15). Although other studies have employed
digestive methods (Table 2.16), it is unclear whether the yield of these cell types differs
between mechanical and digestive methods of lymph node processing as these methods have
not been directly compared in the published literature. It can be argued that such a direct
comparison should have been performed for this thesis. However, as outlined in Figure 2.2,
such an experiment would require the use of a large number of mice to demonstrate even an
improbably large 50% difference between mechanical dissociation and just one of the many
different published digestion protocols (Figure 2.2). The decision to utilise mechanical lymph
node dissociation was therefore justified by the fact that (1) there is no published evidence to
suggest that digestive methods are preferable to mechanical methods in the isolation of
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neutrophils and monocytes and (2) the experiments required to answer this question would
require the use of an unacceptably large number of mice. This would not be compatible with
the 3Rs principle of reduction, given the good yield of neutrophils and monocytes achieved by
mechanical disaggregation.

Figure 2.2: Sample sizes required to compare the neutrophil and monocyte yield of a mechanical and a
digestive method of lymph node disaggregation
(A) The yield of neutrophils and monocytes from all lymph nodes harvested 6 and 12 hours following the
intradermal/subcutaneous injection of 1.5 x 107 heat-killed E. coli in this thesis is pooled to estimate the sample
size required to detect a 50% difference in either neutrophil or monocyte yield between any mechanical and
digestive method of lymph node disaggregation with a statistical power of ≥90% and a significance level of 0.05.
(B) These sample size estimates assume analysis by the two-sample t-test and therefore assume the data is
normally distributed. Thus, normal probability plots are provided for each dataset to illustrate that these
datasets are normally distributed. N = 14 x 6hr draining lymph nodes and n= 14 x 12hr draining lymph nodes
NC3R: 28 mice in total.

2.2.2.4.1.1

Mechanical disaggregation

Excised lymph nodes were immediately immersed in 1ml FACS buffer (Table 2.3), sterile
lymphocyte culture medium (Table 2.2) or sterile chemotaxis buffer (Table 2.2) depending on
the experiment. Lymph nodes were dissociated from surrounding tissue and fat using two 21G
needles (Figure 2.3) and then mechanically disaggregated against a 35µm (Corning, 352235) or
70µm cell strainer (Corning, 352350) using a 1ml or 5ml syringe plunger respectively. The
resulting solution was washed through the filter using medium, centrifuged in a 1.5ml
Eppendorf or a 15ml falcon tube at 500g for 5 minutes and the resulting cell pellet
resuspended in 1ml of appropriate medium. All solutions were supplemented with 10μg/ml
brefeldin-A (Biolegend, 420601) if lymph node cells were to be immediately analysed by
intracellular cytokine staining.
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Figure 2.3: Lymph node isolation from
surrounding tissue
2 x india ink stained cervical lymph nodes
before (A) and after (B) removal of surrounding
tissue using 2 x 21.5G needles. (B) – Removed
tissue is circled in red, isolated lymph nodes
are circled in black.

2.2.2.4.1.2

Digestion

Experiments depicted in Chapter 3 also included a digestion step for the processing of lymph
nodes as per Yang and Unanue 2013 (312). However, this step was removed from the protocol
when it was illustrated that lymph node neutrophils could still be isolated by simple
mechanical disaggregation (Figure 2.4). Removing this step increased the number of lymph
nodes that could be processed simultaneously. For digestion, whole lymph nodes were
incubated (water bath, 37℃) for 30 minutes in sterile RPMI 1640 solution supplemented with
Liberase TL (Roche, 05401020001) to an activity of 1 wunsch unit/ml. Lymph nodes were then
mechanically disaggregated and the enzyme mixture neutralised by a dilution and wash in PBS,
4mM EDTA. Thereafter the cell suspension was processed as described in Section 2.2.2.4.1.1.

Figure 2.4: Yield of neutrophils in the absence of digestion
Mice were injected with 1.5 x 107 CFU of UV-killed E. coli into the
skin of the earflap and ipsilateral (ipsi) and contralateral (contra)
superficial parotid lymph nodes harvested 3hrs later. Lymph
nodes were derived into a single cell suspension using only
mechanical disaggregation and then stained for flow cytometry.
(NC3R = 2 mice in total)

2.2.2.4.2

Spleens

Spleens were mechanically disaggregated against a 70μm filter (Corning, 352350) using a 5ml
syringe plunger. This splenocyte cell suspension was centrifuged at 500g for 5 minutes and the
resulting pellet resuspended in 3ml of Ack lysis buffer (Lonza, 10-548E) and incubated for 5-10
minutes at room temperature to lyse erythrocytes. 7ml of PBS was then added and the
solution centrifuged at 500g for 5 mins, the resulting pellet being resuspended in 3-8ml of
appropriate medium.
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Table 2.14: Digestive methods - Lymphocytes

Methods of lymph node dissociation used by studies referenced in this thesis
Table 2.13: Mechanical methods - Lymphocytes
Author
Phan et al (174)
Ciabattini et al (228)
Grigorova et al (83)
Suzuki et al (114)
Grigorova et al (84)
Sensken et al (400)
Thangada et al (151)
Mendoza et al (91)
Groom et al (247)
Tsuboi et al (106)
Denton et al* (112)
Moalli et al (477)
Nakai et al (153)
Radtke et al (225)
Rantakari et al* (92)
Cauwelaert et al (279)
Desbien et al* (266)
Suzuki et al (154)
Druzd et al (155)
Author
Coombes et al* (355)
Pak-Wittel et al*
(307)
Denton et al* (112)
Cauwelaert et al (279)

T cells and B cells
Year
Method
2007
70µm cell strainer
2008
Nylon mesh
2009
70µm cell strainer
2009
‘teased apart’
2010
70µm cell strainer
2011
Not specified
2010
Not specified
2012
70µm cell strainer
2012
Tweezers
2013
Nylon mesh
2014
Frosted slides
2014
Not specified
2014
40µm cell strainer
2015
Frosted slides and Nylon Mesh
2015
44µm cell strainer
2016
Not specified
2016
Not specified
2016
40µm cell strainer
2017
40-70µm cell strainer
NK Cells
Year
Method
2012
70µm cell strainer
2012
70µm cell strainer
2014
2016

Author (et al)

Year

PD

Catron (157)
Carrasco (160)
Phan (175)

2010
2007
2009

Yes
NS
Yes

Olson* (49)

2012

Yes

Mc (167)
Gaya (583)

2014
2015

NS
NS

Benechet (693)

2016

NS

Author (et al)
Wong (357)

Year
2018

PD
Yes

T cells and B cells
Enzymes
Collagenase
Collagenase IV, DNAse I
0.2mg/ml Liberase Blendzyme 2,
20ug/ml DNAse I
125U/ml collagenase type II, 60U/ml
DNAase type II
Liberase DH
8ug/ml Collagenase IV, 20ug/ml
DNAse I
100U/ml Collagenase
NK cells
Enzymes
1.67 Wunsch units/ml Liberase TM,
0.2mg/ml DNAse I

Duration
(mins)
NS
30
20-30

Temp

30 min

37℃

NS
30 min

NS
37℃

NS

NS

Duration
(mins)
NS

Temp

NS
37℃
NS

NS

*studies that utilised mechanical and digestive methods to analyse different cell
types. PD = Prior Mechanical Disruption. NS = Not stated

Frosted slides
Not specified

*studies that utilised mechanical and digestive methods to analyse different cell
types
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Table 2.15: Mechanical methods – Neutrophils and Monocytes

Author
Maletto et al*
(203)
Gorlino et al (367)
Hampton et al*
(209)
Parsa et al (372)
Bogoslowski et al
(173)

Author
Mitchell et al (369)
Mitchell et al (370)

Neutrophils
Year
Method
2006
‘Gently pressing the organs through
a stainless-steel mesh’
2014
Mechanical
2015
‘Mechanical disruption and passed
through a 100µm filter’
2016
‘Mechanical dissociation of the
organs in ice cold PBS’
2018
‘gently pressed through a 40µm
strainer to create a single cell
suspension’
Monocytes
Year
Method
2012
Cell strainer
2013
Cell strainer

*studies that utilised mechanical and digestive methods to analyse different cell
types.

Table 2.16: Digestive methods - Neutrophils and Monocytes
Author (et al)

Year

PD

Maletto et al*
(203)
Chtanova et al
(368)
Yang et al (312)
Mohr et al (80)

2006

NS

2008

NS

2013
2009

NS
NS

Calabro et al
(204)
Hampton et al*
(209)
Sagoo et al (328)

2011

NS

2015

NS

2016

Yes

Author (et al)

Year

PD

Leon et al (207)

2007

Yes

Mohr et al (80)

2009

NS

Lee et al (218)
Calabro et al
(204)
Coombes (355)
Han et al (382)
Xu et al (465)

2011
2011

NS
NS

2012
2014
2015

Yes
Yes
Yes

Desbien et al*
(266)
Sagoo et al (328)

2016

NS

2016

Yes

Sammicheli et al
(381)
Cioncada et al
(263)
De Koker et al
(242)
Wong et al (357)

2016

Yes

2017

NS

2017

NS

2018

Yes

Neutrophils
Enzymes
400U/ml collagenase D, 50ug/ml
DNAse I
Collagenase
Liberase TL
1mg/ml collagenase II, 0.15mg/ml
DNAse I
0.8mg collagenase D,
0.25mg DNAse I
5mg collagenase,
5U RQ1 DNAse
1mg/ml collagenase D, 50ng/ml
DNAse I
Monocytes
Enzymes
0.5mg/ml collagenase A, 40mg/ml
DNAse I
1mg/ml collagenase II, 0.15mg/ml
DNAse I
Liberase 3
0.8mg collagenase D,
0.25mg DNAse I
50mg/ml Type VIII collagenase,
50mg/ml Type VIII collagenase,
1.67 Wunsch units/ml Liberase TM,
0.2mg/ml DNAse I
8ug/ml collagenase IV,
20ug/ml DNAse I
1mg/ml collagenase D,
50ng/ml DNAse I
250mg/ml Liberase CI,
50mg/ml DNase I
500ug/ml Liberase,
250ug/ml DNAse I
Collagenase type IV
1.67 Wunsch units/ml Liberase TM,
0.2mg/ml DNAse I

Duration
(mins)
45 min

Temp

NS

NS

30 min
20 min

37℃
Room

30 min

37℃

NS

NS

15 min

37℃

Duration
(mins)
10 mins

Temp

20 min,
NS
30 min

Room
Temp
NS
37℃

30 min
30 min
NS

37℃
37℃
NS

30 min

37℃

15 min

37℃

40 min

37℃

60 min

37℃

NS

NS

NS

NS

37℃

37℃
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Table 2.17: Mechanical methods - Dendritic Cells
Author
Ohl et al (192)
Groom et al (247)
Parsa et al (372)

Dendritic cells
Year
Method
2004
Nylon mesh
2012
Tweezers
2016
‘Mechanical dissociation of the
organs in ice cold PBS’

Table 2.18: Digestive methods - Dendritic Cells

Author (et al)

Year

PD

Itano et al (158)

2003

Allan et al (188)

2006

Yes

Jang et al (194)

2006

NS

Pape et al (156)

2007

Yes

Allenspach et al
(191)
Manolova et al
(163)
Lee et al (164)
Nakano et al (205)

2008

Yes

2008

NS

2009
2009

Yes
Yes

Cheong et al (387)
Gonzalez et al
(168)
Siddiqui et al (386)
Braun et al (85)

2010
2010

NS
NS

2010
2011

Yes
Yes

Moussion et al (98)
Zhu et al (333)

2011
2011

NS
NS

Caproni et al (274)

2012

Yes

Dendritic Cells
Enzymes
Collagenase 1mg/ml, DNAse 0.02mg/ml
(from Vremec 1992)
1mg/ml collagenase type II, 1mg/ml
DNAse I
400 Mandl units/ml collagenase D,
10ug/ml DNAse I
Collagenase 1mg/ml, DNAse 0.02mg/ml
(from Vremec 1992)
1mg/ml collagenase type II, 0.02mg/ml
DNAse I (from Vremec 1997)
1mg/ml collagenase D, 0.04mg/ml
DNAse I
2mg/ml collagenase D, 30ug/ml DNAse I
1mg/ml collagenase A, 0.2mg/ml DNAse
I
400U/ml Collagenase D
Collagenase D or Liberase, DNAse I
1mg/ml Collagenase type VIII
100ug/ml Blendzyme2, 0.3mg/ml
DNAse
Type D collagnease
2mg/ml collagenase, 100ug/ml DNAse
(from Wang 2005)
Collagenase D, DNAse I

Duration
(mins)
25 mins

Temp

NS

NS

45-90
min
25 mins

22℃

37℃
22℃

25 min

22℃

30 min

37℃

30 min
35 min

37℃
37℃

30 min
NS

37℃

40 min
30 min

37℃
37℃

NS
30 min

NS
37℃

15 min

37℃

Langlet et al (383)

2012

Yes

Collagenase type II, DNAse I

20 min

Plantinga et al
(189)
Tamoutounour et
al (384)
Chakarov et al
(208)
Ulvmar et al (88)

2013

NS

Liberase TM, 10U DNase

NS

Room
Temp
NS

2013

Yes

Collagenase type II, DNAse

NS

NS

2014

NS

125ug/ml Liberase TL, 40ug/ml DNAse I

NS

NS

2014

Yes

NS

NS

Denton et al* (112)

2014

Yes

25 min

Room

Eickhoff et al (184)
Hor et al* (165)

2015
2015

NS
Yes

NS
20 mins

NS
NS

Rantakari et al*
(92)
Desbien et al*
(266)
Druzd et al (155)

2015

NS

1mg/ml collagenase D, 1mg/ml Dispase
II, 0.2mg/ml DNAse
1mg/ml collagnease, 0.1mg/ml DNase I
(from Allan 2003)
Collagenase D, DNAse
1mg/ml collagenase type III, 20ug/ml
DNAse
1mg/ml collagnease D, 50ug/ml DNAse I

30 min

37℃

2016

NS

8ug/ml collagenase IV, 20ug/ml DNAse I

30 min

37℃

2017

Yes

30 min

37℃

Junt et al (159)
Baratin et al (69)
Chatziandreou
(171)
Mohr et al (80)

2007
2017
2017

Yes
Yes
Yes

40 min
45 min
10 min

37℃
37℃
37℃

2009

NS

20 min

Calabro et al (204)
Coombes et al
(355)
Sagoo et al (328)
Cioncada et al
(263)

2011
2012

NS
Yes

1mg/ml collagenase IV, 0.2mg/ml
DNase I
250ug/ml Liberase CI, 50ug/ml DNAse I
1mg/ml Liberase, 0.1mg/ml Dnase I
0.5mg/ml Collagenase P, 0.28mg/ml
DNAse I, 1U/ml Dispase
1mg/ml collagenase II, 0.15mg/ml
DNAse I
0.8mg collagenase D, 0.25mg DNAse I
50mg/ml Type VIII collagenase,

30 min
30 min

Room
Temp
37℃
37℃

2016
2017

Yes
NS

1mg/ml collagenase D, 50ng/ml DNAse I
500ug/ml Liberase,
250ug/ml DNAse I

15 min
60 min

37℃
37℃

*studies that utilised mechanical and digestive methods to analyse different cell
types. PD = Prior Mechanical Disruption. NS = Not stated
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Table 2.19: Digestive methods - Macrophages
Author (et al)

Year

PD

Macrophages
Enzymes

Duration
(mins)
20 minutes

Temp

Gray et al*
(388)
Rantakari et
al* (92)
Desbien et al*
(266)
Coombes et al
(355)
Junt et al (159)

2012

Yes

67ug/ml Liberase, 20ug/ml DNAse I

2015

NS

30 min

37℃

2016

NS

30 min

37℃

2012

Yes

1mg/ml collagnease D, 50ug/ml
DNAse I
8ug/ml collagenase IV, 20ug/ml
DNAse I
50mg/ml Type VIII collagenase,

30 min

37℃

2007

Yes

40 min

37℃

Phan et al
(175)
Barral et al
(363)
Iannacone et al
(170)
Moseman et al
(147)
Gaya et al
(583)
Baratin et al
(69)
Chatziandreou
(171)
Sagoo et al
(328)
Wong et al
(357)

2009

Yes

20-30 min

NS

2010

Yes

40 min

37℃

2010

Yes

40 min

37℃

2012

Yes

250ug/ml Liberase CI, 50ug/ml DNAse
I
0.2mg/ml Liberase Blendzyme 2,
20ug/ml DNAse I
250ug/ml Liberase CI, 50ug/ml DNAse
I
250mg/ml Liberase CI, 50mg/ml
DNase I
250mg/ml Liberase CI, 50mg/ml
DNase I
8ug/ml Collagenase IV

40 min

37℃

30 min

37℃

2015

NS

NS

2017

Yes

1mg/ml Liberase, 0.1mg/ml Dnase I

45 min

37℃

2017

Yes

10 min

37℃

2016

Yes

15 min

37℃

2018

Yes

0.5mg/ml Collagenase P, 0.28mg/ml
DNAse I, 1U/ml Dispase
1mg/ml collagenase D, 50ng/ml
DNAse I
1.67 Wunsch units/ml Liberase TM,
0.2mg/ml DNAse I

NS

NS

*studies that utilised mechanical and digestive methods to analyse different cell
types. PD = Prior Mechanical Disruption. NS = Not stated

Table 2.20: Digestive methods - Stromal Cells
Author (et al)

Year

PD

Link et al (62)

2007

Yes

Pham et al (89)

2010

Yes

Bao et al (105)

2010

Yes

Chyou et al
(335)
Fletcher et al
(732)
Malhotra et al
(330)

2011

Yes

2011

Yes

2012

Yes

Sung et al (329)

2012

NS

Bai et al (132)

2013

Yes

Heesters et al
(113)
Benahmed at
al (338)
Yang et al (336)

2013

Yes

2014

Yes

2014

Yes

Acton et al
(334)
Jarjour et al
(117)
Astarita et al
(347)
Mondor et al
(345)
Huang et al
(79)
Yu et al (569)

2014

Yes

2014

Yes

2015

Yes

2016

NS

2018

Yes

2017

Yes

Stromal Cells
Enzymes
1mg/ml collagenase IV, DNAse I
(40mg/ml), collagenease D
0.2mg/ml Blendzyme 2, 100ug/ml
DNase
0.2mg/ml collagenase I, 0.2mg/ml
dispase I + trypsin for 5 min
564U/ml collagenase type II, 40ug/ml
DNAse I
0.2mg/ml Collagenase P, 0.8mg/ml
Dispase, 0.1mg/ml DNAse I
0.2mg/ml Collagenase P, 0.8mg/ml
Dispase, 0.1mg/ml DNAse I (from
Flecter et al 2010)
0.2mg/ml collagenase P, 0.1mg/ml
DNAse I, 0.8mg/ml Dispase
0.1% type I collagenase, 2ug/ml
DNAse I
0.26U Liberase DH, 0.2mg/ml DNase I
(modified from El Shikh 2006)
564U/ml collagenase type II, 40ug/ml
DNAse I
1mg/ml collagenase IV, 1mg/ml
collagenease D
0.2mg/ml Collagenase P, 0.8mg/ml
Dispase, 0.1mg/ml DNAse I
0.2mg/ml Collagenase P, 0.8mg/ml
Dispase, 0.1mg/ml DNAse I
0.2mg/ml Collagenase P, 0.8mg/ml
Dispase, 0.1mg/ml DNAse I
400U/ml Collagenase I, 0.1mg/ml
DNAse I, 1mg/ml Dispase
3mg/ml Collagenase IV, 40ug/ml
DNAse I
0.2mg/ml Collagenase P, 0.8mg/ml
Dispase, 0.1mg/ml DNAse I

Duration
(mins)
50 min (2
stages)
25 min

Temp

95 min

37℃

30 min

37℃

50-60 min

37℃

50-60 min

37℃

60-90 min

37℃

45 min

37℃

45 min

37℃

30 min

37℃

50 min (2
stages)
50-60 min

37℃

50-60 min

37℃

50-60 min

37℃

50-60 min

37℃

30 min

37℃

60 min

37℃

37℃
37℃

37℃
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2.2.2.5 Cell enumeration
Cells were counted using either an automated cell counter (Thermo Fisher, Countess) or a
haemocytometer (the former was used in the majority of cases). Trypan blue was used as a
viability dye to calculate the percentage of live cells in the sample. The following formula was
used to count cells using a haemocytometer:
Cells/ml = Average Number of Cells per Quadrant x 104 x Dilution Factor (if applicable)

2.2.3 Bacteria
2.2.3.1 E. coli culture
200ml of lysogeny broth (LB) (Sigma, L7275) was seeded with E. coli bacteria (strain:
NCTC10418) using a 10μl inoculating loop and then cultured for a period of 26.5 hours at 37℃
in a shaking incubator at 180rpm. The optical density of the broth was measured every 90
minutes in order to generate a growth curve (Figure 2.5). 6 hours was identified as the earliest
time point in the log phase of the growth curve and the bacterial concentration of the solution
at this time point was calculated by enumerating colony-forming units on LB agar (Sigma,
L2897) plates (Figure 2.5) using the following formula:
CFU/ml = Average Number of CFU per Plate x 10 x Dilution Factor (if applicable)
The optical density (OD595) at 6 hours is approximately 0.5, which equates to a bacterial
concentration of approximately 7.5 x 108 CFU/ml (Figure 2.5).
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Figure 2.5: Growth and enumeration of E. coli bacteria
(A) A growth curve for E. coli bacteria (strain NCTC10418) seeded into 200ml of lysogeny
broth (LB) and cultured in an Erlen-Meyer flask for 26.5 hours at 37℃ in a shaking incubator
at 180rpm. (B) Photo depicts colony-forming units (CFUs) on agar plates seeded with 100ul
of 6-hour culture solution diluted by a factor of 10 6. (C) Table summarising the results of 3
experiments performed in order to determine the bacterial concentration after 6 hours of
culture.

2.2.3.2 E. coli killing
Depletion of the stock of UV-killed E. coli provided by Madhur Motwani rendered it necessary
to generate another stock of killed E. coli for injection. However, several attempts at UV-killing
failed to achieve 100% killing (Figure 2.6A-B). Therefore, a method of heat-killing was adopted
to generate killed E. coli for further experiments (Figure 2.6A-B). 1ml aliquots of E. coli bacteria
in PBS (OD595 of 0.9) were heat-killed by exposure to 65℃ in a heat block for 30 minutes.
Subsequent culture on agar plates confirmed lack of growth of bacteria from the heat-killed
solution (Figure 2.6A-B). A sample of this E. coli solution (OD595 0.9) was spared from heatkilling in order to determine the solution’s bacterial concentration (1.6 x 109 CFU/ml). There
was a concern that heat-killing may denature E. coli antigens and thereby alter the
inflammatory response relative to UV-killed E. coli. However, the fact that anti-E. coli
antibodies generated by UVKEC-immunised mice bound HKEC similarly to UVKEC in a whole-
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cell E. coli antibody ELISA (Section 2.2.3.3) suggests that immunogenic antigens are not
denatured during the process of heat-killing (Figure 2.6C).

Figure 2.6: Killing of E. coli bacteria
(A) Photos of agar plates seeded with E. coli bacteria exposed to room temperature for 30 minutes
(left), UV-light for 60 minutes at room temperature (middle) and 65℃ for 30 minutes. (B) Effect of
30-minute exposure to range of temperatures or 1-hour exposure to UV-light on E. coli viability.
(C) Whole-cell E. coli antibody ELISA comparing the binding of anti-E. coli IgG antibodies from mice
immunised with UV-killed E. coli (UVKEC) to plates coated with either heat-killed E. coli (HKEC) or
UVKEC. N = 1 x Day 14 UVKEC plasma and n= 1 x CTRL plasma. Imm: Immunised, CTRL: control
plasma. NC3R: 2 mice in total.

2.2.3.3 Whole-Cell E. coli antibody ELISA
This protocol was adapted from a protocol kindly provided by Dr Win Yan Chan. Half-area highbinding 96 well ELISA plates (Corning, 3690) were coated with 35μl of killed E. coli solution
(OD600 = 1.18) and incubated overnight at 4 degrees Celsius. Plates were then washed three
times using wash buffer (PBS 0.05% Tween-20) and then blocked for 4 hours at 4 degrees
Celsius with blocking buffer (PBS 1% BSA). Plates were then washed twice before serial
dilutions of murine plasma were added at a volume of 35μl per well incubated overnight at
4℃. Plasma from each mouse was aliquoted at the following dilutions; 1/25, 1/50, 1/100,
1/250, 1/500, 1/1000 and 1/2000. Plates were then washed 5 times before the addition of
35μl/well 1:1000 anti-mouse IgG Fc conjugated to alkaline phosphatase (Sigma, A2429) and
incubated at room temperature for 2 hours. Plates were then washed 5 times before the
addition of 35μl/well 1mg/ml p-Nitrophenyl Phosphate (Sigma, N1891), which was incubated
for 20 minutes at room temperature before the reaction was stopped by the addition of
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35μl/well of 3M Sodium Hydroxide. The optical density (OD) at 450nm (reference of 630nm) of
each well was then immediately measured using a spectrophotometer (BMG-labtech,
FLUOstar). The antibody titre was defined as the reciprocal of the highest plasma dilution that
gives a reading above the antibody titre threshold (406). The antibody titre threshold was set
at an optical density of 0.06 as this figure was more than double the average background
optical density and was therefore judged to represent specific antibody binding.

2.2.4 Cell culture and stimulation
Cell culture refers to incubation at 37℃, 5% CO2. All BCG experiments (including IFNγ
ELISPOTs) were performed in a microbiological safety cabinet in a category 2 laboratory.
2.2.4.1 BCG recall assays
2.2.4.2 IFNγ ELISPOT
Lymphocyte culture for IFNγ ELISPOTs is based on methods outlined by Minassian et al (407).
Lymph nodes and spleens were harvested from BCG-vaccinated and unvaccinated mice and
processed as described above to generate single-cell suspensions. Cell solutions were
resuspended in lymphocyte culture medium to a concentration of 2.5 x 106 cells/ml and then
supplemented with 1mg/ml tuberculin purified protein derivative (PPD) (Statens Serum
Institut, 2390) to achieve a final PPD concentration of 20μg/ml. Cells were cultured for 20
hours. Cells cultured in the absence of PPD and in the presence of 2.5ng/ml phorbol myristate
acetate (PMA, BioVision, 1544-5) and 500ng/ml ionomycin (Cayman, 10004974) served as
negative and positive controls respectively (Figure 2.7A).
IFNγ ELISPOTs were performed using a murine IFNγ ELISPOT set (Diaclone, 862.031.005) and
sterile ELISPOT plates (Millipore, MSIPS4510). This assay was performed according to
manufacturer’s instructions and therefore cells were cultured at a volume of 100ul/well in 96well ELISPOT plates pre-coated with murine IFNγ capture antibody. Once processed, ELISPOT
plates were analysed using an ELISPOT Reader (AID, ViruSpot). Count settings were set through
a combination of trial and error and software guidance provided by Mabtech (408). All ELISPOT
wells were enumerated using the same count settings.
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Figure 2.7: IFNγ ELISPOT controls
(A) Examples of positive (2.5ng/ml PMA and 500ng/ml ionomycin) and negative (no stimulant)
control wells from an IFNγ ELISPOT plate. (B) Example flow cytometry plots illustrating the
population of CD4+ve IFNγ+ve cells that appear following in vitro stimulation of ipsilateral lymph node
cells from BCG Pasteur (2 x 106 CFU)-immunised mice with PPD. (C) Graphs comparing the numbers
of IFNγ spot-forming units (SFUs) and CD4+ve IFNγ+ve cells detected using an IFNγ ELISPOT and
intracellular cytokine staining respectively (conducted in parallel). N = 2 x BCG immunised dLN, 2 x
CTRL LN, 2 x BCG immunised spleen and 2 x CTRL spleen. NC3R: 4 mice in total. IFNγ: interferongamma, Imm: immunised, dLN: draining lymph node, SPL: spleen, CTRL: control, PPD: mycobacterial
purified protein derivative.

2.2.4.3 Intracellular cytokine staining
Lymph node and spleen cells from BCG-vaccinated or control mice were cultured in the
presence or absence of 20μg/ml PPD at a concentration of 5 x 106 cells/ml. Cells were cultured
in a 24-well tissue culture plate (Corning, 3527) in a volume of 1.5ml/well. The culture duration
was 22 hours, with cells being cultured in the presence of 10μg/ml brefeldin-A (Sigma, B5936)
for the final 6 hours of culture as per Nadakumar et al (409). Cells were thereafter stained for
intracellular IFNγ (Section 2.2.5.1.2).

2.2.4.4 In vitro stimulation of lymph node and spleen cells
Lymph node cells or splenocytes were derived into single-cell suspensions as described in
Section 2.2.2.4 and then resuspended in lymphocyte culture medium to a concentration of 1 x
106 cells/ml or 2 x 106 cells/ml. 500μl or 1ml of these cell suspensions were then aliquoted into
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the wells of a 48-well tissue culture treated plate (Corning, 353078) and cultured in the
presence of 200-20,000 units/ml of IFNβ (R&D, 8234-MB-010), 20ng/ml IFNγ (Peprotech, 31505) or 7.5. x 107 CFU/ml of HKEC for a period of 2-6 hours. Thereafter, cells were processed for
analysis by flow cytometry and/or qRT-PCR as described in sections 2.2.5 and 2.2.6. Culture
medium was not supplemented with 10μg/ml brefeldin-A (Biolegend, 420601), even if cells
were to be subsequently analysed by intracellular cytokine staining (Section 2.2.5.1.2).

2.2.4.5 Chemotaxis assays
This S1P chemotaxis protocol was based on methods outlined by Sensken et al (400). Lymph
nodes and spleens were derived into single cell suspensions as described in Section 2.2.2.4 and
resuspended in chemotaxis medium (Table 2.2) to a concentration of 2.5 x 106 cells/ml. 2 x 106
cells were seeded into the wells of a 48-well tissue culture treated plate (Corning, 353078) in a
volume of 800μl and cultured for 2-4 hours (unless otherwise indicated) in the presence or
absence of 2000 or 10,000units/ml IFNβ (R&D, 8234-MB-010).
All chemotaxis assays were performed using transwell inserts (polycarbonate membrane, 5μm
pore size) in a 24-well transwell plate (Corning, 3421). Bottom chambers were filled with 600μl
of chemotaxis medium (Table 2.2) supplemented with 1-20nM sphingosine-1-phosphate
(Sigma, S9666-1MG), methanol (S1P diluent control), or 300ng/ml CXCL12 (Peprotech, 25020A). 2 x 106 live cells were added to the top chambers in a volume of 100μl and the transwell
plate was cultured for 3 hours. Transmigrated cells from the bottom chamber and remaining
cells in the top chamber were harvested and stained separately for flow cytometry. Accucheck
counting beads (Thermo Fisher, PCB100) were used to enumerate the number of cells that
transmigrated into the bottom chamber as described in Figure 2.8. Beads were resuspended
and then added to cell samples just prior to flow cytometric analysis. Beads were added at a
volume: volume (beads: cell solution) ratio of 1:1 (as per manufacturer’s instructions) or 1:3 (in
order to reduce cost of using beads). Figure 2.8C illustrates that the 1:3 bead: cell solution
ratio yields a reliable overestimate of cell count relative to a 1:1 ratio.
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Figure 2.8: AccucheckTM counting beads
(A) Formulas used to calculate total cell count using Accucheck™ counting beads. The bead
concentration is provided by the manufacturer. (B) Example of the gating strategy for Accucheck™
counting beads. The bead solution consists of two types of beads that can be discriminated by their
FITC fluorescence. The 50:50 (+/-5%) ratio of these two types of beads is an internal control to
confirm adequate resuspension of the bead solution. (C) A comparison of the total cell counts of the
same cell solution calculated from either a 1:1 or 1:3 volume/volume mixtures of bead and cell
solutions. 4 technical replicates were performed for each bead: cell ratio.

2.2.4.6 RAW 264.7 cell culture and stimulation
An aliquot of RAW 264.7 cells were resuscitated from liquid nitrogen storage. The cell solution
was defrosted in a water bath at 37℃ and then diluted in 15ml of warm RAW 264.7 culture
medium (Table 2.2) for culture in a T75 flask. The culture medium was changed the following
day to discard the non-adherent cells. Once confluent, the cells were passaged every 2 -3 days.
Each passage consisted of replacing the culture medium before using a cell scraper (Fisher, 08100-241) to lift the adherent cells into the fresh medium, which was then used to seed new
T75 flasks with cells at a 1:3 dilution of the original flask in a total volume of 15ml RAW 264.7
culture medium (Table 2.2).
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For stimulation, RAW 264.7 cells were grown to 2/3rd confluence and stimulated for 6 hours
with 100ng/ml LPS (Hycult Biotech, HC4056) in RAW 264.7 culture medium (Table 2.2). RAW
264.7 cells were subsequently scraped from the flask, centrifuged and 500g for 5 minutes and
then counted. Several aliquots of unstimulated and stimulated RAW 264.7 cells (1 or 3 x 10 6
cells) were lysed with 350μl RLT buffer (Qiagen) supplemented with 2-mercaptoethanol and
stored at -80℃. Another set of RAW 264.7 cells were stimulated 100ng/ml LPS for 24 hours.
Several aliquots of these cells (20-30 x 106 ells were then lysed in 1ml of RIPA buffer (Sigma,
R0287) supplemented with 1:10 with protease inhibitor (Sigma, P8340) and stored at -80℃.
Figure 2.9 demonstrates that 6 hours of LPS stimulation increases COX-2 expression by
RAW264.7 cells.

Figure 2.9: Lipopolysaccharide stimulation of RAW 264.7 cells
Expression of cyclooxygenase 2 (COX2) mRNA by RAW 264.7 cells cultured for 6 hours in absence
or presence of 100ng/ml LPS as determined by end-point (A) or quantitative (B) reversetranscriptase polymerase chain reaction (PCR). bp: base pair, NO RT: no reverse transcriptase
control, RT: reverse transcribed, LPS: lipopolysaccharide, Unstim: unstimulated
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2.2.5 Flow Cytometry and fluorescence-activated cell sorting (FACS)
2.2.5.1 Flow cytometry
2.2.5.1.1

Extracellular staining

3 x 105 – 1 x 106 cells (lymph node cells or splenocytes) were aliquoted into a low-binding 96
well v-bottom plate (Thermo, 249944) and centrifuged at 500g for 5 minutes. To stain with
fluorophore-conjugated antibodies, the cell pellets were resuspended in 50μl of the
determined antibody mastermix (described below) and incubated at 4℃ for 30 minutes. Cells
were then washed11 3 times with wash buffer and fixed in wash buffer supplemented 1:1 with
1% formaldehyde PBS. Samples were stored (maximum of 3 days) in the dark at 4℃ until
analysis.
The fluorescently-conjugated antibodies listed in Table 2.5 were used to generate the data
presented in this thesis. These antibodies were combined in different combinations (termed
‘mastermixes’) in order to stain cells. Such mastermixes consisted of up to 7 different
antibodies diluted to their staining concentration in FACS buffer, supplemented with rat serum
(2% v/v), mouse serum (2% v/v), rabbit serum (2% v/v) and anti-mouse CD16/CD32 (0.2% v/v)
(ebioscience, 14-0161-85).

2.2.5.1.2

Intracellular staining

Prior to intracellular cytokine staining, cells were extracellularly stained as described in Section
2.2.5.1.1 but all solutions were supplemented with 10μg/ml brefeldin-A (Biolegend, 420601)
(unless it was in vitro stimulation experiment (Section 2.2.4.4)). Cells were then fixed and
permeabilised in order to stain for intracellular antigens using the BD Cytofix/Cytoperm kit
(BD, 554714) or Biolegend’s fixation (Biolegend, 420801) and intracellular permeabilisation
wash buffers (Biolegend, 421002). To intracellularly stain with fluorophore-conjugated
antibodies, cells were fixed in a 100μl volume of fixative, then washed twice with 200-300μl of
permeabilisation wash buffer and stained for 20 minutes at room temperature in 100μl of
permeabilisation wash buffer supplemented with chosen antibody. Thereafter, cells were
washed twice with 200-300μl permeabilisation wash buffer (BD or Biolegend) and resuspended
in 300μl of conventional wash buffer. Samples were stored for (maximum of 1 day) in the dark
at 4℃ until analysis.

11

Wash = (1) Resuspension of cell pellet with 150μl-200μl wash buffer, (2) centrifugation at 650g, (3)
discard of supernatant and (4) Resuspension in chosen buffer.
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2.2.5.1.3

Analysis

Samples were analysed using an LSR Fortessa (BD) or an LSR2 flow cytometer (BD).
Subsequent data analysis was performed using FlowJo software (Treestar). All flow cytometry
data was compensated using single-stained compensation beads (Thermo Fisher, 01-2222).
The doublet exclusion strategy presented in Figure 2.10A was used for all flow cytometry data.
All gates were set using fluorescence minus one (FMO) controls and/or isotype controls (Figure
2.10).
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Figure 2.10: Gating strategies, fluorescence-minus one (FMO) and isotype controls
(A) Doublet exclusion strategy used in this thesis. (B-H) Gating strategies and controls used to define the
following cell types; (B) T and B cells, (C) neutrophils (Chapter 3 only), (D) neutrophils and monocytes
(Chapters 4-6), (E) germinal centre B cells, (F) NK cells and (G) CD8+ve cells. (H-L) Optimisation of
intracellular IFNγ Cytokine Staining (H) Flow cytometry plots demonstrating specific intracellular IFNγ
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expression by splenocytes stimulated in vitro with 2.5ng/ml PMA and 500ng/ml ionomycin. (I) Titration
of anti-IFNγ antibody against its isotype control to determine the optimal staining concentration
(1.25μg/ml) for this antibody (minimising non-specific binding). (J-L) Gating strategies and controls used
to define IFNγ+ve cells among (J) all single cells, (K) NK cells and (L) CD8+ve cells. (M-N) Gating strategies
and controls used to define CD69+ve (M) T cells and (N) B cells in this thesis. (O) Summary table outlining
the flow cytometry phenotype ascribed to cells types studied in this thesis. CTRL: control, FMO:
fluorescence-minus one. FSC: forward scatter, SSC: side scatter.

2.2.5.1.4

Measurement of CD69 expression by flow cytometry

Figure 2.10 demonstrates how CD69 expression is quantified by the proportion of T cells
(Figure 2.10M) and B cells (Figure 2.10N) that are CD69 +ve, which in turn is defined as staining
greater than FMO or isotype control stained samples. This is more appropriate than measuring
CD69 expression via median fluorescence intensity (MFI) because the experiments presented
in this thesis determine CD69 expression using a variety of different flow cytometry panels.
This incurs differences in flow cytometry compensation and photomultiplier voltage settings
that in turn lead to intrinsic differences in MFI between these experiments. In contrast,
measuring CD69 expression as the percentage of CD69+ve cells relative to an internal control (as
demonstrated in Figures 2.10M and N) facilitates adjustment for these differences and
therefore comparison and consolidation of these data as depicted in Figure 6.3 of Chapter 6.
Nevertheless, the same data is presented as CD69 MFI in Supplementary Figure 6.15 in the
interests of transparency.

2.2.5.2 Fluorescence-activated cell sorting (FACS)
Two cell sorting strategies were employed in this thesis, a sorting strategy to isolate
neutrophils and monocytes and a sorting strategy to isolate CD11b+ve cells as well as T and B
cells (Figure 2.11). Draining cervical lymph nodes were harvested 12 hours post injection as
this was the earliest time-point feasible for FACS. Due to the small size of the lymph node
neutrophil population, the ipsilateral lymph nodes from 4 mice had to be pooled in order to
sort lymph node neutrophils and monocytes. Cells (lymph node cells or splenocytes) were
aliquoted into 15ml falcon tubes and stained with fluorescent antibodies (50μl of antibody
mastermix per million live cells) for 30 minutes at 4℃. Cells were then washed twice12 before
being resuspended to a concentration of 2.5 x 107 cells/ml. This cell solution was passed
through a 35μm filter into a 5ml polypropylene FACS tube (Corning, 352063) and stored in ice.
12

Wash = (1) Resuspension of cell pellet with 5ml wash buffer, (2) centrifugation at 650g, (3) discard of
supernatant and (4) resuspension of the cell pellet with chosen buffer.
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Cells were then sorted into 10% FBS PBS using a FACS ARIA (BD). The purities of these sorted
populations are outlined in Figure 2.11.

2.2.6 RNA extraction and analysis
2.2.6.1 RNA extraction
Single cell suspensions were lysed using RLT buffer (Qiagen) supplemented with 10μl of 14.3M
2-mercaptoethanol (2-ME) per ml of RLT buffer. 350μl of RLT+2-ME was used to lyse >1 x 105
cells and 75μl was used to lyse ≤1 x 105 cells. Such RLT lysates were stored at -80℃ until RNA
extraction using an RNeasy minikit (Qiagen, 74104) or microkit (Qiagen, 74004) as per
manufacturer’s instructions.
In order to extract RNA from intact tissue, tissue (lymph node/ear) was immediately
submerged in 1-3ml of RNA later (Qiagen, 76104) following dissection and stored at -20℃. To
extract RNA, tissue (max 30mg) was transferred from RNA later into 600μl RLT buffer for
disruption and homogenisation using a TissueRuptor homogeniser (Qiagen, 9002757). The
resulting tissue homogenate was then spun at 18620g for 3 minutes and RNA was extracted
from the supernatant using an RNeasy minikit (Qiagen, 74104) as per manufacturer’s
instructions. The concentration of extracted RNA was measured using a spectrophotometer
(Nanodrop, ND-1000).
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Figure 2.11: Cell sort strategies and purities
(A) Cell sorting strategy for neutrophils, monocytes, ‘other CD11b+ve cells’ and CD11b-ve cells.
Populations: P3 = CD11b+ve cells, P4 = CD11b-ve cells, P5 = Monocytes, P6 = Other CD11b+ve cells, P7 =
Neutrophils. Panel: V500 = CD11b, APC = Ly6C, Percp Cy5.5 = Ly6G. (B) Table outlining the population
purities of all cell sorts undertaken with this sorting strategy. (C) Cell sorting strategies for CD11b +ve cells,
T cells and B cells. Populations: P3 = CD11b+ve cells, P8 = T cells, P9 = B cells. Panel: Pacific blue = CD3,
FITC = CD19, V500 = CD11b, Percp Cy5.5 = Ly6G. (D) Table outlining the population purities of all cell
sorts undertaken with this sorting strategy. CTRL: control, Contra: contralateral, LN: lymph node, 12hr
LN: 12hr draining lymph node.
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2.2.6.2 Reverse transcription
Depending on the experiment, either 250ng or 500ng of RNA of each sample was reverse
transcribed. If the yield of RNA from a sample was <250ng or <500ng then the maximum
amount of RNA available was reverse transcribed. RNA was heat shocked (70℃ for 5 minutes
and then cooled to 4℃) in the presence of oligo-DT nucleotides (Promega, C1101) and random
primers (Promega, C1181) both at a concentration of 52.63μg/ml. RNA was subsequently
reverse transcribed in a 20μl or 40μl volume using a thermocycler (Techne, TC-512) set to run
the following program; 25℃ for 10 mins, 40℃ for 50 mins and then 75℃ for 10 mins before
cooling to 4℃. The reverse transcriptase reaction mixture is detailed in Table 2.21. The
reaction product (cDNA) was diluted to a total volume of 200μl using molecular grade water
(Sigma, W4502) before being aliquoted into either 50μl or 66.6μl aliquots and stored at -20℃.
A no reverse transcriptase control (NO RT control) control reaction was run in parallel to the
reverse transcriptase reaction in order to test for genomic DNA contamination in subsequent
polymerase chain reactions.
Table 2.21: Reverse Transcription Reaction Mixture
Reagent
Heat-shocked
RNA
H 2O
MMLV RT
buffer
MMLV RT
dNTP mix

Manufacturer,
Catalogue Number
N/A

Stock
Concentration
N/A

Final
Concentration
N/A

Volume Per
20μl Reaction
9.5μl

Sigma, W4502
Promega, M1701

N/A
5x

N/A
1x

5μl
4μl

Promega, M1701
Thermo Fisher, RO192

200units/μl
10mM

5 units/μl
500μM

0.5μl
1μl

2.2.6.3 End-point polymerase chain reaction
A 12μl volume PCR reaction mixture was formulated as described in Table 2.22 for each
sample (both cDNA samples and corresponding NO RT controls) and subjected to the following
reaction conditions in a thermocycler (Techne, TC-512); 5 mins at 95℃ (initial denaturation),
40 cycles of 15 seconds at 95℃ then 20 seconds at 60℃ then 20 seconds at 72℃, followed by
a final 10 min extension phase at 72℃ before cooling to 4℃. 9.5μl of each reaction product
was loaded into the wells of a 3% agarose gel supplemented with the nucleic acid stain GelRed
(Biotium, 41003) at a ratio of 3μl GelRed/100ml agarose gel. This agarose gel was subjected to
electrophoresis (90-120 minutes at 150-200 volts) before the separated DNA was visualised by
a 0.125 second exposure to UV light in an image processor (ImageQuant, LAS 4000).
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Table 2.22: End-Point PCR Reaction Mixture

Reagent

Manufacturer,
Catalogue Number

Stock
Concentration

Final
Concentration

10x dreamtaq
green buffer
dNTP mix
Primers (1:1 mix
of forward and
reverse primer)
H2O
DMSO
Dreamtaq
polymerase
cDNA

Thermo Fisher, B71

10x

1x

Volume
required for a
12μl reaction
1.2μl

Thermo Fisher, R0192
N/A

10nM
10μM

200μM
250nM

0.24μl
0.3μl

Sigma, W4502
Sigma, D5879
Thermo Fisher,
EP0702
N/A

N/A
100%
5U/μl

N/A
3%
1.25U/50μl

5.04μl
0.36μl
0.06μl

N/A

N/A

4.8μl

2.2.6.4 Real-time polymerase chain reaction
A 10μl PCR reaction mixture was formulated as described in Table 2.23 for each sample (both
cDNA samples and NO RT controls). Each sample was aliquoted in triplicate into a 384-well
plate (Applied Biosystems, 4309849) and sealed with an optical adhesive film (Applied
Biosystems, 4311971). The reaction mixture was then subjected to the following reaction
conditions in an ABI Prism 7900HT Sequence Detection System (Applied Biosystems) - 50℃ for
2 minutes, 95℃ for 10 minutes then 40 cycles of 95℃ for 15 seconds and 60℃ for 1 minute.
ROX was used as the reference dye. Both a melt curve analysis and gel electrophoresis
(Section 2.2.6.3) were subsequently performed for most of the reactions in order to confirm
that the reaction of product was of the correct size.
Table 2.23: Real-Time PCR Reaction Mixture
Reagent
Power SYBR
Green PCR
Master Mix
RNAse free H2O
Primers (1:1 mix
of forward and
reverse primer)
cDNA

Catalogue
number
4367659
(Applied
BIosystems)
W4502 (Sigma)
N/A

Stock
concentration
2x

Final
Concentration
1x

Volume Required
for a 10μl reaction
5μl

N/A
10μM

N/A
500nM

3.25μl
0.5μl

N/A

N/A

N/A

1.25μl
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2.2.6.5 Analysis of real-time PCR data
Real-time PCR data was analysed using SDS RQ manager (Applied Biosystems, version 2.4) and
Microsoft Excel 2010. Relative gene expression data is presented using the 2-ΔCt method as
described by Livak et al (410). This method determines the ratio of expression of the target
gene relative to a reference gene within the same sample (see formula below). This 2-ΔCt
method was chosen over the 2-ΔΔCt method as the former facilitates presentation of qPCR data
as individual data points. At least two reference genes were run for all samples and both
produced similar results unless otherwise stated.
ΔCt = Ct of Target Gene – Ct of Reference Gene
2-ΔCt= Expression Ratio of Target Gene Relative to the Reference gene

2.2.6.6 Primer design and validation
The primer sequences used in this thesis are outlined in Table 2.10. Most of these primer
sequences were either previously designed in-house or published by others. Primers that were
specifically designed for this project were generated using NCBI’s Primerblast software. These
primers were designed to span exon-exon junctions, although most primers used in this thesis
were not exon-spanning. Lyophilised primers were supplied by sigma and resuspended to a
concentration of 100μM using molecular grade water (Sigma, W4502) and stored at -20℃. The
amplification efficiency (Figure 2.12) of all primers was determined at an annealing and
extension temperature of 60℃ and only primers with a percentage efficiency between 80%120% were used (as described by Livak et al (410)). Gel electrophoresis was used to confirm
that all primers generated a single reaction product with the number of base pairs.
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Figure 2.12: Calculation of primer amplification efficiencies
(A) Actb amplification curves for 3-fold serial dilutions of cDNA (B) Standard curve of cycle threshold (C T)
of amplification curves vs the logarithm of the cDNA dilution factor. (C) Formula used to calculate the
primer amplification efficiency. (D) Example calculation of amplification efficiency for the Actb primer
pair (Table 2.10).

2.2.7 Immunohistochemistry
It was initially intended that frozen lymph nodes embedded in OCT be imaged by
immunofluorescent staining as this is the current gold-standard from the
immunohistochemical analysis of lymph nodes. However, despite numerous attempts,
sectioning of OCT-embedded lymph nodes was unsuccessful and thus lymph nodes were
instead imaged by paraffin-based immunohistochemistry.

2.2.7.1 Paraffin infiltration of tissue
Lymph nodes and spleens were harvested from mice and stored in 2% FBS PBS on ice for
transfer back to the laboratory. Lymph nodes were then stripped of surrounding tissue using 2
x 21G needles and a dissecting microscope. Both lymph nodes and spleens were then fixed in
4% PFA PBS (freshly made up from a stock of 16% paraformaldehyde (Agar Scientific, R1026)
for one hour. Tissue was briefly immersed in PBS to wash off excess fixative and then
immersed in 70% ethanol. Tissues were dehydrated and infiltrated with paraffin wax (as per
Table 2.24) using an automated tissue processor (Leica, TP1050). Tissues were then embedded
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in paraffin wax at an embedding station (Sakura, TEC-5) and the resulting paraffin blocks were
stored at 4℃.
Table 2.24: Paraffin embedding program
Step

Reagent

1
2
3
4
5
6
7
8
9
10
11
12

70% IMS
80% IMS
90% IMS
Absolute Ethanol
Absolute Ethanol
Absolute Ethanol
Xylene
Xylene
Xylene
Paraffin Wax
Paraffin Wax
Paraffin Wax

Duration
(minutes)
30
30
30
30
30
30
30
30
45
30
45
60

Temperature (℃)
37
37
37
37
37
37
37
37
37
60
60
60

2.2.7.2 Sectioning of paraffin-embedded tissue
Samples were sectioned at a thickness of 5μm using a microtome (Thermo Fisher, HM-325)
fitted with S35 microtome blades (Feather, JDA-0100-00A) at a 4° angle. Sections were left to
flatten on the surface of warm water (45℃) before being mounted onto SuperFrost
microscope slides (Thermo, J1800AMNZ) and left to dry overnight at room temperature.

2.2.7.3 Immunohistochemical staining
Excess paraffin wax was melted from the sections by first incubating the slides at 63.5℃ in an
oven (Stuart Scientific, S102H) for 20 minutes. Slides were then further dewaxed (as per Table
2.25) in an autostainer (Sakura, DRS-2000E-D2). Following dewax; sections were briefly
immersed in distilled water and then incubated in PBS for 10 minutes at room temperature. If
performed, antigen retrieval was undertaken by incubating sections in antigen retrieval buffer
at 95℃ in a water bath for the time periods stated in Table 2.7. To quench endogenous
peroxidase activity, slides were incubated for 10 minutes in in ice-cold methanol
supplemented with H2O2 to a final concentration of 1%. Slides then underwent two 5-minute
washes in PBS before a hydrophobic barrier was drawn around the tissue section using a
hydrophobic barrier pen (Vector labs, H-4000). Slides then underwent a further 5-minute wash
in PBS before the sections were blocked for 2 hours at room temperature using block buffer.
Slides were then washed in PBS for 5 minutes before being stained overnight at room
temperature with the primary antibody diluted in staining buffer (Tables 2.4 and 2.7).
Following primary antibody staining, slides underwent three 5-minute washes in PBS before
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being stained with the secondary antibody (Table 2.9) diluted in staining buffer for 1 hour at
room temperature. Slides then underwent three-15-minute washes in PBS before 100-200μl of
Diaminobenzidine (DAB) chromogen solution (Dako, K3467) was applied to the tissue section
and incubated at room temperature for 5 – 10 minutes. Slides then underwent two 10-minute
washes in distilled water before mounting with a coverslip (VWR, 631-0137) using an aqueous
mounting medium (Vector labs, H-5501). Images of the tissue sections were then captured
with a digital slide scanner (Hamamatsu, NanoZoomer 2.0-HT) and analysed using
NanoZoomer digital pathology software (Hamamatsu). Isotype control antibodies were used to
control for non-specific staining (Figure 2.13).
Table 2.25: Dewax protocol
Step
Reagent
1
2
3
4
5
6

Xylene
Xylene
Absolute Ethanol
Absolute Ethanol
70% Ethanol
30% Ethanol

Duration
(minutes)
10
10
5
5
5
5

Figure 2.13: Isotype controls for immunohistochemical staining
Paraffin-infiltrated sections of a superficial parotid lymph node harvested 12 hours following
injection of heat-killed E. coli into the ipsilateral earflap. Sections were stained with either (A) antiB220, anti-Ly6G, anti-GR-1 or (B) their respective isotype controls overnight at room temperature.
Non-specific staining attributable to the isotype control was delineated through comparison with
sections not stained with a primary antibody (no primary antibody control)
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2.2.8 Statistical analysis and sample size determination
The majority of experiments performed in this thesis were designed to detect large effect sizes
(several fold differences between control and treated groups) and hence small sample sizes
were sufficient and therefore frequently adopted. This is consistent with 3R’s principle of
reducing animal usage wherever possible and was performed with the view that if large
differences were not demonstrated then the data generated could be used to inform sample
size estimates for larger experiments to detect smaller differences (if these were deemed to be
biologically meaningful). If large differences were demonstrated then further experiments
would seek to repeat the finding using a complementary method (e.g. confirming increases in
RNA expression with increases in protein expression) as this was deemed to be a more
informative and efficient use of animals.
The small sample sizes generally adopted in this thesis in many cases precluded a meaningful
analysis of whether or not the data was normally distributed. As such, differences were subject
to Mann-Whitney U test unless otherwise stated. This non-parametric test would be selected
in favour of its parametric equivalent (the unpaired t-test) either because the sample size was
too small to test whether the data is normally distributed or because the data failed to satisfy
the homogeneity of variance assumption (411). In this context, the Mann-Whitney U test is a
more conservative approach and the priority was to avoid producing misleading statistics. All
tandem FACS qRT-PCR data were not subject to statistical analysis as the sample size (n = 4)
was insufficient to determine statistical significance using a non-parametric paired analysis
(the Wilcoxon matched pairs signed rank test). All statistical analyses were performed using
Graphpad prism software (version 7.0) or the InVivoStat statistical software package.
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3 Investigations of Neutrophil and Monocyte Infiltration into the
Draining Lymph Node
3.1 Abstract
The acute infiltration of neutrophils and monocytes into the draining lymph node (dLN) is a
feature common to various inflammatory stimuli. Whilst a plethora of immunodulatory
functions have been ascribed to these cells, the significance of this phenomenon is still
unclear, especially in contexts applicable to studies of human immunisation and inflammation.
This chapter therefore sought to characterise and compare neutrophil and monocyte
infiltration into the dLN following challenge with Bacillus Calmette Guerin (BCG) or killed E. coli
(KEC); two inflammatory stimuli directly relevant to human research.
Wild-type male C57BL/6 mice were injected with preparations of BCG or KEC into the skin of
the earflap and the draining ipsilateral superficial parotid lymph node was identified and
harvested for analysis by flow cytometry, ELISPOT or immunohistochemistry. Flow cytometric
analysis revealed no discernible influx of neutrophils into the draining lymph node during the
first 48 hours following challenge with various strains and doses of BCG. In contrast, challenge
with KEC elicited an acute and robust infiltrate of neutrophils and monocytes. The influx of
neutrophils peaked between 2 and 6 hours and therefore preceded the monocyte influx which
peaked between 6 and 24 hours. Paraffin-based immunohistochemistry demonstrated that
neutrophils are localised in peripheral regions of the draining lymph nodes following challenge.
Phenotypic profiling of infiltrating monocytes revealed that this population of cell exhibited
increased expression of the dendritic cell markers CD11c and MHC-II between 6 and 24 hours
following inflammatory challenge. In addition to the infiltration of neutrophils and monocytes,
lymphocytes within the draining lymph node significantly upregulated the activation marker
CD69 following challenge killed E. coli. CD69 upregulation is associated with type I interferons
and notably was not observed following challenge with BCG.
In summary, skin challenge with KEC induces the robust and sequential infiltrate of neutrophils
and monocytes into the draining lymph node, whilst challenge with BCG does not. In addition,
KEC also significantly increases expression of the type I interferon associated activation marker
CD69. Thus, KEC is an appropriate inflammatory stimulus with which to explore the
relationship between infiltrating neutrophils and monocytes and cardinal innate immune
pathways; cyclooxygenase-derived prostanoids (Chapter 4) and type I interferons (Chapter 5).
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3.2 Introduction
The infiltration of neutrophils and monocytes into the draining lymph node (dLN) is a key
feature of the acute inflammatory response elicited by a wide variety of inflammatory stimuli
(Section 1.3.3). These cells have been shown modulate both the innate barrier and adaptive
immune functions of the dLN (Section 1.3.3). However, the mechanisms by which these cells
mediate these functions have not been characterised. Moreover, it is unclear in what contexts
(if any), neutrophils and monocytes infiltrate the dLN in humans. Thus, this chapter sought to
establish whether neutrophils infiltrate the dLN following challenge with Bacillus CalmetteGuerin (BCG) and killed E. coli (KEC). These two inflammatory stimuli are regularly used in
humans and are therefore good candidates for the characterisation of neutrophil and
monocyte infiltration into the dLN in mice.

3.2.1 Bacillus Calmette-Guerin (BCG)
Bacillus Calmette-Guerin (BCG) is a live attenuated form of Mycobacterium Bovis (M. bovis);
the predominant causative agent of tuberculosis in cattle (412). The BCG vaccine is the only
licensed vaccine for the prevention of tuberculosis and it is one of the most widely
administered vaccines in human history; with >3 billion doses administered over the past
century (31). With regard to the aims of this chapter, it is notable that the injection of BCG
bacilli into the murine earflap has been shown to elicit the influx of neutrophils into the dLN
(201). This chapter aims to characterise this finding in greater detail in order to then explore
how infiltrating neutrophils may modulate the developing adaptive immune response to BCG.
It thus pertinent to discuss the mechanisms by which BCG protects against tuberculosis.

3.2.2 BCG vaccine efficacy
Despite extensive use, the BCG vaccine only bestows partial protection against tuberculosis.
The results of randomised controlled trials (RCTs) comparing BCG vaccination (413) vary
significantly, ranging from a large UK study illustrating approximately 80% protective efficacy
(414) to a large Indian trial illustrating 0% protective efficacy (415). In light of BCG’s partially
protective effect, it is difficult to ethically justify further BCG vs placebo RCTs. Therefore,
observational studies tend to be used to investigate BCG vaccine efficacy in humans nowadays.
Roy et al (416) recently performed a systematic review of 14 such studies, which focussed
upon children with known exposure to M. tuberculosis; either via a household contact with
tuberculosis or via a local tuberculosis outbreak. BCG vaccine status exhibited 19% (95%
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confidence intervals 8%-29%) protective efficacy against infection with M. tuberculosis and
71% (42%-85%) protective efficacy against active tuberculosis (416). The discord between the
minimal protection bestowed against infection and the considerable protection bestowed
against active tuberculosis suggests that BCG vaccination largely protects by preventing the
progression from M. tuberculosis infection to active disease. This theory is supported by
animal studies, which demonstrate that BCG vaccination elicits an approximately 1-3 log
reduction in the number of M. tuberculosis bacilli following exposure to aerosolised M.
tuberculosis (417).

3.2.3 Mechanisms of BCG-mediated protection against tuberculosis
M. tuberculosis is predominantly an intracellular pathogen of phagocytes (especially
macrophages) and the prevailing theory is that T cells are central to the control of M.
tuberculosis (32,418). Th1 T cells have been implicated in particular, due to their ability to
secrete interferon-gamma (IFNγ), a cytokine capable of increasing the microbicidal capacity of
macrophages (419,420). Mice deficient in either CD4+ve T cells or IFNγ exhibit increased
susceptibility to tuberculosis, in terms of both increased mycobacterial burden and mortality
post challenge (421–424). In addition, depletion of CD4+ve T cells in a mouse model of latent
tuberculosis results in an increase in bacterial burden (425) and the adoptive transfer of
mycobacteria-specific T cells prior to an M. tuberculosis challenge reduces the bacterial burden
post challenge (230,426). However, the protection bestowed by these adoptively transferred T
cells is preserved even if they are knocked out for either IFNγ or TNFα, suggesting that the
these cytokines are redundant for the control of M. tuberculosis (426). The importance of IFNγ
in the human context is illustrated by Mendelian susceptibility to mycobacterial disease
(MSMD), a primary immunodeficiency disorder characterised by severe mycobacterial
infections in childhood that is strongly associated with single-gene defects in components of
the interferon gamma signalling axis (427). In summary, T cells and IFNγ, are important for the
control of M. tuberculosis to varying extents.
Numerous murine BCG vaccine studies assess the immunogenicity of the vaccine by measuring
the number of mycobacteria-specific IFNγ-producing T cells in a range of organs (e.g. dLN,
spleen, lungs) post vaccination (407,409,428–433). A comprehensive study of the natural
history of BCG in mice (409), demonstrated that the kinetics of both BCG-induced T cell
responses and BCG-mediated protection against tuberculosis followed the same pattern;
peaking around 8 months post vaccination and waning thereafter (mice were analysed up to 2
years post-vaccination), although a definitive correlation analysis of these two factors was not
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presented. In addition, numerous studies in which protection against tuberculosis has been
improved upon through the use of either genetically modified BCG (434–439), alternative
vaccine constructs (440–442) or host-targeted strategies (429,443), have also documented
increases in T cell responses. Furthermore, T cells adoptively transferred from mice vaccinated
with either a new BCG construct or a construct of Mycobacterium smegmatis are able confer
protection against tuberculosis (434,441). Thus, BCG vaccination generates mycobacteriaspecific T cells that are protective against tuberculosis and the numbers of these cells appear
to be a correlate of protection in animal studies. However, a relatively recent large-scale
human study found that frequencies of mycobacteria-specific T cells induced following BCG
vaccination were not an immune correlate of protection against tuberculosis in infants (444).
Indeed the current absence of a correlate of protection against tuberculosis in humans is a
major limitation in the ongoing efforts to design more effective tuberculosis vaccines (31–34).
Nevertheless, the induction of mycobacteria-specific IFNγ-secreting T cells are still considered
to be an important mechanism by which BCG mediates protection against tuberculosis and the
question of whether dLN infiltrating neutrophils regulate this process are worthy of further
study.

3.2.4 Killed E. coli (KEC)
Escherichia coli bacteria are Gram-negative facultative anaerobes that form part of the
commensal microflora of vertebrate gastrointestinal systems (445). The Gilroy laboratory has
demonstrated that the intradermal injection of UV-killed E. coli into the forearms of healthy
human volunteers can serve as a human model of acute skin inflammation (446). Indeed,
suction blisters formed at the site of injection demonstrate an acute increase in the numbers
of neutrophils and monocytes in the blister fluid during the first 72 hours following injection
(446). Intriguingly, several volunteers reported axillary discomfort during the first 24 hours
following the intradermal injection of UV-killed E. coli (446), suggesting that that this stimulus
induces acute swelling and/or inflammation of the draining axillary lymph nodes. Moreover,
Johnston et al (211,447) have illustrated that the subcutaneous injection of heat-killed E. coli
into a sheep’s hock elicits substantial increase in the numbers of neutrophils in the afferent
and efferent lymph of the draining popliteal lymph node. This increase in neutrophils was
observed during the first 24 hours following injection and thus temporally fits with the
infiltration of neutrophils at the site of inflammation described by Motwani et al (446). It thus
seems likely that the intradermal injection of killed E. coli (KEC) is capable of eliciting a
neutrophil influx into the dLN. Unlike BCG, the study of UV-killed E. coli is not of clinical use.
However, if infiltrating neutrophils and/or monocytes were shown to modulate the innate or
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adaptive immune function in the dLN following challenge with this stimulus then proof of
concept studies could be rapidly undertaken to replicate such findings in humans.

3.2.5 The murine earflap immunisation model
BCG and UV-killed E. coli (UVKEC) are injected intradermally into humans (446,448). As a
result, the study of neutrophil and monocyte following challenge with these inflammatory
stimuli requires a murine model that facilitates study of the dLN following skin injections of
inflammatory stimuli. Studies of murine dLNs most commonly use the footpad as the site of
injection/immunisation, with subsequent analysis of popliteal lymph node. However, several
studies have also adopted the murine earflap immunisation model described by Li et al (402),
in which material is injected into the skin of the murine earflap, with subsequent analysis of
ipsilateral draining cervical lymph nodes (403,405). This latter model was adopted for the
purposes of this chapter and thesis for two main reasons. Firstly, the dorsum of the murine
earflap is an easily identifiable and consistent anatomical site amenable to skin injections and
was therefore deemed to be a better representation of human intradermal injections than
injection into the murine footpad. Secondly, Abadie et al (201) used this model to demonstrate
that BCG challenge induces neutrophil infiltration into the dLN and repetition of this finding
with the vaccine strain and dose of BCG is a key aim of this chapter.

3.2.6 Summary
Infiltrating neutrophils and monocytes have been shown to modulate various aspects of both
the innate barrier and adaptive immune function of the dLN (Section 1.3.3). However, these
processes have not previously been studied in the context of inflammatory stimuli that
regularly used in humans for clinical or research purposes. BCG and killed E. coli are examples
of such inflammatory stimuli and are also likely to induce neutrophil infiltration into the dLN.
This chapter therefore seeks to first test the hypothesis that these stimuli induce neutrophil
infiltration into the dLN using the murine earflap immunisation model before further temporal
and phenotypic characterisation of both neutrophil and monocyte infiltration into the dLN.
This is with a view to further investigation of the functions of these cells in the dLN in
subsequent chapters of this thesis.
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3.2.7 Aims
•

Validate the murine earflap immunisation model as an appropriate model for the
study of neutrophil infiltration into the draining lymph node.

•

Determine whether or not challenge with the vaccine strain and dose of BCG induces
neutrophil infiltration into the draining lymph node.

•

Determine whether or not challenge with killed E. coli induces neutrophil infiltration
into the draining lymph node.

•

Establish the temporal profile or any neutrophil/monocyte influxes elicited with killed
E. coli and/or BCG.
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3.3 Results
3.3.1 The ipsilateral superficial parotid lymph node drains the murine
earflap
For the reasons outlined in the introduction to this chapter, Bacillus Calmette Guerin and killed
E. coli (KEC) were chosen as the two inflammatory stimuli for the study of neutrophil
infiltration into the dLN. In addition, the murine earflap immunisation model was the chosen
method by which to address the aims of this chapter. The murine earflap is drained by cervical
lymph nodes (Figure 3.1A) (403,405). As described in Section 2.2.2.1, the injection of 50μl of
10% India ink into the murine earflap immediately post mortem revealed the ipsilateral
superficial parotid lymph node as an earflap-draining lymph node (Figure 3.1B).

In order to confirm that the drainage of India ink depicted in Figure 3.1B was not an artefact of
the large injection volume (50μl), the earflaps of anaesthetised mice were injected with a 10μl
1:1 mixture of alum and fluorescently labelled ovalbumin (OVA-A647). Both the ipsilateral and
contralateral superficial parotid lymph nodes of these mice as well the ipsilateral lymph nodes
of control mice (injected with 10μl PBS) were harvested 24 hours later to identify A647fluorescent cells by flow cytometry. Whilst very few A647-fluorescent cells were detected in
either ipsilateral control or contralateral lymph nodes, 2-4% of cells in the ipsilateral lymph
nodes of OVA-A647 injected mice exhibited A647 fluorescence (Figure 3.1C). Larger particulate
antigens also exhibit this pattern of lymphatic drainage as A488-positive cells appeared in the
ipsilateral superficial parotid lymph node 3 hours following a 10μl injection of fluorescently
labelled E. coli bioparticles (E. coli-A488) into the earflap (Figure 3.1D). In both these
experiments it was assumed that non-draining control and contralateral lymph nodes would
not harbour any A647+ve cells and thus the presence of A647+ve and A488+ve cells in the dLN
would provide a clear binary signal to illustrate the drainage. Thus, a sample size of 2 per group
was selected for both of these experiments so as to limit the number of mice used for these
validatory experiments. As has been described, a clear signal was described, although with
regard to the drainage of E. coli A488 bioparticles there was a degree of A488
autofluorescence that had to be gated out to demonstrate the signal (Figure 3.1D). In
summary, these experiments illustrate the superficial parotid lymph node reliably drains both
soluble and particulate antigens injected into the murine earflap.
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Figure 3.1: The superficial parotid lymph node drains the murine earflap
A) Murine cervical lymph node anatomy. Left panel is reproduced with permission from Van den
Broeck et al with ‘3’ corresponding to the superficial parotid lymph node. Right panel is a diagram
illustrating the location of the superficial parotid lymph node (circled) adjacent to the junction
between the lingual vein (LV) and facial vein (FV) and lateral to the mandibular salivary gland (M).
(B) Photo of an ipsilateral superficial parotid lymph node 20 minutes following injection of India ink
into the murine earflap post mortem (C) Flow cytometry dot plots illustrating the appearance of
A647-positive cells 24 hours following injection with 10μl of a mixture of OVA-A647 (33μg) and
Alum (50μg). (D) The percentage of A488-positive cells 3 hours following injection with 1 x 107
A488-conjugated E. coli bioparticles. Sample sizes; (C) n = 2 ipsi LN, n = 2 Con LN and n = 1 CTRL LN
(lymph nodes from two mice were pooled prior to analysis). (D) n = 2 ipsi LN, n = 2 Con LN, n = 2
CTRL LN. NC3Rs: 9 mice in total. CTRL: control, Con: contralateral. OVA-A647: ovalbumin
conjugated to alexa fluor 647, LN: lymph node.
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3.3.2 Labelled E. coli bioparticles elicit neutrophil infiltration into the
draining lymph node
The study of neutrophils infiltrating the draining lymph node is central to the aims of this
chapter. It is thus notable that the intradermal injection of fluorescently-labelled E. coli
bioparticles (described in Section 3.3.1) led to a substantial influx of neutrophils (defined as
CD11b+ve Ly6G+ve cells by flow cytometry) into the ipsilateral superficial parotid lymph node
within the first 3 hours following injection. Indeed, whilst neutrophils constitute <0.2% of cells
in control or contralateral lymph nodes, they comprise 2-4% of cells in ipsilateral superficial
parotid lymph node 3 hours following injection (Figure 3.2A). Moreover, approximately 75% of
the A488+ve cells in the ipsilateral lymph node were neutrophils (Figure 3.2B) and these
neutrophils exhibit substantially greater A488 fluorescence than splenic neutrophils from the
same mice (Figure 3.2C), indicating that E. coli bioparticles within the dLN were largely
phagocytosed by neutrophils at this time point. In summary, these findings illustrate that
inactive E. coli bioparticles elicit a rapid and marked infiltration of neutrophils into the dLN and
that these neutrophils have phagocytosed said bioparticles.

3.3.3 Skin injection of BCG does not elicit a marked neutrophil influx into
the draining lymph node
Figures 3.1 and 3.2 demonstrate that the murine earflap immunisation model is appropriate
for the study of neutrophil infiltration into the dLN. However, it is not known whether
neutrophils infiltrate the dLN following challenge with inflammatory stimuli that are used
clinically or for research purposes in humans. Bacillus Calmette Guerin is one such stimulus
with Abadie et al (201) reporting that the intradermal injection of 1 x 106 CFU of BCG Pasteur
into the murine earflap elicits a ‘massive’ 13 neutrophil influx into the dLN 24 hours following
immunisation. Human BCG vaccination in the UK is performed using the SSI strain of BCG at an
inoculum dose of 2-8 x 105 CFU. To determine whether 2-8 x 105 CFU BCG SSI is also capable of
inducing a neutrophil influx into the dLN, human vaccine-grade BCG SSI was injected into
murine earflap and the ipsilateral superficial parotid lymph node was subsequently analysed
by flow cytometry.

13

This study provides microscopic evidence of neutrophil infiltration and flow cytometric evidence that
lymph node neutrophils harbour BCG bacilli. However, it does not quantify the size of this infiltrate as
discussed later in this chapter
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In terms of sample size determination, the expected size of the neutrophil influx was unclear
as Abadie et al did not quantify this in their study (201). However, given that they described
this neutrophil influx as ‘massive’, it was assumed that it would be readily detectable using a
small sample size as non-dLNs harbour only a very small population of neutrophils. Indeed, it
was considered more important to gain a preliminary understanding over what time course
neutrophils infiltrated the dLN following BCG challenge and thus a sample size of 2-4 per group
was adopted at 4 time points; 3 hours, 4 hours, 24 hours and 48 hours. These experiments
demonstrated that injection of 1-4 x 105 CFU of BCG SSI (half the human dose) did not lead to
an appreciable increase in either the percentage or number of neutrophils in the ipsilateral
lymph node at either 3- or 48-hours post-immunisation (Figure 3.3A). As mice tolerated this
dose of BCG SSI well, it was increased to the full human dose of 2-8 x 105 CFU for the 4 hour
and 24-hour mice. Nevertheless, injection of 2-8 x 105 CFU of BCG SSI did not result in a
significant increase in either the percentage or number of neutrophils in the ipsilateral lymph
node at either of these time points (Figures 3.3B and 3.3C). This initial screen therefore failed
to replicate the ‘massive’ (but notably not quantified) neutrophil influx described by Abadie et
al (201).
It is possible that the neutrophil infiltration observed by Abadie et al (201) resulted from their
use of a different strain of BCG (BCG Pasteur) at a higher inoculum dose (1 x 106 CFU). Thus,
mice were injected with 2 x 106 CFU of BCG Pasteur and the superficial parotid lymph nodes
analysed by flow cytometry 24 hours later. Again, a sample of 4 mice was selected as this was
deemed sufficient to try to identify a ‘massive’ neutrophil influx. However, as with BCG SSI, no
increase in the either the percentage or number of neutrophils was observed in the ipsilateral
superficial parotid lymph node following challenge with BCG Pasteur (Figure 3.3D). In
summary, the injection of BCG SSI or Pasteur at a range of inoculum sizes into the murine
earflap did not elicit a significant influx of neutrophils into the dLN.
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Figure 3.2: E. coli bioparticles predominantly associate with neutrophils in the draining lymph node
(A) Percentage and number of neutrophils in superficial parotid lymph nodes 3 hours following injection of 1 x
107 E. coli-A488 bioparticles into the murine earflap. (B) Phenotype of A488-positive cells in the ipsilateral
superficial parotid lymph node. (C) A488 fluorescence of neutrophils from an ipsilateral lymph node relative to
splenic neutrophils. Sample sizes: n = 2 ipsi LN, n= 2 Con LN, n = 2 CTRL LN. NC3R’s: 4 mice in total. CTRL:
Control, Con: Contralateral, Ipsi: ipsilateral, LN: lymph node, SPL: spleen. FSC-A: forward scatter area, MFI:
median fluorescence intensity.
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Figure 3.3: Skin injection of BCG bacilli does not induce a significant neutrophil influx into the draining lymph
node
The percentage and number of neutrophils in the superficial parotid lymph node 3 to 48 hours following skin
injection of (A) 1-4 x 106 CFU of BCG SSI, (B and C) 2-4 x 106 CFU of BCG SSI or (D) 2 x 106 CFU of BCG Pasteur into
the murine earflap. Sample sizes: (A and B) n = 2 ipsi LN per time point, n = 3-4 Con LN, n = 1-2 CTRL LN
(superficial parotid lymph nodes from two mice were pooled prior to analysis). (C) n = 4 ipsi LN, n = 3 Con, n = 2
CTRL LN. (D) n = 4 ipsi LN, n= 2 Con LN, n = 2 CTRL LN. NC3Rs: 29 mice in total. CFU: colony forming unit, hr: hour,
LN: lymph node, CTRL: control, Con: contralateral, Ipsi: ipsilateral. There was no statistically significant difference
between any of the groups in these experiments.
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3.3.4 Skin injection of BCG reliably induces a T cell response but also
occasionally induces lymphadenopathy
In light of the fact that BCG immunisation did not elicit a neutrophil influx into the dLN, it was
questioned whether the mice were responding to the BCG injected in these experiments and
thereby eliciting an adaptive immune response. The T cell response to BCG is commonly
quantified using an IFNγ ELISPOT assay, which can be used to enumerate the number of cells
that specifically produce IFNγ when stimulated with mycobacteria-specific antigens in vitro
(449). Indeed, IFNγ ELISPOTs have demonstrated that the number of IFNγ-secreting BCGspecific T cells in both the dLN and the spleen gradually increase up until at least 12 weeks
post-immunisation (407,409). Thus, the spleens and ipsilateral superficial parotid lymph nodes
of BCG SSI immunised mice were harvested 12 weeks following immunisation for analysis by
IFNγ ELISPOT. This confirmed a robust T cell response to the injected BCG as lymph node and
spleen cells from BCG-immunised mice only produced IFNγ following in vitro co-culture with
mycobacterial purified protein derivative (PPD) (Figure 3.4A). Unexpectedly, some of the BCGimmunised mice also exhibited abnormally extensive enlargement of the ipsilateral superficial
parotid lymph node 12 weeks following immunisation that is consistent with the mycobacterial
lymphadenopathy (450,451). Whilst control lymph nodes and two of the 12-week ipsilateral
lymph nodes consisted of <3 million live cells, the other four 12-week lymph nodes ranged
from 15-82 million cells in total and had a diameter of approximately 8mm (Figure 3.4B). The
composition of two of these abnormally enlarged 12-week lymph nodes was determined by
flow cytometry and found to be broadly similar to that of control and contralateral lymph
nodes, being largely composed of lymphocytes and exhibiting no increase in the proportion of
neutrophils or other CD11b+ve cells (Figure 3.4C). Nevertheless, these abnormally enlarged 12week dLNs harboured substantially greater numbers of mycobacteria-specific IFNγ-producing
cells than regularly sized 12-week dLNs on account of their increased overall cellularity (Figure
3.4B). Thus, the skin injection of BCG SSI reliably induces a T cell response in the dLN and
spleen but also variably causes lymphadenopathy of the dLN. This phenomenon is not
associated with a neutrophil infiltrate (Figure 3.4C).
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Figure 3.4: Skin injection of BCG reliably elicits a T cell response but variably induces
lymphadenopathy
(A) The proportion of mycobacteria-specific T cells present in the ipsilateral superficial parotid lymph
nodes and spleens of mice injected with 2-8 x 105 CFU of BCG SSI 12 weeks previously, as determined
by IFNγ ELISPOT. (B) Absolute numbers of live cells and mycobacteria-specific IFNγ SFUs in control
and draining lymph nodes. Accompanying photos are examples of abnormally enlarged draining
lymph nodes (upper photos) and regularly-sized control and contralateral lymph nodes (lower
photos). Each tick mark on the ruler represents 1mm, black staining is India ink injected post-mortem.
(C) Cellular composition of two of the grossly enlarged ipsilateral lymph nodes presented in (A-B)
relative to all control and contralateral lymph nodes analysed in this chapter. Sample sizes: (A and B)
n = 6 x BCG Ipsi LN, n = 5 x CTRL Ipsi LN, (C) n = 2 x BCG ipsi LN, n = 14 x control lymph nodes and 38 x
contralateral lymph nodes. CTRL: control, PPD: purified protein derivative, BCG: spleens or ipsilateral
lymph nodes from BCG immunised mice, ipsi: ipsilateral, LN: lymph node. The Mann-Whitney U test
was used to test for statistical significance. ** p-value of 0.0043. Error bars in (C) represent standard
deviation
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3.3.5 Skin injection of killed E. coli induces acute neutrophil infiltration into
the draining lymph node
The Gilroy laboratory has shown that the intradermal injection of 1.5 x 10 7 UV-killed E. coli
induces acute skin inflammation in healthy human volunteers (446). Moreover, several of
these volunteers reported axillary discomfort during the first 24 hours following injection
(446). It was therefore questioned whether this axillary discomfort represented acute
inflammatory changes in the draining axillary lymph nodes and by extension whether this is
was reflective of acute neutrophil infiltration into dLNs. Mice were therefore injected with 1.5
x 107 killed E. coli into the murine earflap and draining superficial parotid lymph nodes
analysed by flow cytometry 3 and 24 hours later. As is demonstrated in Figures 3.2 and 3.3,
lymph nodes harbour very few neutrophils in the steady state and thus an influx of >20,000
neutrophils (as shown in Figure 3.2A) is easily discernible with very small numbers of mice.
Taking this into account, a sample size of 3 per group was deemed sufficient to demonstrate a
neutrophil influx into the dLN. This experiment demonstrated that skin injection of 1.5 x 107
killed E. coli leads to a marked increase in the percentage and number of neutrophils in the
ipsilateral superficial parotid lymph nodes at 3 and 24 hours of injection (Figure 3.5A). Whilst
non-draining control and contralateral lymph nodes harboured <5000 neutrophils, ipsilateral
dLNs harboured 20-50,000 neutrophils at both 3- and 24-hours following injection (Figure
3.5A).
Figure 3.5A illustrates that challenge with killed E. coli induces an acute neutrophil influx into
the dLN. However, several studies have also documented neutrophil infiltration into the dLN at
much later time points using various other types of inflammatory stimuli (80,202,312,371). It
was therefore questioned whether this phenomenon extended to the skin injection of 1.5 x
107 killed E. coli. As discussed previously, lymph nodes harbour very few neutrophils in the
steady state (173) and thus sample sizes of 3-4 mice were injected with 1.5 x 107 killed E. coli
and their dLNs analysed for neutrophils 7 and 14 days later. This experiment illustrated that
there was no difference between the percentage and number of neutrophils in non-draining
control and contralateral lymph nodes relative to dLNs harvested at days 7 and 14 (Figure
3.5B). The opportunity was taken to repeat this experiment with a set of day 7 and day 14 mice
primarily being used to address a different question (see Figure 4.6) and this again
demonstrated no increase in neutrophils in the dLN at days 7 and 14 (Figure 3.5C). In
summary, skin injection of 1.5 x 107 killed E. coli induces the acute infiltration of neutrophils
into the dLN during the first 24 hours of injection but this influx is not protracted to days 7 and
14 as has been demonstrated in the context of other inflammatory stimuli (80,202,312,371).
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Figure 3.5: Skin injection of killed E. coli induces acute neutrophil infiltration into the draining lymph node
1.5 x 107 killed E. coli were injected into the murine earflap. The percentage and number neutrophils in the
superficial parotid lymph node during (A) the first 24 hours and (B) the first 14 days following injection with
example flow cytometry plots of lymph node neutrophils. (C) A repeat of the experiment described in (A and B).
Sample sizes: (A) n = 1 x CTRL LN, 5 x Con LN, 5 x 3hr ipsi LN, 3 x 24hr ipsi LN. (B) n = 5 x CTRL LN, 9 x Con LN, 2 x 3hr
ipsi LN, 4 x Day 7 Ipsi LN, 3 x Day 14 Ipsi LN. (C) n = 4 x CTRL LN, 12 x Con LN, 2 x 2hr ipsi LN, 4 x Day 7 ipsi LN, 4 x
Day 14 ipsi LN. NC3R’s: 35 mice in total. The Mann-Whitney U test was used to test for statistical significance.
*p<0.05 relative to contralateral LN. Con: contralateral, CTRL: control, ipsi: ipsilateral, LN: lymph node
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3.3.6 Neutrophils are predominantly localised in peripheral regions of the
draining lymph node
Spatial organisation and compartmentalisation are key features of lymph node biology. Thus,
the distribution of infiltrating neutrophils within the dLN was investigated 12 hours following
injection of heat-killed E. coli. Lymph nodes were imaged by paraffin-based
immunohistochemistry, with antigens stained separately on serial sections. The B cell marker
B220 was first used to define the location of the B cell follicles in both control and draining LN
(Figure 3.6A). The neutrophil-specific marker Ly6G was subsequently used to identify
neutrophils in serial sections of these lymph nodes (Figure 3.6B). Figure 3.6B illustrates that
Ly6G staining is absent in control lymph nodes but marked in the peripheral regions of 12-hour
dLNs. Moreover, this Ly6G staining appeared to be either peripheral to or between B cell
follicles (Figure 3.6B). This is consistent with previous descriptions of neutrophils in the
subcapsular sinus, interfollicular regions and medulla of the dLN
(72,201,202,209,278,368,371).

3.3.7 Skin injection of killed E. coli induces acute CD69 upregulation by
lymphocytes in the draining lymph node
CD69 is an activation marker whose upregulation by lymphocytes is known to be induced by
type I interferons (IFNs) (278,342,401,452,453). It is therefore significant that the acute
neutrophil influx described in Figure 3.5 is mirrored by an increase in CD69 expression by both
B and T cells in the ipsilateral superficial parotid lymph nodes at both 3- and 24-hours following
injection of KEC (Figure 3.7A and 3.7C). This suggests that type I IFNs are active in the KECdraining LN. CD69 upregulation was particularly marked on B cells, approximately 90% of
which were CD69+ve in the 24-hour dLN (Figure 3.7A). Moreover, as with neutrophils, the
percentage of CD69+ve lymphocytes had largely returned to baseline at days 7 and 14 postinjection (Figures 3.7B and 3.7D). Thus, the skin injection of KEC elicits an acute inflammatory
response that drives a rapid neutrophil influx into the dLN as well as substantial increases in
CD69 expression by lymph node lymphocytes.
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Figure 3.6: Infiltrating neutrophils are localised in peripheral regions of the KEC-draining lymph
node
Ipsilateral superficial parotid lymph nodes were harvested from mice (A) 12 hours following skin
injection of 1.5 x 107 killed E. coli (KEC) or (B) from uninjected control mice. Lymph nodes were
embedded in paraffin, sectioned and stained with the monoclonal antibodies B220 (stains B cells)
and Ly6G (stains neutrophils). Sample sizes: n = 3 x 12hr ipsilateral LN, n = 2 x CTRL LN. NC3Rs: 5
mice in total. CTRL: control, LN: lymph node.
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Figure 3.7: Acute CD69 upregulation in the superficial parotid lymph node following injection
of killed E. coli into the murine earflap
1.5 x 107 killed E. coli were injected into the murine earflap. (A and D) The percentage of CD69+ve
(A-B) B cells and (C-D) T cells in the superficial parotid lymph node within the first 24 hours (A
and (C) and the first 14 days (B and D) following injection with example flow cytometry dot plots.
CD69+ve gate was determined using fluorescence minus one controls as outlined in methods
Section 2.2.5.1.4. Sample sizes: (C and E) n = 1 x CTRL LN, 5 x Con LN, 3 x 3hr ipsi LN, 3 x 24hr ipsi
LN. (D and F) n = 5 x CTRL LN, 9 x Con LN, 2 x 3hr ipsi LN, 4 x Day 7 Ipsi LN, 3 x Day 14 Ipsi LN.
NC3R’s: 21 mice in total. The Mann-Whitney U test was used to test for statistical significance.
*p<0.05 relative to contralateral LN. Con/Contra: contralateral, CTRL: control, Ipsi: ipsilateral,
LN: lymph node

3.3.8 Ly6Chi monocytes infiltrate the draining lymph node following skin
injection of killed E. coli (KEC)
In addition to neutrophils, CD11b+ve Ly6Chi monocytes and migratory dendritic cells have been
shown to rapidly infiltrate the dLN following challenge with a wide a variety of inflammatory
stimuli (Sections 1.2.3.2.3 and 1.3.3.2). To determine whether or not this also applies following
challenge with killed E. coli, dLNs were harvested at 6, 24- and 48-hours following challenge
and subjected to flow cytometric analysis to better characterise the cellular dynamics during
this acute time period. In this regard, lymph node cells were stained with Ly6C to identify
infiltrating monocytes as well as CD11c and MHC II to identify migratory dendritic cells
(192,242). Monocytes are known to constitute only a very small proportion of the cells present
in lymph nodes in the steady state (366) and prior experiments had revealed a population of
~100,000 CD11b+ve Ly6Glo cells that appeared in the dLN 6 hours following challenge and were
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deemed likely to mostly Ly6Chi monocytes (Supplementary Figure 3.10). A sample size of 4
mice per time point was therefore deemed sufficient to detect an infiltrate of at least 50,000
monocytes relative to baseline. Indeed, whilst CD11b+ve Ly6Chi monocytes cells were largely
absent from non-draining control and contralateral lymph nodes, a marked increase in both
the percentage and number of monocytes was evident in dLNs harvested 6- and 24-hours
following injection (Figure 3.8A). However, monocyte numbers had largely returned to
baseline by 48 hours following injection (Figure 3.8A). When compared with monocytes, the
infiltration of migratory dendritic cells (defined as CD11c+ve MHC IIhi cells 174) was far less
pronounced, with these cells exhibiting only a small increase in their number at 24 hours
following injection (Figure 3.8B).

The study of monocytes in the context of acute inflammation is complicated by the fact that
monocytes readily differentiate into cells resembling macrophages or dendritic cells upon
microbial stimulation (385). Indeed, other descriptions of CD11b+ve Ly6Chi cells infiltrating the
dLN range from CD11c-ve MHC II-ve cells resembling Ly6Chi blood monocytes to CD11c+ve MHC IIhi
cells resembling monocyte-derived dendritic cells (50,187,205,207,242,263,379,396). It is thus
notable that CD11b+ve Ly6Chi cells from 6-hour dLNs are largely negative for CD11c and MHC II
expression, whilst CD11b+ve Ly6Chi cells from 24-hour dLNs are largely CD11c MHC II doublepositive (Figure 3.8C). Thus, the data depicted in Figure 3.8 demonstrates that CD11b+ve Ly6Chi
monocytes rapidly infiltrate the dLN following skin challenge with 1.5 x 10 7 killed E. coli and
suggests that these monocytes differentiate into monocyte-derived dendritic cells within 24
hours of entering the dLN.
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Figure 3.8: Ly6Chi monocytes infiltrate the draining lymph node
(A and B) Gating strategy and temporal profile of the percentage and number of (A) CD11b +ve Ly6Chi Ly6G-ve
monocytes and (B) CD11c+ve MHC IIhi migratory dendritic cells (as defined by Ohl et al (192) in the draining
lymph node following injection of 1.5 x 107 killed E. coli (KEC). (C) Temporal profile of CD11c and MHC II
expression by monocytes in the KEC-draining lymph node. Sample sizes: n = 6 x CTRL LN, 9 x Con LN, 4 x 6hr
LN, 4 x 24hr LN, 4 x 48hr LN, NC3Rs: 18 mice in total. CTRL: control, Con: contralateral, hr: hour, LN: lymph
node, MFI: median fluorescence intensity, M: monocytes, N: neutrophils, mDC: migratory dendritic cells,
SPL: spleen. The Mann-Whitney U test was used to test for statistical significance. *p<0.05 **p<0.01
relative to control lymph nodes.
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3.3.9 Neutrophil infiltration precedes monocyte infiltration in the draining
lymph node
The infiltration of neutrophils and monocytes is a cardinal feature of acute inflammation and
classically the infiltration of neutrophils precedes that of monocytes (454,455). However, it is
unclear whether this pattern of myeloid cell infiltration extends to the dLN during
inflammation. Figure 3.9 is a retrospective analysis compiled from all the experiments in this
thesis in which the numbers of neutrophils and monocytes were quantified during the first 48
hours following injection of heat-killed E. coli. These data include two-time courses
(Supplementary Figure 3.11) and numerous independent experiments conducted at single
time points. Being retrospective, these experiments were not powered to define the patterns
of neutrophil and monocyte infiltration. Nevertheless, it is clear from this analysis that
neutrophils outnumber monocytes in the dLN at 2-3 hours following challenge, whilst at 6-, 12, 24- and 48-hours monocytes substantially outnumber neutrophils (Figure 3.9A).
Consolidation of these data into a single graph suggests that neutrophil numbers peak
between 2- and 6-hours post injection, whereas monocytes peak between 6 and 24 hours
(Figure 3.9B). Thus, these data provide strong evidence that neutrophil infiltration precedes
monocyte infiltration into the dLN.

Figure 3.9: Neutrophil infiltration precedes monocyte infiltration in the draining lymph node
(A) Paired analysis of the number of neutrophils and monocytes present in all draining lymph nodes
analysed in this thesis. (B) Data from (A) pooled into a single graph that describes the temporal
profiles of neutrophil and monocyte populations in the draining lymph node following injection of
1.5 x 107 killed E. coli (KEC). Sample sizes: n =10 x control, 4 x 2hr, 4 x 3hr, 14 x 6hr, 14 x 12hr, 12 x
24hr, 8 x 48hr. NC3Rs: 66 mice in total. CTRL: control, LN: lymph node, MFI: median fluorescence
intensity. The Wilcoxon matched-pairs signed rank test was used to test for statistical significance.
*p<0.05 **p<0.01 ***p<0.001. Error bars represent standard deviation.
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Supplementary Figure 3.10: Skin injection of killed E. coli elicits the acute infiltration of
neutrophils and unidentified CD11b+ve Ly6Glo cells
The skin of the earflaps of mice were injected with 1.5 x 107 killed E. coli (KEC) and superficial
parotid lymph nodes were harvested for analysis by flow cytometry. (A) Example flow
cytometry dot plots and (B) The percentage of lymph node cells that are CD11b+ve Ly6G+ve
neutrophils or CD11b+ve Ly6Glo cells 6 hours following injection of KEC. Sample sizes: n = 2 x
CTRL LN, 4 x Con LN and 4 x 6hr LN. NC3Rs: 6 mice in total. The Mann-Whitney U test was
used to test for statistical significance. *p<0.05 relative to contralateral LN. CTRL: control,
con: contralateral, ipsi: ipsilateral, neut: neutrophil.
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Supplementary Figure 3.11: Kinetics of neutrophil and monocyte infiltration into the KECdraining lymph node
(A and B) Temporal profiles of the percentage and number of neutrophils and monocytes in the
draining lymph node in two separate time course experiments spanning the first 48 hours
following skin injection of 1.5 x 107 killed E. coli (KEC). (C) Total number of cells in LN following
challenge with KEC. Sample sizes: Time course 1 n = 6 x CTRL LN, 4 x 6hr LN, 4 x 24hr LN, 4 x 48hr
LN. Time course 2, n = 4 x CTRL LN, 4 x 2hr LN, 4 x 6hr LN, 4 x 24hr LN, 4 x 48hr LN. NC3Rs: 38
mice in total. The Mann-Whitney U test was used to test for statistical significance. *p<0.05
relative to control LN (neutrophils specifically in A-B), #p<0.05 relative control LN monocytes.
CTRL: control, contra/con: contralateral, LN: lymph node.
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Supplementary Figure 3.12: Lymphocytes in the draining superficial parotid lymph node do not
significantly upregulate CD69 following BCG challenge
(A) Example flow cytometry dot plots. (B and C) The percentage of (B and C) B cells and (D and E) T cells
that are CD69+ve in the superficial parotid lymph node 3-48 hours following injection of (B and D) BCG
SSI or (C and E) BCG Pasteur (inoculum dose stated on each graph). This data was generated from the
same experiments described in Figure 3.3. Sample sizes: (B and D) n = 2-4 ipsi LN per time point, n = 3-4
Con LN per time point, n = 1-2 CTRL LN per time point (superficial parotid lymph nodes from two mice
were pooled prior to analysis). (C and E) n = 4 ipsi LN, n = 2 Con LN, n = 1 CTRL LN. (F) n = 4 ipsi LN, n= 2
Con LN, n = 2 CTRL LN. NC3Rs: 29 mice in total. BCG: Bacillus Calmette-Guerin, SSI: Statens Serum
Institut, CFU: colony forming unit, hr: hour, LN: lymph node, CTRL: control, contra: contralateral, ipsi:
ipsilateral. There was no statistically significant difference between any of the groups in these
experiments.
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3.4 Discussion
The data presented in this chapter demonstrates that the injection of inflammatory stimuli into
the skin of the murine earflap is an appropriate model in which to study neutrophil and
monocyte infiltration into the draining superficial parotid lymph node. Moreover, it compares
two inflammatory stimuli that are regularly used for clinical or research purposes in humans;
killed E. coli and BCG. Notably, KEC induces robust neutrophil infiltration into the dLN but
vaccine-grade BCG does not. The implications and limitations of each of these findings will be
discussed separately in the following sections. This will be followed by an overall discussion of
how these findings inform subsequent results chapters of this thesis.

3.4.1 The murine earflap immunisation model
The data presented in this chapter clearly demonstrates that the ipsilateral superficial parotid
lymph node drains the murine earflap and is infiltrated by neutrophils and monocytes
following challenge with killed E. coli; two criteria that are fundamental to address the aims of
this thesis. As KEC is used to study acute inflammation in humans (446), it pertinent to
question the direct comparison of injections into the murine earflap relative to human skin.
Both BCG and killed E. coli are injected intradermally in human skin, and this is defined by the
formation of a raised blanched bleb (456). Whilst murine earflap injections also induced bleb
formation and were performed at shallow angle as per Li et al (402), it is not clear whether
these injections are strictly intradermal given the differences in thickness between human and
mouse skin (457). Similarly, the extent to which the injection of a 10µl volume into mouse skin
is comparable to the injection of a 100µl volume into human skin can also be questioned.
Indeed, it has been argued that the hydraulic pressure generated by injections into mouse skin
induce local tissue damage (402) and propel lymph-borne antigens to the dLN (162). However,
is important to note that intradermally injected MRI contrast exhibits similarly rapid lymphatic
drainage in humans (161) and that antigens inoculated by scarification rather than injection
still exhibit rapid free-drainage to the dLN (71). Nevertheless, whilst these pieces of evidence
are reassuring, they do not exclude potentially important differences between the murine
earflap injection model used in this thesis and the intradermal injections used in human
studies of inflammation and vaccination (446,448).
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3.4.2 Bacillus Calmette-Guerin (BCG)
In many respects, BCG represents the ideal stimulus with which to study innate immune
pathways within the dLN as it is of great clinical significance (Sections 3.2.1 - 3.2.3) and has
previously been shown to induce a ‘massive’ neutrophil influx into the dLN by Abadie et al
(201). The demonstrated absence of an acute neutrophil influx into the dLN following
challenge with BCG SSI or BCG Pasteur (Figure 3.3) was therefore unexpected. It is difficult to
reconcile the divergent findings of this thesis and the findings of Abadie et al (201), which is
the only other study of neutrophils in the dLN following challenge with BCG. This is because
BCG was injected into the murine earflap and at equivalent doses in both studies. The BCG
injected by Abadie et al (201) was engineered to express green fluorescent protein and it is
possible that this genetically transformed strain of BCG is more virulent than the BCG strains
used in this study. This explanation seems unlikely and even if it were proven it would merely
underscore the importance of using human vaccine-grade BCG as is done in the experiments
outlined in this chapter. Moreover, Abadie et al (201) do not quantify the size of the neutrophil
infiltrate observed14. It is therefore difficult to judge how different the results presented in this
chapter are from those of Abadie et al (201). Indeed, the findings of Abadie et al (201) could be
consistent with the free-drainage of BCG bacilli to the dLN and their subsequent phagocytosis
by the small population of neutrophils that reside within lymph nodes in the steady state
(173), negating the need for a neutrophil influx. A direct replication of the experiments
conducted by Abadie et al using the same fluorescent strain of BCG could clarify this issue.
The fact that BCG challenges have been shown to induce neutrophil infiltration into skin
(201,432) and lung (432,458–460) makes the absence of a neutrophil influx into the dLN
described in this chapter all the more interesting. Indeed, whilst viable BCG bacteria are known
to reside in the dLN (407,409), the mechanisms by which they reach the dLN and the cell types
they interact with upon arrival are unclear. Abadie et al (201) suggest neutrophils traffic BCG
bacteria from the site of inflammation via afferent lymphatics but it is equally possible BCG
bacteria exhibit rapid cell-free drainage and subsequent phagocytosis by neutrophils or other
cells within the dLN. Indeed, very rapid cell-free drainage has been demonstrated following
challenge with S. aureus15 (71). If it is assumed that BCG exhibits a similar cell-free pattern of
lymph-borne drainage then it is pertinent to question how lymph-borne BCG bacilli are
handled by the various resident macrophages and dendritic cells that filter afferent lymph
percolating through the dLN (Sections 1.2.3.1.2 and 1.3.2.3). In this respect, it is notable that
14

Rather, this study provides microscopic evidence of neutrophil infiltration and flow cytometric
evidence that lymph node neutrophils harbour BCG bacilli.
15
the rapid appearance of labelled E. coli bioparticles used in Figure 3.2 also likely represents such
lymph-borne drainage.
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BCG infect macrophages like other mycobacteria but lack the RD1 gene locus that is
responsible for the production of type I IFNs by mycobacteria-infected macrophages (439,461).
This is supported by the lack of CD69 upregulation in BCG-dLNs (Supplementary Figure 3.12)
and it is therefore possible that BCG bacilli infect and subvert lymph node resident
macrophages through aversion of the type I IFN response.
Given the fact that mycobacteria are well known for their capacity to establish chronic
infections in lymph nodes and induce lymphadenopathy (450,451,462) (Figure 3.4), it is
remarkable that basic questions as to how mycobacteria interact with resident innate immune
cells in the dLN have not been explored. This represents a gap in our current understanding of
the pathogenesis of mycobacterial infections and could be investigated using confocal
immunofluorescence and intravital multiphoton imaging (as per (72,169,328)) to visualise both
lymph node resident macrophages and fluorescent strains of mycobacteria during the first
days following inoculation. These are important questions but were felt to be outside the remit
of this thesis; especially given the fact that killed E. coli was established as a stimulus that
induces neutrophil and monocyte infiltration into the dLN; these innate immune processes
being central to the aims of this thesis. Thus, killed E. coli was adopted in favour of BCG as the
human translatable stimulus to be studied in this thesis.

3.4.3 Killed E. coli
In stark contrast to BCG, skin injection of 1.5 x 10 7 killed E. coli drives neutrophil infiltration
into the dLN during the first 24 hours following injection (Figure 3.5 and Supplementary Figure
3.11). This neutrophil infiltrate is followed by a larger influx of inflammatory monocytes that
persist in the dLN for 24-48 hours following challenge (Figure 3.8). This pattern of
inflammatory myeloid cell infiltration (Figure 3.9) closely mirrors that observed in human skin
following intradermal challenge with the same stimulus (446). This strongly suggests that the
phenomena described in murine ipsilateral superficial parotid lymph nodes are representative
of the draining axillary lymph node in humans. Direct confirmation of neutrophil and monocyte
infiltration into the dLN in human subjects is challenging but could be achieved by intravenous
transfer of radiolabelled neutrophils and monocytes at the time of challenge and subsequently
quantifying radioactivity in the axillae (as per the methods of Smith et al (463)). However,
further investigation of the underpinnings of myeloid cell infiltration into the dLN would be
precluded in humans and thus an appropriate mouse model is required. The fact that
challenge with killed E. coli is established therefore provides a platform for the study of the
mechanistic underpinnings of these processes. This is discussed in the following section.
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3.4.4 Neutrophil and monocyte infiltration into the draining lymph node
3.4.4.1 Kinetics of neutrophil and monocyte infiltration
A notable aspect of the neutrophil influx elicited following challenge with killed E. coli is that it
is acute and transient; peaking within the first 6 hours of challenge, largely dissipating by 24
hours and not rebounding at days 7 and 14 (Figure 3.9). This is significant because
inflammatory stimuli have been shown induce either an acute neutrophil influx in the dLN that
resolves within the first 24-72 hours (72,202,204,209) or a more protracted increase in
neutrophils that persists from days 7-21 following injection (80,202,312,371). Figure 3.9
therefore demonstrates that killed E. coli belongs to the former category of inflammatory
stimuli. This is important as it restricts the study of neutrophils to the first 48 hours following
challenge, and thereby excludes mechanisms by which neutrophils infiltrating at later time
points modulate the developing humoral immune response (372). The reason why killed E. coli
elicits only an acute neutrophil influx is not clear. It may reflect rapid clearance of the killed E.
coli as Kamenyeva et al (202) have illustrated that killed S. aureus induces a similarly acute
neutrophil influx into the dLN, whereas live S. aureus induces a protracted influx up until at
least day 716.
The infiltration of monocytes is similarly acute but it is slightly delayed and of greater
magnitude relative to that of neutrophils (Figure 3.9). The sequential infiltration of first
neutrophils and then monocytes is a classic pattern of the acute inflammatory response
(454,455) but this is the first study to demonstrate that it also extends to the lymph node
draining the site of inflammation. This could be interpreted as evidence of the passive drainage
of inflammatory myeloid cells from the site of inflammation via afferent lymphatics. However,
as discussed in sections 1.3.2.1, 1.3.3.1.2 and 1.3.3.2.2, the balance of evidence suggests that
neutrophils and monocytes predominantly infiltrate the dLN via HEVs under the influence of a
myriad of inflammatory mediators. It is therefore pertinent to question which mediators are
most relevant to the neutrophil and monocyte influxes described in this chapter.

3.4.4.2 Determinants of neutrophil and monocyte infiltration
As discussed extensively in Section 1.3.3.1.1 of the introduction, the determinants of
neutrophil infiltration into the dLN are only partially understood. IL-1β produced by lymph

16

Moreover, CFA is another stimulus shown to elicit protracted neutrophil infiltration into the draining
lymph node (312,372), and is associated with chronic granulomatous inflammation (464).
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node resident macrophages has been shown to promote neutrophil infiltration following
challenge with Pseudomonas aeruginosa (72) and modified Vaccinia virus Ankara (328).
However, the depletion of lymph node resident macrophages does not impair the neutrophil
influx induced by S. aureus (173). Rather, in this context neutrophil infiltration is heavily
dependent upon complement activation (173). Finally, inhibition or deletion of either
cyclooxygenase (COX) 1 or 2 ablates the lymph node neutrophil influx elicited following
challenge with CFA, suggesting that COX-derived lipid mediators play an important role in this
context (312). It is this latter mechanism that is most pertinent with regard to the model
established in this chapter. This is because challenge with heat-killed E. coli has previously
been shown to induce a significant and acute increase in both the number of neutrophils and
the concentration of prostanoids in the afferent and efferent lymph of the dLN in ovine
lymphatic cannulation models (211,447). In addition, the acute production of prostanoids by
neutrophils infiltrating the dLN has been shown to limit the developing T cell response. For
these reasons, and because cyclooxygenase inhibition can also be readily applied to human
studies of inflammation, the investigation of prostanoid production in the dLN following
challenge with killed E. coli represents a tractable target in the study of infiltrating neutrophils
and monocytes and is thus the focus of chapter 4 of this thesis.
In contrast to neutrophils, the infiltration of monocytes into the dLN is well-established as a
CCR2-dependent process (205,242,369,370,381). The relative importance of different CCR2
ligands varies according to the inflammatory context (205,325,328,369,375,390,391,465) and a
role for CXCR3 ligands has also been implicated (390). However, the precise source and drivers
of CCR2-ligand production in the dLN is less clear. Notably, Sammicheli et al have illustrated
that the dLN monocyte infiltrate elicited following challenge with LCMV is completely ablated
in mice deficient for the type I IFN αβ receptor (IFNAR) (381). Moreover, type I IFNs have been
shown to induce expression of CCR2 ligands (466–470). This is significant because the
upregulation of CD69 in the KEC-dLN (Figure 3.7) suggests that type I IFNs are signalling in the
dLN (278,342,401,452,453). Thus, type I IFNs may also be responsible for the described
monocyte infiltrate. In addition, type I IFNs have also been implicated in a variety of other
innate immune pathways in the dLN which serve to bolster the innate and adaptive immune
functions of the dLN (Chapter 5). The extent to which type I IFNs utilise infiltrating monocytes
and/or neutrophils to mediate these functions are unknown and this forms the focus of
Chapter 5 of this thesis.
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3.4.5 Summary and conclusions
The primary aim of this chapter was to establish a murine model in which the infiltration of
neutrophils and monocytes into the dLN could be studied. This chapter achieves this aim.
Firstly, it illustrates that the murine earflap immunisation model is appropriate. Secondly, it
illustrates that challenge with vaccine-preparations of Bacillus Calmette-Guerin (BCG) do not
drive neutrophil infiltration into the dLN. This raises important and unexplored questions with
regard to the interactions between BCG and resident innate immune cells in the dLN but
renders this stimulus inappropriate for the aims of this thesis. Finally, this chapter
demonstrates in addition to its use in studying acute inflammation in humans (446), skin
challenge with 1.5 x 107 killed E. coli is an inflammatory stimulus that induces the infiltration of
both neutrophils and monocytes into the dLN. Moreover, it provides a detailed temporal
profile of these cellular influxes that defines the first 72 hours following challenge as the time
window in which to study the functions of these cell types. The data presented in this chapter
therefore serves as a robust foundation for the study of infiltrating neutrophils and monocytes
in relation to other innate immune pathways in the dLN. In this regard, Section 3.4.4.2
highlights the potential role played by cyclooxygenase-derived prostanoids and type I IFNs on
both the recruitment and function of neutrophils and monocytes in the dLN and accordingly
these inflammatory pathways serve as the focus of chapters 4 and 5 of this thesis.
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4 Investigations of Prostanoid Synthases in the Draining Lymph
Node
4.1 Abstract
The synthesis of prostanoid lipid mediators by cyclooxygenases and downstream terminal
prostanoid synthases is a key process in many physiological and inflammatory contexts.
Studies of cyclooxygenase function in the draining lymph node (dLN) demonstrate that
cyclooxygenase activity can both limit and potentiate the developing adaptive immune
response depending on the inflammatory context. Notably, neutrophils infiltrating the dLN
have been shown to produce prostanoids that limit the developing T cell response (312). This
chapter sought to extend these findings by characterising the expression of cyclooxygenase-2
(COX-2), microsomal PGE synthase-1 (mPGES-1) and thromboxane synthase (TBXAS) by
neutrophils and monocytes infiltrating the dLN. Furthermore, the effect of acute
cyclooxygenase inhibition on the developing humoral immune response was evaluated.
Significant increases in the expression of COX-2, mPGES-1 and TBXAS were measured in the
dLN during the first 48 hours following challenge with KEC. Tandem FACS and qRT-PCR analysis
further demonstrated that neutrophils and monocytes were the major expressers of these
prostanoid synthases in the dLN. In addition, whilst cyclooxygenase inhibition at the time of
challenge reduced the influx of neutrophils into the dLN, it did not modulate the humoral
immune response generated following challenge with killed E. coli.
In summary, this chapter demonstrates that infiltrating neutrophils and monocytes are largely
responsible for the acute upregulation of COX-2, mPGES-1 and TBXAS in the dLN. In particular,
the novel finding that monocytes represent strong expressers of these prostanoid synthases
broadens our current understanding of prostanoid production in the dLN. Moreover, the fact
that acute cyclooxygenase inhibition has no discernible effect upon the developing humoral
immune response illustrates that the immunomodulatory effects of prostanoids in the dLN are
context-dependent. The next two chapters of this thesis therefore explore the role of a
separate innate immune pathway in the KEC-draining lymph node; that of type I interferons.
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4.2 Introduction
Chapter 3 demonstrates that the skin injection of 1.5 x 10 7 killed E. coli drives the acute
infiltration of neutrophils and monocytes into draining lymph node (dLN). Their infiltration has
been associated with the rapid production of prostanoids, a class of lipid mediators with a
plethora of functions in the initiation and resolution of inflammation. There is evidence that
prostanoids are required for the infiltration of neutrophils into the dLN (312,372) and that
neutrophils are the cardinal source of prostanoids in the dLN (312). However, no role has yet
been identified for monocytes in the production of prostanoids in the dLN and the synthases
utilised by neutrophils and/or monocytes have not been characterised. To do so would be
significant, as at present, there is conflicting evidence as to whether and how prostanoids
regulate the developing adaptive immune response within the dLN (see Section 4.2.7). This
chapter therefore seeks to clarify the kinetics and mechanisms of prostanoid production in the
dLN in order to inform novel hypotheses as to how prostanoids regulate the developing adaptive
immune response. Specifically, to delineate whether or not infiltrating neutrophils and
monocytes are major producers of inflammatory prostanoids in the dLN and whether or not this
contributes to their immunomodulatory functions. Such insights could inform approaches to
modulate the developing adaptive immune response through inhibition of cyclooxygenases,
specific prostanoid synthases or antagonism of prostanoid receptors.

4.2.1 Prostanoids
The prostanoids that belong to the family of lipid mediators known as the eicosanoids. The
eicosanoids are unified by the fact that they are derived from unsaturated fatty acids with a
20-carbon chain. The major eicosanoid precursor is the 20-carbon lipid arachidonic acid, which
is generated by the action of phospholipase A2 on membrane phospholipids. Arachidonic acid
can be metabolised by cyclooxygenase (COX) to generate prostaglandin H 2, which can then be
metabolised by a variety of different synthases to generate any member of the prostanoid
family of lipid mediators (471–473) (Figure 4.1). The biological importance of prostanoids was
first recognised in the early 20th century, through investigations of the effect of seminal fluid
on various excised tissues (473). In the 1970s it was discovered that non-steroidal antiinflammatory drugs (NSAIDs), such as acetylsalicylic acid (aspirin) ablate the production of
prostanoids through the inhibition of cyclooxygenase (474,475). Indeed, whilst prostanoids
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play important roles in various physiological settings, they are best known as key mediators of
inflammation.

Figure 4.1: The synthesis of prostanoids from arachidonic acid by the action of cyclooxygenases and
terminal prostanoid synthases.
Created with biorender.com

Few studies have explored the roles played by prostanoids in the dLN during inflammation.
Nevertheless, infiltrating neutrophils have been shown to produce prostanoids in the dLN
(312) and the inhibition of prostanoids has been shown to modulate the developing adaptive
immune response (discussed in Section 4.2.7). These studies generally focus upon the deletion
or inhibition of cyclooxygenases but specific roles for prostaglandin E 2 (PGE2) and thromboxane
A2 (TBXA2) have been demonstrated in the context of T cell responses (476–479). The
prominent role described for neutrophils in prostanoid production in the dLN is thus clearly
relevant to the acute neutrophil influx described in Chapter 3. This introduction therefore first
provides a general description of the biology of cyclooxygenases, PGE 2 and TBXA2 before
reviewing what is known of their roles in the dLN.
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4.2.2 Cyclooxygenases
Cyclooxygenases (COX) catalyse the conversion of arachidonic acid into prostaglandin H 2,
which is the rate-limiting step for the synthesis of all the lipid mediators in the prostanoid
family (472). Two distinct isoforms of COX exist in mammals; COX-1 and COX-2 (472). These
enzymes are encoded by separate genes but are structurally very similar; both being
homodimers, with each dimer subunit composed of a membrane-spanning domain, an
epidermal growth factor domain and a catalytic domain (472). With regards to their subcellular
distribution, COX-1 is shared relatively evenly between these endoplasmic reticulum and
nuclear membranes, whereas COX-2 is localised to a greater extent on the nuclear membrane
(480). However, the major difference between these two isoforms of cyclooxygenase lies in
the regulation of their expression.
COX-1 is widely regarded as a constitutively expressed enzyme that performs housekeeping
functions in a wide variety of tissues (481–484). In contrast, COX-2 was discovered on account
of the fact that it is highly inducible and strongly expressed following exposure to mitogenic
stimuli (485–487). The discovery of such a highly inducible isoform of COX rapidly led to the
‘COX-2 hypothesis’, which theorised that COX-1 is responsible for the homeostatic production
of prostanoids in the steady state, whereas COX-2 is responsible for the production of
prostanoids in the context of inflammation (472). This is reflected in the structure of their
respective genes. The 5’ region of COX-1 gene is consistent with that of a housekeeping gene,
being largely devoid of regulatory elements and lacking a TATA box (488). In contrast, the 5’
region of COX-2 gene is littered with transcription factor binding sites (484,489–491). This
includes two binding sites for NF-Kβ, a major transcription factor that transduces signalling
induced by various pattern recognition receptors and inflammatory cytokines (484,490).
Moreover, COX-2 expression can also be downregulated; most notably by corticosteroids
(486,492). In addition, COX-1 and COX-2 also differ in their post-transcriptional regulation
(484). COX-1 mRNA and protein are both significantly more stable than COX-2 mRNA and
protein respectively (492,493). This is on account of AU-rich instability elements in the 3’
untranslated region of the COX-2 mRNA (494) and a 19 amino-acid cassette adjacent to the Cterminus of the COX-2 protein (495) that target COX-2 mRNA and protein for degradation
respectively. The fact that dexamethasone (a potent anti-inflammatory glucocorticoid)
decreases the stability and half-life of COX-2 mRNA (496) further illustrates that the inducible
nature of COX-2 is central to the regulation of inflammation. Thus, as would be predicted from
the COX-2 hypothesis, the expression and degradation of COX-2 is regulated to a much greater
extent than that of COX-1. However, the original COX-2 hypothesis has been modified due to
the fact that COX-2 has since been shown to be constitutively expressed in specific tissues
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(most notably kidney, thymus, brain and gastrointestinal tract) and thereby perform
homeostatic functions (497–499). Moreover, there is also evidence to suggest that COX-2derived lipids are important in the resolution of inflammatory immune responses (500). Thus,
COX-2 is the primary source of prostanoids in the context of inflammation but this inducible
enzyme also plays important roles in both homeostasis and the resolution of inflammation.

4.2.3 Cyclooxygenase inhibitors
Non-steroidal anti-inflammatory drugs (NSAIDs) are routinely used in medicine for a variety of
purposes, including the treatment of pain and fever as well as the prevention of platelet
aggregation. In the 1970s it was discovered that the majority of NSAIDs inhibit the production
of prostanoids through the inhibition of COX (474,475). These drugs can be broadly divided
into three groups according their mechanism of COX inhibition; (1) rapidly-reversible inhibitors
such as ibuprofen, (2) time-dependent slowly-reversible inhibitors such as indomethacin and
(3) irreversible inhibitors such as aspirin (501–503). The discovery of COX-2 expanded the
classification of these drugs with regard to their relative selectivity for COX-1 and COX-2 (504–
506). The COX-2 hypothesis described in Section 4.2.2 drove the rapid development of COX-2
selective inhibitors in the hope that these drugs would achieve the anti-inflammatory benefits
of traditional COX-inhibitors whilst avoiding the adverse effects that result from the inhibition
of physiological prostanoid production. However, this promise was not realised as COX-2
selective inhibitors were associated with significant cardiovascular adverse events, which
ultimately resulted in the withdrawal of rofecoxib from the market and the restricted use of
other COX-2 selective inhibitors (501,507–509). As a result, the research aims of this field have
shifted to focus on understanding the physiological functions of COX-2 in order to inform the
design of safer methods of selective COX-2 inhibition (497).

4.2.4 Prostaglandin E2
Prostaglandin E2 (PGE2) is a member of the prostanoid family of lipid mediators and it plays
cardinal roles in numerous physiological and inflammatory processes (510). Notable examples
of the former include ovulation (511), blood pressure regulation (512) and maintenance of the
gastric mucosal barrier (513). The multiple roles played by PGE2 in the inflammatory response
include the induction of vasodilation and increased vascular permeability (514), lowering of
the pain threshold (515) and generation of the febrile response (516,517). PGE2 exerts its
actions through the agonism of four G-protein coupled receptors (GPCRs); EP1-4 (510). These
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GPCRs differ with regard to both their tissue distribution and the G-proteins to which they are
coupled. EP1 is coupled to Gq/11 and thereby induces calcium signalling (518,519). EP2 couples
to Gs and thereby stimulates adenylate cyclase (510,520,521). The various isoforms of EP3
(generated by alternative splicing) are largely coupled to Gi, Gs or Go and thereby either inhibit
or stimulate adenylate cyclase or induce calcium signalling (510,522,523) and EP4 couples with
both Gs and Gai thereby both stimulate adenylate cyclase and PI3K signalling (510,524).
As with all prostanoids, the synthesis of PGE2 first requires the conversion of arachidonic acid
to PGH2 by COX. PGH2 is then converted into PGE2 via one of three terminal synthases;
membrane-bound prostaglandin E synthase 1 (mPGES-1), membrane-bound prostaglandin E
synthase 2 (mPGES-2) or cytosolic prostaglandin E synthase (cPGES) (525–527). mPGES-2 and
cPGES are constitutively expressed across a wide range of tissues and are thought to be the
major producers of PGE2 in the context of homeostasis (525,526). In contrast, mPGES-1 is
considered the major driver of prostaglandin E2 synthesis in the context of inflammation.
Similar to the COX-2 gene, the mPGES-1 gene harbours numerous transcription factor binding
sites and its expression is induced following challenge with inflammatory stimuli and is
downregulated by dexamethasone (517,527–529). Furthermore, there is evidence that
mPGES-1 and COX-2 are functionally coupled to augment PGE2 production in the context of
inflammation (527,529), although this has been disputed (530,531). Finally, mPGES-1 deficient
mice have demonstrated the cardinal role played by mPGES-1 in various inflammatory
processes, including the febrile response (517), pain hypersensitivity (532), experimental
autoimmune encephalitis (533) and collagen-induced arthritis (532,534,535). However, as with
COX-2, mPGES-1 has also been shown to contribute to homeostatic PGE2 production and is
required for various homeostatic physiological processes (531,536–538) and has even been
shown to exert anti-inflammatory actions in certain contexts (539,540). Nevertheless, it is clear
that mPGES-1 plays important, if not fully understood, functions in the regulation of
inflammation. Overall, the diversity of PGE2 synthases and receptors described facilitate the
numerous functions of PGE2, of which many are still not known or fully understood, including
in the dLN.

4.2.5 Thromboxane A2
Thromboxane A2 (TBXA2) is synthesised from PGH2 via thromboxane A synthase (TBXAS), a
nuclear/ER membrane-bound enzyme of the cytochrome p450 family (515,541,542). TBXA2
exerts its action on target cells through agonism of the thromboxane receptor (TP), a GPCR
that exists as two isoforms (generated by alternative splicing) and couples with Gq and various
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other G-proteins (543–545). TBXA2 is best known as a prothrombotic agent, as it mediates
vasoconstriction and platelet aggregation, the latter driven by TP-induced platelet activation
and conformational change (546–549). In addition to platelets, the gene encoding
thromboxane synthase is constitutively expressed in a variety of other tissues including lung,
liver, kidney and spleen (550,551). Whilst the TBXAS gene harbours several putative
transcription factor binding sites, there is no evidence to suggest that it is induced by
inflammatory stimuli as per the genes encoding COX-2 and mPGES-1 (551,552). Nevertheless,
there is evidence that TBXA2 contributes to inflammatory processes, having been implicated in
allergic airway inflammation (553,554), sepsis (555,556) and the modulation of T cell driven
inflammation (476,557). It is this latter finding that is of greatest interest with regard to the
study of prostanoids in the dLN as thromboxane A2 has been shown to disrupt interactions
between dendritic cells and T cells (476,477). Further characterisation of the production and
actions of thromboxane A2 in the dLN are therefore warranted to evaluate its potential
importance in the modulation of vaccine-driven adaptive immune responses.

4.2.6 Prostanoid production in the draining lymph node
There is substantial evidence that prostanoid concentrations are elevated in the dLN following
an inflammatory challenge. In the 1970s, an ovine model of efferent lymphatic cannulation
was used to demonstrate rapid increases in the concentration of PGE and PGF prostaglandins
in the efferent lymph of the popliteal lymph node within 12 hours of hock challenge with
inflammatory stimuli, including killed E. coli (211,343,447). In addition, increased
concentrations of the prostanoids PGE2, TBXA2, PGD2 and PGF2 have also been measured in the
murine popliteal dLN 2 hours following footpad challenge with OVA/CFA (312). These findings
could reflect passive drainage of prostanoids from the site of inflammation via afferent
lymphatics and/or intranodal production of prostanoids. The latter has been shown in
numerous studies. Firstly, ovine lymphatic cannulation studies have shown that direct
infusions of inflammatory stimuli (including killed E. coli) into afferent lymph leads to
cyclooxygenase-dependent increases in prostanoid concentrations in efferent lymph
(211,343,447). Secondly, several studies have demonstrated expression of cyclooxygenases
and terminal prostanoid synthases in the dLN. COX-1 and TBXAS are constitutively expressed in
lymph nodes (558,559) and several studies have demonstrated increased expression of COX-2
(558–562), mPGES-1 (559,560) and prostacyclin synthase (559). The majority of these studies
demonstrate that the upregulation of these enzymes occurs acutely in the first 72 hours
following challenge (558,559,561,562), which is consistent with the previously discussed rapid
increases in prostanoids in the lymph node and efferent lymph. However, it is notable that
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Kojima et al have demonstrated increased COX-2 and mPGES-1 expression at the much later
time points of days 10 and day 21 (560). There are therefore two potential time windows in
which prostanoid production is increased in the dLN following an inflammatory challenge; the
first 72 hours (211,312,343,447,558,559,561,562) and between days 10 and 21 following
challenge (560).
Several different cell types have been implicated in the production of prostanoids in the dLN.
Unanue and Yang provide strong evidence that neutrophils are the major source of
prostanoids in the dLN 2 hours following challenge with OVA/CFA (312). This is supported by
the fact that CD11b+ve cells have been shown to be responsible for acute COX-2 expression in
the mesenteric lymph nodes of mice orally challenged with salmonella typhimurium (558).
However, as demonstrated in Chapter 3, neutrophils are not the only CD11b+ve cells in the dLN.
It is therefore notable that Nagamachi et al have reported a significant increase in the number
of mPGES-1+ve CD11c+ve cells in the dLN within the first 24 hours following challenge, although
the precise location of these cells within the dLN was not elucidated (563). As discussed in
Chapter 3, these CD11c+ve cells could represent Ly6Chi monocytes, dendritic cells or lymph
node resident CD11c+ve cells. There is also evidence that stromal cells produce prostanoids in
the dLN. Kawamura et al (562) have immunohistochemically co-localised COX-2 expression
with the stromal cell markers α smooth muscle actin and desmin in the dLN, which they
suggest represents fibroblastic reticular cells in the paracortex. This is in accord with several
studies that have demonstrated expression of COX-1 (564,565), COX-2 (564–566), mPGES-1
(564) and PGIS (567,568) by cell lines derived from fibroblastic reticular cells (FRCs) and
follicular dendritic cells (FDCs). Moreover, their expression of COX-2 and mPGES-1 is increased
by inflammatory stimuli (564–566). Finally, recent17 studies have demonstrated high levels of
COX-2 expression by FRC harvested from steady state lymph nodes (569,570) and monocytes
trafficking through lymph nodes in the steady state have also been shown to upregulate COX-2
(366). These findings conflict with previous studies that demonstrate that COX-2 expression is
absent or minimal in lymph nodes in the steady state (558–562).

4.2.7 Prostanoids and developing adaptive immune responses
Numerous studies have investigated the roles played by prostanoids in the developing
adaptive immune response. The literature in this field is extensive and ranges from in vivo
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i.e. published subsequent to the experiments presented in this chapter
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studies of COX-deficient, COX-inhibited or prostanoid receptor deficient mice to largely in vitro
studies detailing the mechanisms of prostanoid action on T cell and dendritic cell function.
There is robust evidence that prostanoids are important for the developing humoral immune
response. This is because COX-1 deficient mice, COX-2 deficient mice and mice subject to
chronic COX inhibition exhibit reduced antibody responses (571–574). Kojima et al have
further demonstrated that mPGES-1 deficient mice exhibit similarly defective antibody
responses (534,560). The precise mechanism by which prostanoids mediate this effect is
unclear. In vitro studies provide evidence that PGE2 and prostacyclin produced by follicular
dendritic cells promote B cell survival (575–577) suggesting that these prostanoids are
important for germinal centre reactions. This is supported by the fact that prolonged
supplementation with a stable prostacyclin analogue potentiates the antibody response to
KLH/CFA, although no effect was observed with PGE2 – potentially because a stable analogue
of PGE2 was not utilised (574). Nevertheless, there is strong evidence overall that both PGE 2
and prostacyclin are required for the development of optimal humoral immune responses in
mice. However, one human study has shown that COX-inhibition for 12 days following
influenza vaccination had no effect upon the antibody response (578). This suggests that the
importance of prostanoids for antibody responses is somewhat dependent on species or
stimulus-related factors.
In contrast to humoral immune responses, studies that have investigated the effect of
prostanoids on developing T cell responses have yielded contrasting findings. With regards to
in vivo effects, COX-inhibition has been shown to potentiate T cell responses
(312,477,573,579). The study published by Unanue and Yang is particularly notable as it
demonstrates that TBXA2 produced by dLN-infiltrating neutrophils limits the number of
antigen-specific T cells generated in the dLN and as such T cells numbers can be significantly
increased if COX is inhibited during the first 24 hours following challenge (312). This concurs
with other studies demonstrating that TBXA2 inhibits T cell dendritic cell interaction and that
TP-deficient mice exhibit increased T cell responses (476,477). PGE2 has also been shown to
modulate T cell responses. T cells express the PGE 2 receptors EP2 and EP4 (580) and EP4
signalling is required for the Th1 and Th17 T cell responses in vivo (478,479). These studies
clearly demonstrate that PGE2 exerts this function during the sensitisation phase as opposed to
the effector phase of the T cell response (478,479) . Further in vitro studies suggest that this
improved sensitisation is mechanistically underpinned by EP4-driven PI3-K signalling in T cells
and IL-23 production by dendritic cells (479). EP1 signalling during sensitisation has also been
shown to be important for Th1 responses in vivo but the mechanism is less clear in this context
(563). However, there is also substantial evidence that PGE 2 limits T cell responses. Indeed,
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mPGES-1 deficient and EP2/4 double-deficient mice exhibit augmented T cell responses
following a viral challenge (581). Moreover, production of PGE2 by lymph node fibroblastic
reticular cells has been shown to limit developing T cell responses (569,570). In summary, the
literature presents divergent findings with regard to the effects of PGE 2 on T cell responses,
highlighting the need for further clarification of PGE2 production and action within the dLN.

4.2.8 Prostanoid functions within the draining lymph node
The preceding section provides substantial evidence that prostanoids are both produced in the
dLN and can modulate the developing adaptive immune response in various contexts.
However, it is not clear whether prostanoids modulate the latter specifically within the dLN.
Indeed, very few studies have provided direct evidence of prostanoid function within the dLN.
These studies have provided us with three key pieces of information: firstly, that COXinhibition with indomethacin drastically reduces neutrophil infiltration into the dLN (312,372),
secondly, that TP-deficient T cells exhibit increased interaction times with DCs presenting
cognate antigen in the dLN (477) and finally, that the specific deletion of COX-2 in FRCs
potentiates T cell responses in the dLN (570)18. Given the divergent findings with regard to the
effects of prostanoids on the developing adaptive immune response (Section 4.2.7), there is
clearly a need to better understand the details of prostanoid production and function within
the dLN.

4.2.9 Summary
There is strong evidence that prostanoids are produced in the dLN following an inflammatory
challenge. There are two potential time windows in for such prostanoid production; most
evidence favours acute production within the first 72 hours
(211,312,343,447,558,559,561,562) but there is also evidence for a later window between
days 10 and 21 (560). Myeloid cells and resident stromal cells have both been implicated in the
production of prostanoids in the dLN but their relative contribution and importance remains
unclear. Of the studies discussed, the one considered to be most applicable to the KECdraining lymph node model established in Chapter 3 was that of Unanue and Yang (312). This
study demonstrated that (1) COX-inhibition ablated neutrophil infiltration into the dLN, (2)
that neutrophils serve as the major source of prostanoids in the dLN and (3) that neutrophilderived TBXA2 limits the developing T cell response and that this could be reversed by either
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N.B. this study was published 3 years after the experiments presented in this chapter were conducted.

161

COX-inhibition or TP antagonism in the first 24 hours following an inflammatory challenge. This
thesis chapter seeks to extend these findings through further characterisation of the kinetics
and cell types responsible for prostanoid production in the dLN.
Firstly, it is unclear which prostanoid synthases are responsible for this acute prostanoid
production and the relative expression during the first 24 hours relative to later time points.
The expression of COX-2, mPGES-1 and TBXAS is particularly important as PGE2 and TBXA2 are
the two prostanoids principally implicated in the studies discussed in this introduction.
Secondly, with regards to the cell types responsible for the expression of these synthases,
Chapter 3 demonstrates that the infiltration of monocytes eclipses that of neutrophils
following challenge with killed E. coli (Figure 3.9) and thus it is pertinent to question whether
infiltrating neutrophils and/or monocytes express these synthases. Finally, it is pertinent to
question whether acute cyclooxygenase inhibition with indomethacin 19 is also able to ablate
neutrophil infiltration in this model and potentiate the developing humoral immune response.
The latter is of particular interest, as it is well established that prolonged COX-inhibition is
deleterious to antibody responses (571–574) but the effect of COX-inhibition strictly restricted
to the acute time window (≤72 hours) has not been studied. In addition, neutrophil depletion
at the time of challenge has been shown to potentiate humoral immune responses
(202,371,372)20, suggesting that there may be an acute time window in which prostanoids limit
rather than promote the developing humoral immune response. Overall, the overarching
hypothesis informing the experiments presented in this chapter can be outlined as follows:
Infiltrating neutrophils and/or monocytes limit the developing humoral immune response via
the production of prostanoids in the dLN.
This hypothesis seeks to inform our understanding of whether and how infiltrating myeloid
cells modulate adaptive immune responses via the production of prostanoids.
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Indomethacin is the preferred NSAID in this context. This is because it is was utilised by Unanue and
Yang to demonstrate the effect of prostanoids on T cell responses in the draining lymph node (312) and
also because it inhibits both COX-1 and COX-2 and exhibits slowly-reversible inhibition kinetics
(504,582).
20
With Parsa et al (372) also implicating a role for prostanoids
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4.2.10 Aims
•

Compare the expression of COX-2, mPGES-1 and TBXAS in steady state lymph nodes
with draining lymph nodes harvested ≤48 hours, day 7 and day 14 following challenge
with 1.5 x 107 killed E. coli

•

Determine whether or not infiltrating neutrophils and monocytes are responsible for
any increases in the expression of COX-2, mPGES-1 and TBXAS in the draining lymph
nodes.

•

Determine whether or not acute COX-inhibition with indomethacin ablates neutrophil
infiltration in the draining lymph node following challenge with 1.5 x 107 killed E. coli

•

Determine whether or not acute COX-inhibition with indomethacin potentiates the
humoral immune responses elicited following challenge with 1.5 x 10 7 killed E. coli
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4.3 Results
4.3.1 Skin injection of killed E. coli induces the acute expression of
cyclooxygenase-2 in the draining lymph node
A central tenet of the hypothesis informing the experiments presented in this chapter is that
infiltrating neutrophils and monocytes are the primary source of prostanoids in the dLN
following challenge with KEC. Other studies have demonstrated strong expression of COX-2 by
lymph node stromal cells (564–566,566,569) and it has been proposed that they promote
developing germinal centre reactions via the production of prostanoids (575–577). It was
therefore important to demonstrate whether COX-2 expression is increased in the dLN
following challenge with KEC and if this is restricted to the acute time window (≤48 hours)
consistent with neutrophil/monocyte infiltration or days 7 and 14; time points consistent with
germinal centre reactions (221,583). Mice were thus injected with 1.5x 107 killed E. coli and
their dLNs were analysed for COX-2 expression by end-point reverse-transcriptase polymerase
chain reaction (RT-PCR) 6 hours, 7 and 14 days later. To ensure RNA from lymph node stromal
cells was captured, half of the lymph nodes analysed in this experiment had their RNA
extracted from whole lymph nodes as opposed to lymph node suspensions, with the latter
preparation likely to underrepresent stromal cells relative to haematopoietic cells (Figure 4.2A
outlines this experimental design).
As COX-2 expression has previously been shown to be absent from lymph nodes in the steady
state (558,560), a sample size of 4 mice per group was used to illustrate the binary outcome of
whether or not COX-2 expression was induced. End-point RT-PCR was utilised in favour of
quantitative RT-PCR (qRT-PCR) as it was deemed that this would be a better method of
demonstrating absence of expression21. This method clearly demonstrated that COX-2
expression was very minimal or absent from non-draining control and contralateral lymph
nodes but marked in 6-hour draining ipsilateral lymph nodes (Figures 4.2B and 4.2C). In
addition, COX-2 expression was absent from day 7 and 14 dLNs, with Figure 4.2D confirming
that lymph nodes harbour increased numbers of GL-7+ve CD95+ve germinal centre B cells at
these time points. Finally, there was no marked difference in COX-2 expression between RNA
extracts from homogenised whole lymph nodes relative to cell suspensions (Figure 4.2C).
These findings therefore demonstrate that the dLN becomes a site of acute COX-2 expression
following the skin injection of killed E. coli.

21

In retrospect this was an erroneous decision as the reaction products of a qRT-PCR experiment could
have been subsequently run on an electrophoresis gel to confirm lack of expression (as has been done
for all other RT-PCR experiments presented in this thesis).

164

Figure 4.2: Acute expression of cyclooxygenase-2 in the draining lymph node following skin
injection of killed E. coli
(A) Experiment Design: Mice were injected into the skin of the earflap with 1.5 x 10 7 killed E. coli
and superficial parotid lymph nodes were harvested at 6 hours, 7 days and 14 days for analysis by
end-point reverse transcriptase polymerase chain reaction. RNA was extracted from either whole
lymph nodes (W) or single cell suspensions generated from lymph nodes (S). (B and C) Expression of
(B) the reference gene Gapdh or (C) the gene encoding cyclooxygenase-2 (Ptgs2) in draining and
non-draining lymph nodes. (D) The number of CD95+ve GL-7+ve germinal centre B cells in draining and
non-draining lymph nodes. Sample Size: n = 2 x CTRL LN, 4 x Con LN, 4 x 6hr LN, 4 x Day 7 LN and 4 x
Day 14 LN. NC3Rs: 16 mice in total. Con/Contra: contralateral: CTRL = control, hr: hour, LN: lymph
node.
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4.3.2 Expression of cyclooxygenase-2, microsomal prostaglandin E
synthase-1 and thromboxane synthase are increased in the KECdraining lymph node
Figure 4.2 demonstrates that COX-2 expression is induced acutely in the dLN following skin
challenge with killed E. coli. However, the synthesis of prostanoids is also regulated by a
variety of terminal prostanoid synthases downstream of COX-2. The synthases microsomal
prostaglandin E synthase-1 (mPGES-1) and thromboxane synthase (TBXAS) are of particular
note with regard to study of the dLN given the roles attributed to their products; PGE 2 and
TBXA2 (Sections 4.2.6 – 4.2.8). Thus, in parallel to the flow cytometry presented in Figure 3.8,
lymph node cell suspensions harvested at 6, 24 and 48 hours following KEC injection were
analysed by qRT-PCR for COX-2, mPGES-1 and TBXAS expression. It was assumed that, as with
COX-2, the expression of these synthases would be negligible in lymph nodes in the steady
state but increased manifold if induced in the context of inflammation. Indeed, this analysis
confirmed that the expression of COX-2, mPGES-1 and TBXAS were all increased at 6 hours
following injection of killed E. coli (Figure 4.3A). Whilst COX-2 and mPGES-1 expression
appeared to have decreased by 24 hours, the expression of TBXAS was similarly increased at
24 hours relative to 6 hours (Figure 4.3A). Further experiments illustrated that COX-2
expression was increased as early as 3 hours following injection (Figure 4.3B) and that the
expression of COX-2 and mPGES-1 appeared to decrease between 6 and 12 hours following
injection, whilst expression of TBXAS was similarly elevated at these two time points (Figure
4.3C). These data therefore demonstrate that COX-2, mPGES-1 and TBXAS are strongly induced
in the dLN during the first 24 hours of this inflammatory challenge and therefore suggests that
the dLN becomes a site of increased prostanoid production during this time period.
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Figure 4.3: Increased expression of COX-2, mPGES- 1 and TBXAS in the KEC-draining lymph node
(A) Expression of the genes encoding COX-2, mPGES-1 and TBXAS in the draining lymph node at 6,
24- and 48-hours following injection of killed E. coli (KEC). (B) Expression of COX-2 in the draining
lymph node at 3 hours following injection of KEC. (C) Expression of COX-2, mPGES-1 and TBXAS in the
draining lymph node at 6- and 12-hours following injection of KEC. Sample sizes: (A) n = 6 x CTRL LN,
6 x Con LN, 4 x 6hr LN, 4 x 24hr LN, 4 x 48hr LN. (B) n = 4 x Con LN, 3 x 3hr LN. (C) n = 4 x Con LN, 4 x
6hr LN and 4 x 12hr LN. NC3Rs: 30 mice in total. The Mann-Whitney U test was used to determine
statistical significance. *p<0.05 **p<0.01 relative to contralateral or control LN. LN: lymph node,
CTRL: control, Con: contralateral, Ipsi: ipsilateral.
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4.3.3 Infiltrating neutrophils and monocytes express COX-2, mPGES-1 and
TBXAS in the KEC-draining lymph node
It is clear from Chapter 3 and Figures 4.2-4.3 that skin challenge with 1.5 x 107 killed E. coli
(KEC) rapidly induces both the acute infiltration of inflammatory myeloid cells and the acute
expression of the prostanoid synthases COX-2, mPGES-1 and TBXAS in the dLN. Prior studies
have suggested that neutrophils produce prostanoids in the dLN (312). Moreover, monocytes
trafficking through lymph nodes in the steady have also been shown to express COX-2 (366)
but their role in prostanoid production has not previously been examined in the context of
inflammation. It was thus hypothesised that both infiltrating neutrophils and monocytes serve
as major expressers of prostanoid synthases in the dLN in this model. Thus, neutrophils and
monocytes were isolated from the dLNs of mice challenged with 1.5 x 107 killed E. coli using
fluorescence-activated cell sorting (FACS, as per Figure 4.4A) and their expression of COX-2,
mPGES-1 and TBXAS compared with the other CD11b+ve and CD11b-ve cells present in the
lymph node cell suspensions. The relatively small absolute number of neutrophils in the KECdLN necessitated pooling of 4 dLNs to perform the tandem FACS-qRT-PCR analysis. As
neutrophils and monocytes were expected to be major expressers of at least COX-2, a sample
size of 4 pooled lymph node cell suspensions was chosen in order to minimise the number of
animals used. Tandem FACS and qRT-PCR analysis of the dLN demonstrated that neutrophils
and monocytes exhibit increased expression of COX-2, mPGES-1 and TBXAS relative to other
CD11b+ve and CD11b-ve cells (Figure 4.4B-D). Moreover, dLN neutrophils and monocytes also
exhibited increased expression of COX-2 and mPGES-1 relative to splenic neutrophils and
monocytes, although their expression of TBXAS was similar or reduced relative to their splenic
counterparts (Figures 4.4B-D). These data therefore demonstrate that neutrophils and
monocytes are major expressers of COX-2, mPGES-1 and TBXAS in the KEC-dLN and suggest
that COX-2 and mPGES-1 are specifically induced within infiltrating neutrophils and monocytes.
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Figure 4.4: Infiltrating neutrophils and monocytes express COX-2, mPGES-1 and TBXAS in the KECdraining lymph node
(A) Dot plot demonstrating the cell populations isolated from the draining lymph node for qRT-PCR. (BD) Expression of the genes encoding (B) COX-2, (C) mPGES-1 and (D) TBXAS by neutrophils and
monocytes isolated from the draining lymph node or spleen 12 hours following injection of killed E. coli
(KEC). Sample sizes: n = 4 x 12hr LN Neut samples, 4 x 12hr LN Mono samples, 4 x 12hr LN OTH samples,
4 x 12hr LN CD11b-ve samples, 4 x 12hr SPL Neut samples, 4 x 12hr SPL Mono samples. NC3Rs: 16 mice in
total (LN had to be pooled from 4 mice to generate LN Neut samples). LN: lymph node, SPL: spleen,
Neut: neutrophils, Mono: monocytes, Other: other CD11b+ve cells. Gene expression determined by qRTPCR. The sample highlighted in red in (B) is contaminated as described in Section 4.4.1.
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4.3.4 Cyclooxygenase inhibition reduces neutrophil infiltration into the
draining lymph node following challenge with killed E. coli
It is clear from Figure 4.4 that neutrophils are likely to be a source of prostanoids in the dLN.
However, there is also evidence to suggest that prostanoids modulate neutrophil infiltration.
Indeed, Yang and Unanue (312) have illustrated that neutrophil infiltration into the dLN
following challenge can be completely ablated by prior cyclooxygenase inhibition with
indomethacin. In order to investigate whether cyclooxygenase inhibition also ablates
neutrophil infiltration into the dLN following challenge with killed E. coli, mice were
administered with 3mg/kg of indomethacin by oral gavage 2 hours prior to injection and their
ipsilateral superficial parotid lymph nodes harvested 3 hours following injection for analysis by
flow cytometry. As Unanue and Yang (312) demonstrated a complete ablation of neutrophil
infiltration by COX inhibition, it was deemed prudent to carry out a pilot experiment with a
sample size of 2 per group to determine whether or not this dramatic finding also applies in
the context of skin challenge with killed E. coli. This experiment showed that lymph node
neutrophil infiltration was not ablated 22 in mice treated with indomethacin, although their
dLNs did exhibit reduced numbers and percentages of neutrophils relative to those of mice
that did not receive indomethacin (Figure 4.5A). This experiment was repeated with a larger
sample size of 6 mice per group and this yielded the same result (Figure 4.5B). These data
therefore confirm that this regimen of cyclooxygenase inhibition does not ablate neutrophil
infiltration in this context. Nevertheless, there was a statistically significant 70% reduction in
the percentage and number of neutrophils in the dLNs of indomethacin-treated mice relative
to untreated controls. In summary, these data demonstrate that cyclooxygenase inhibition
reduces but does not completely ablate neutrophil infiltration into the dLN following skin
challenge with 1.5 x 107 killed E. coli.

22

i.e. reduced to the percentage or number of neutrophils present in non-draining contralateral lymph
nodes.
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Figure 4.5: Cyclooxygenase inhibition reduces but does not ablate neutrophil infiltration into the
draining lymph node.
Mice were administered with 3mg/kg indomethacin by oral gavage 2 hours prior to injection of 1.5 x
107 killed E. coli. Ipsilateral superficial parotid lymph nodes were harvested 3 hours following injection
and the percentage and number of neutrophils was determined by flow cytometry. (A) Trial
experiment with a sample size of 2 per treatment arm. (B) Repeat experiment with a sample size of 6
per treatment arm with example flow cytometry dot plots. Sample sizes: (A) n = 2 x Contra LN, 2 x Ipsi
LN without INDO, 2 x Ipsi LN with INDO. (B) n = 12 x Contra LN, 6 x Ipsi LN minus INDO, 6 x Ipsi LN +
INDO. NC3Rs: 16 mice in total. The Mann-Whitney U test was used to determine statistical significance.
*p<0.05 **p<0.01.

4.3.5 Cyclooxygenase inhibition at the time of challenge does not potentiate
the humoral immune response to killed E. coli
There is evidence that neutrophils infiltrating the dLN limit the developing humoral immune
responses (202,371). Indeed, neutrophil depletion has been shown to increase antibody titre
(371) and the numbers of germinal centre B cells in the dLN (202) following challenge with CFA
and S. aureus respectively. As lymph node neutrophils have previously been shown to limit the
developing T cell response via the production of prostanoids (312), it was hypothesised that
prostanoids produced by the infiltrating COX-2/mPGES-1/TBXAS expressing neutrophils and
monocytes described in this chapter may limit the developing humoral immune response
following challenge with killed E. coli. Thus, mice were administered 3mg/kg of indomethacin
by oral gavage 18 hours before, 2 hours before and 18 hours after injection of 1.5 x 10 7 killed E.
coli and at days 7 and 14 following injection, superficial parotid lymph nodes and blood were
harvested for analysis of germinal centre B cells and circulating anti-E. coli IgG respectively
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(Figure 4.6A). A meaningful sample size calculation was precluded by the lack of background
data to inform both the expected increase and variability in germinal centre B cell numbers or
anti-E. coli antibody titre. Thus, a sample size of 4 mice was selected for each group as this
would be sufficient to demonstrate a gross difference between the treatment groups as has
been previously demonstrated by Unanue and Yang in the context of cyclooxygenase inhibition
and T cell responses (312).

As expected, the ipsilateral lymph nodes of all mice injected with killed E. coli exhibited an
increase in the percentage and number of germinal centre B cells at both days 7 and 14 post
injection (Figure 4.6B). However, indomethacin treatment was not associated with any gross
difference in the percentage or number of germinal centre B cells in the dLN at either day 7
and 14 (Figure 4.6B). As a second measure of the humoral immune response to killed E. coli,
the amount of anti-E. coli IgG in plasma was determined at days 7 and 14 following injection
using a whole-cell E. coli ELISA (Section 2.2.3.3). As expected, plasma harvested from mice 14
days following injection harboured substantially greater amounts of anti-E. coli IgG relative to
the plasma of control mice (Figure 4.6C). However, no difference in anti-E. coli IgG was
observed between mice administered indomethacin or its vehicle control (Figure 4.6C). Thus,
acute cyclooxygenase inhibition does not does not appear to significantly modulate the
humoral immune response following challenge with killed E. coli.
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Figure 4.6: Acute cyclooxygenase inhibition does not influence the developing humoral immune
response following skin challenge with killed E. coli
(A) Experiment design: mice were orally gavaged with 3mg/kg indomethacin before and after injection
of 1.5 x 107 killed E. coli into the murine earflap. Superficial parotid lymph nodes and plasma were
harvested at days 7 and 14 post injection for analysis of (B) germinal centre B cells (B220+ve, CD95+ve, GL7+ve) and (C) anti-E. coli IgG respectively. Anti-E. coli IgG was measured using a whole-cell E. coli antibody
ELISA wherein optical density reflects the amount of anti-E. coli IgG (Section 2.2.3.3). Error bars
represent range, error bars omitted from the day 7 graph for clarity. Sample sizes: (B) n = 4 x CTRL LN,
10 x Con LN (+INDO and –INDO pooled), 4 x Day 7 +INDO LN, 4 x Day 7 –INDO LN, 4 x Day 14 +INDO LN, 4
x Day 14 –INDO LN. (C) n = 4 x CTRL plasma, 4 x Day 7 +INDO plasma, 4 x Day 7 –INDO plasma, 4 x Day 14
+INDO plasma, 4 x Day 14 –INDO plasma. NC3Rs: 20 mice in total. CTRL: control, p.o.: per os, GC:
germinal centre, Ipsi: ipsilateral. The Mann-Whitney U test was used to test for statistical significance.
NS = p-value >0.1.
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4.4 Discussion
The prostanoid synthases COX-2, mPGES-1 and TBXAS and their products PGE2 and TBXA2 have
been implicated in various lymph node processes (Sections 4.2.6 - 4.2.8). However, the time
course over which these synthases are expressed within the dLN and the cells responsible for
their expression have not been well characterised. The data presented in this chapter
addresses this knowledge gap by demonstrating that the expression of these synthases peaks
within the dLN during the first 48 hours following challenge with killed E. coli (Figures 4.2-4.3)
and that infiltrating neutrophils and monocytes are cardinal expressers of these synthases
(Figure 4.4). However, further experiments seeking to delineate the potential functions of
these prostanoids in the dLN yielded negative results. The principle findings of this chapter are
summarised below and their limitations and implications are discussed in the following
sections.
•

Skin challenge with 1.5 x 107 killed E. coli induces the acute expression of the
prostanoid synthases COX-2, mPGES-1 and TBXAS in the dLN

•

Infiltrating neutrophils and monocytes are major expressers of COX-2, mPGES-1 and
TBXAS in the dLN.

•

Cyclooxygenase inhibition with 3mg/kg indomethacin reduces but does not ablate
neutrophil trafficking into the dLN following challenge with 1.5 x 10 7 killed E. coli

•

Cyclooxygenase inhibition with 3mg/kg indomethacin does not significantly modulate
the humoral immune response that is initiated following challenge with 1.5 x 10 7 killed
E. coli

4.4.1 Technical limitation
A mistake was made in one of the four cell sorts (presented in Figure 4.4), which resulted in
the contamination of one of the ‘other CD11b+ve samples with isolated monocytes. This
contaminated sample was included in all analyses in the interest of transparency and is
highlighted in red in all relevant graphs.
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4.4.2 The expression of cyclooxygenase-2, microsomal prostaglandin E
synthase-1 and thromboxane synthase in the draining lymph node
The acute expression of COX-2, mPGES-1 and TBXAS described in this chapter is consistent
with studies of the dLN in the context of oral salmonella infection (558) and carrageenaninduced pleurisy (559,561,562). Moreover, this finding is consistent with ovine lymphatic
cannulation studies that have demonstrated a sharp increase in the prostanoid concentrations
within the first 12 hours following hock challenge with heat-killed E. coli (211,447). In contrast
to Kojima et al (560), no increase in COX-2 expression was demonstrable 7 and 14 days
following challenge with 1.5 x 107 killed E. coli (Figure 4.2C). Lymph node stromal cells are
thought to be responsible for COX-2 expression at these time points (534,560) and have been
shown to express COX-2 in the steady state (569,570) so the lack of a COX-2 signal is somewhat
unexpected. Indeed, COX-2 expression was even absent among RNA extracts of whole lymph
node homogenates (Figure 4.2C), which should include these cell types. It is possible that a
stromal cell COX-2 signal was diluted by other cell types and thus qRT-PCR of sorted stromal
cell subsets would be a more sensitive method of measuring such COX-2 expression.
Nevertheless, it is clear from Figure 4.2 that the COX-2 expression observed at the 6 hour time
point far exceeds any steady state expression and any potential minor increases at days 7 and
14. This highlights the acute onset phase of the inflammatory response as the key time
window for prostanoid production in this model. This is especially pertinent given Unanue and
Yang’s evidence that this is the time period in neutrophils produce immunomodulatory
prostanoids in the dLN (312).
With regards to the cell types responsible for the expression of these prostanoid synthases,
Figure 4.4 identified infiltrating neutrophils and monocytes at the 12-hour time point. This is
supported by the findings of Bowman and Bost (558), which demonstrated that COX-2 was
predominantly induced in the CD11b+ve cells of the dLN. However, it contradicts Unanue and
Yang’s assertion neutrophils are the major source of prostanoids in the dLN (312). Indeed, the
fact that monocytes infiltrate the dLN in significantly greater numbers and for a longer
duration than neutrophils (Figure 3.9) suggests that they may be a more important source of
prostanoids in the dLN in this model. This could be determined by comparing the prostanoid
concentrations of dLNs rendered deficient for neutrophils and monocytes. It must also be
noted that resident LN stromal cells have also been shown to upregulate prostanoid synthases
following exposure to inflammatory stimuli (564–566), but Figure 4.4 does not account for this
as these cell types are likely excluded from the cell suspensions subjected to tandem FACS +
qRT-PCR. In combination with the substantial synthase expression by monocytes described in
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this chapter, this challenges Unanue and Yang’s description of neutrophils as the primary
producer of immunomodulatory prostanoids in the dLN (312).

4.4.3 Drivers of prostanoid synthase expression in the draining lymph node
It is pertinent to question what factors drive the strong expression of COX-2, mPGES-1 and
TBXAS by infiltrating neutrophils and monocytes. It is clear from Figure 4.4 that neutrophils
and monocytes infiltrating the dLN exhibit substantially greater expression of COX-2 and
mPGES-1 than their splenic counterparts. In contrast, the difference in TBXAS expression
between lymph node and splenic neutrophils and monocytes is much more equivocal (Figure
4.4D). These findings suggest that COX-2 and mPGES-1 are specifically upregulated within
neutrophils and monocytes infiltrating the draining lymph node, whilst the increased
expression of TBXAS observed in Figure 4.4D may just reflect the infiltration of neutrophils and
monocytes exhibiting constitutive TBXAS expression.
Notably, Jakubzick et al (366) have provided evidence that monocytes circulating through
lymph nodes in the steady state exhibit increased expression of COX-2 relative to monocytes
circulating through blood and tissues. This suggests that something intrinsic to the lymph node
microenvironment drives expression of COX-2 by monocytes, although Jakubzick et al did not
identify any such factor. However, it seems unlikely that this could fully explain the marked
COX-2 and mPGES-1 expression described in Figures 4.4B-C when one considers the fact that
both COX-2 and mPGES-1 are known to be strongly induced by both PAMPs and inflammatory
cytokines (517,528,584–587). With regards to PAMPs, it would be interesting to compare the
COX-2 and mPGES-1 expression exhibited by infiltrating neutrophils and monocytes that have
phagocytosed E. coli with those that have not as increased expression among E. coli-bearing
myeloid cells would suggest that such gene expression is predominantly PAMP-driven. This
could be achieved through the use of fluorescent E. coli bioparticles in combination with
tandem FACS + qRT-PCR. Cytokines may also play an important role. The significant increases
in CD69 expression described in Chapter 3 (Figure 3.7) strongly suggest that type I interferons
(IFNs) are active in the KEC-dLN (278,342,401,452,453) and COX-2 has been shown to be
driven by interferon regulatory factors (587,588), as well as IL-1β (589,590) and IFNγ (588,591).
The latter cytokines are pertinent as expression of both IL-1β and IFNγ can be induced by type I
IFNs (172,279,466,592–595) including in the dLN with respect to IFNγ (121, 256). However,
whilst several complex inflammatory networks have been described in the dLN, no studies
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have investigated the role played by prostanoid synthases in these networks. This represents a
knowledge gap that this model is well placed to explore.

4.4.4 Functions of prostanoid synthase expression in the draining lymph
node
This chapter sought to test two hypotheses with regard to the function of acute prostanoid
synthase expression in the dLN based on the findings of Unanue and Yang (312).
Hypothesis 1: Cyclooxygenase inhibition ablates the infiltration of neutrophils into the draining
lymph node.
Figure 4.5 does demonstrate that acute cyclooxygenase inhibition significantly reduces the size
of the neutrophil infiltrate into the dLN23 but fails to replicate the complete ablation described
following challenge with complete Freund’s adjuvant (CFA) (312). This suggests that challenge
with 1.5 x 107 killed E. coli drives both prostanoid-dependent and independent mechanisms of
neutrophil recruitment. As discussed in Section 1.3.3.1.2, the mechanisms by which
neutrophils infiltrate the dLN are only partially understood. Moreover, the mechanisms by
which prostanoids drive this process have not been elucidated. In this regard, Lemos et al (596)
have demonstrated that prostaglandin E2 promotes neutrophil infiltration via potentiation of
the IL-23/IL-17 axis in the separate context of antigen-induced arthritis. It is possible that a
similar mechanism may operate within dLN as Gray et al (388) have described a population of
IL-17-committed innate-like lymphocytes positioned in the lymph node periphery 24.
Alternatively, prostanoid-driven tissue oedema has been shown to increase the free drainage
of antigen to the dLN (162) and thus cyclooxygenase inhibition may reduce the number of
killed E. coli bacilli reaching the dLN and thereby reduce the number of infiltrating neutrophils.
On a broader note, it is clear that a better understanding of the determinants of neutrophil
infiltration into the dLN is required to inform hypotheses with regard to how prostanoids
potentiate this process. For example, whilst monocyte infiltration is well understood to be a
CCR2-dependent process (205,242,369,370,381), the chemokines and chemokine receptors
directly responsible for neutrophil infiltration are not known. Studies have described increased
23

Notably, this mirrors human experiments performed in parallel by other members of the Gilroy
laboratory, which shows that cyclooxygenase inhibition similarly reduces but does not ablate neutrophil
infiltration into the site of inflammation following intradermal challenge with 1.5 x 107 killed E. coli
(446).
24
Moreover, Shibata et al (597) have demonstrated that IL-23-driven production of IL-17 by resident γδ
T-cells is partially responsible for the acute neutrophil influx induced by intraperitoneal injection of E.
coli.
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concentrations of the neutrophil chemokines CXCL1, CCL3 and CXCL2 in the dLN following
various inflammatory stimuli (171,266,328) but their relative importance with regard to lymph
node neutrophil infiltration has not been delineated via deletion or antagonism of their
respective receptors. Indeed, the only chemokine receptor that has been shown to be nonredundant for neutrophil infiltration into the dLN is the complement 5a receptor (173). This is
relevant to the data presented in this chapter as rapid complement activation and prostanoid
production have both been described in ovine studies of the dLN (343,344). It is thus possible
that prostanoids recruit neutrophils to the dLN via the potentiation of complement activation
or vice versa.
Hypothesis 2: Acute cyclooxygenase inhibition potentiates the developing humoral immune
response.
This hypothesis was primarily based on two findings; firstly that acute cyclooxygenase
inhibition can potentiate T cell responses by inhibiting the production of prostanoids by lymph
node infiltrating neutrophils (312) and secondly that neutrophil depletion at the time of
challenge potentiates humoral immune responses (202,371,372)25. However, Figure 4.6
illustrates that acute COX-inhibition 0-48hrs following challenge with killed E. coli is not
associated with gross potentiation of the humoral immune response. It is possible that this
negative finding relates to differences between killed E. coli and the two inflammatory stimuli
used to demonstrate potentiation of the humoral immune response following neutrophil
depletion/COX-inhibition (202,312,371,372). Indeed, it is notable that these two stimuli, S.
aureus and CFA, elicit protracted neutrophil influxes into the dLN (138,215–217), whereas the
neutrophil influx induced by killed E. coli is much shorter in duration and resolves within 24
hours (Chapter 3, Figure 3.9). In addition, Calabro et al (140) have reported that neutrophil
depletion has no effect on the antibody response to an influenza vaccine preparation, further
suggesting that the potentiation described in references (202,371,372) is not a universal
phenomenon. Finally, the small sample size used in this experiment only facilitated detection
of large increases in antibody titre and germinal centre B cells akin to the large increases in
antigen-specific T cells described by Unanue and Yang (312). It is therefore possible that acute
COX-inhibition has more subtle effects on the developing humoral immune response that this
experiment was not powered to detect.
The aspects of the adaptive immune response measured (germinal centre B cells and plasma
anti-E. coli IgG) were similarly chosen on the basis of previous studies of lymph node
neutrophils (202,371). However, one has to question whether these aspects are necessarily

25

With Parsa et al (372) also implicating a role for prostanoids
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the best parameters of lymph node function to measure in the context of COX-inhibition as
prior studies have focussed upon the effect of prostanoids on T cell responses and the
dynamics of T cell: Antigen-presenting cell interaction (476,477). The fact that monocytes are
identified as major expressers of COX-2, mPGES-1 and TBXAS is particularly notable in this
regard as they upregulate markers consistent with differentiation into antigen-presenting
dendritic cells (Chapter 3, Figure 3.8C). Thus, further investigations of the effect of prostanoids
on the developing adaptive immune response would be better focussed on imaging and
studying the interaction between prostanoid synthase-expressing monocytes and antigenspecific T cells within the dLN with and without cyclooxygenase inhibition.

4.4.5 Summary
This chapter encompasses a detailed analysis of the expression of inducible prostanoid
synthases by myeloid cells infiltrating the dLN in the context of acute inflammation. Indeed,
this characterisation validates neutrophils as a source of prostanoids (as per Unanue and Yang
(312)) and highlight inflammatory monocytes as major expressers of prostanoid synthases in
the dLN. Moreover, the significantly larger size and more prolonged duration of the monocyte
infiltrate compared to the neutrophil infiltrate (Chapter 3, Figure 3.9) strongly undermines
previous assertions that neutrophils are the major source of prostanoids in the dLN (312). With
regards to the functions of this acute prostanoid synthase expression, COX-inhibition was
shown to reduce the numbers of infiltrating neutrophils but did not potentiate the humoral
immune response during the first 14 days following immunisation.
The chapter links the acute expression of inducible prostanoid synthases with the acute
infiltration of neutrophils and monocytes described in Chapter 3. However, it is unclear how
these infiltrating cells and their expression of prostanoid synthases relate to other
inflammatory/immunological pathways operating within the dLN. One such pathway which has
been shown to play a fundamental role in various inflammatory processes within the dLN, is
type I IFN driven gene expression. Notably, type I IFNs have been shown to drive monocyte
infiltration into the dLN (381) and thus this innate immune pathway is directly relevant to the
findings of both chapters 3 and 4. In addition, the robust increase in CD69 expression
demonstrated in Chapter 3 (Figure 3.7) suggests type I IFNs are active in KEC-dLN
(278,342,401,452,453). Consequently, the next chapter of this thesis focuses upon the
mechanisms by which type I IFNs shape the inflammatory milieu within the KEC-draining lymph
node.
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5 Investigations of Type I Interferons in the Draining Lymph
Node
5.1 Abstract
The preceding chapters of this thesis have demonstrated that skin challenge with killed E. coli
(KEC) induces an acute infiltrate of inflammatory myeloid cells into the draining lymph node
and that these cells are potential sources of inflammatory prostanoids. The marked expression
of prostanoid synthases exhibited by these cells suggests that they also drive other innate
immune pathways in the dLN. It is increasingly recognised that type I interferons (IFNs) play an
important role in driving innate and adaptive immune processes in the draining lymph node.
Moreover, E. coli challenges are known to induce to type 1 interferon responses. This chapter
therefore sought to explore the relationship between neutrophils and monocytes and type I
IFN in the draining lymph node following challenge with KEC. In particular, the potential role
played by type I interferons in driving cellular infiltration, activation and IFNγ production in the
dLN were investigated using tandem cell sort and qRT-PCR, in vitro stimulation assays and mice
deficient for the interferon-alpha/beta receptor (IFNAR).
Challenge with KEC induced robust type I IFN gene signature in the dLN. This consisted of
increased expression of both the classic interferon stimulated genes Ifit1, Ifit2, Ifit3 and Cd69
as well as inflammatory mediators known to be associated with type I interferon responses;
namely IFNγ, CCL2, CXCL9, CXCL10, NLRP3 and IL-1β. Infiltrating neutrophils and monocytes
shared this type I IFN gene signature and were the major expressers of these interferonassociated inflammatory genes the draining lymph node, with the notable exception of IFNγ,
which was predominantly produced by NK cells in the dLN. In contrast to previous studies of
viral inflammation, monocyte recruitment to the draining lymph node was unaltered in IFNARdeficient mice. However, these IFNAR-deficient mice exhibited defective production of IFNγ
relative to wild-type mice following challenge with KEC, demonstrating that type I IFN are nonredundant for the production of IFNγ in vivo. However, in vitro experiments demonstrated that
type I IFN are neither sufficient nor necessary to drive IFNγ production by lymphoid cell
suspensions. Rather, the in vitro production of IFNγ was positively correlated with the
frequency of monocytes in the cell suspension. Together, these results suggest that both type I
IFN and monocytes synergistically drive the production of IFNγ in the KEC-draining lymph
node. This suggests that monocytes orchestrate type I IFN responses within the dLN.
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5.2 Introduction
5.2.1 Overview of type I interferons
In 1957, Isaacs and Lindenmann demonstrated that tissues stimulated with heat-inactivated
influenza virus produced a soluble factor that interfered with viral replication; accordingly they
named this factor interferon (IFN) (598). Three classes of interferons have since been
described; type I (interferons α, β, ε, κ, ω), type II (interferon γ) and type III (interferon λ)
(599,600). These three types of IFN agonise distinct receptors; the interferon αβ receptor
(IFNAR), the interferon γ receptor and the interferon λ receptor respectively (599,600). The
agonism of IFNAR by type I IFNs results in the increased expression of hundreds of genes,
termed interferon-stimulated genes (ISGs) (600,601). IFNAR agonism drives ISG expression via
multiple signalling pathways (including JAK-STAT (600,602,603) and p38 MAP kinase (604)
pathways) which initiate chromatin remodelling (604–606) and the binding of transcription
factors to regulatory regions of ISGs (600,607).
Type I IFNs bestow protection against numerous pathogens, particularly viruses. This is
demonstrable by the fact that IFNAR-deficient mice exhibit impaired control of viral (608) and
bacterial (609) pathogens. Similarly, defects in type I IFN production or signalling predispose
humans to viral infections (610,611). Type I IFNs exert this protective effect by a variety of
mechanisms. Many ISGs encode protein products that directly limit viral replication within host
cells by mechanisms such as translational inhibition (601,612,613). In addition to these cellintrinsic effects, type I IFNs also modulate the wider immune response through the
recruitment and activation of effector immune cells (307,395,466,614,615) and the optimal
development of adaptive immune responses (270,279,616). However, it must be noted that
type I IFNs can also have deleterious effects. Indeed, type I IFNs are associated with the
impaired control of mycobacterial infections (617–619) and in excess can cause
immunopathology (620) and autoimmune responses (621).

5.2.2 Type I interferons and lymph node barrier function
Type I IFNs bolster the barrier function of the draining lymph node (dLN) by multiple
mechanisms. The rapid production of type I IFNs by lymph node resident macrophages is a
feature of viral inflammation (147,170,171). In the context of vesicular stomatitis virus (VSV)
infection, this rapid IFN production is essential to prevent the fatal dissemination of VSV to the
central nervous system via neurons in the dLN (147,170). Type I IFNs are also an important
driver of CXCL9, CXCL10 (70,329) and IFNγ (172,279,466) expression; processes known to
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restrict the replication and dissemination of viral and bacterial pathogens within and from the
dLN (72,307,329) and peripheral tissues (466,622). In addition, the recruitment and activation
of monocytes has been shown to be a major mechanism by which type I IFNs control viral
infections in peripheral tissues (395,466,467). This is particularly notable in the context of this
thesis, as Sammicheli et al have demonstrated that monocyte infiltration into the dLN is
completely dependent upon type I IFNs in the context of LCMV infection (381). Furthermore,
there is evidence that type I IFNs promote lymphocyte effector functions, as they have been
shown to potentiate early antibody production in the mediastinal lymph nodes of influenzainfected mice (401). Finally, Loo et al have demonstrated that type I IFNs restrict the drainage
of free virus to the dLN through the remodelling of afferent lymphatic vessels (53). It is thus
clear that type I IFN regulate numerous effector mechanisms that limit pathogen
dissemination from the dLN.

5.2.3 Type I interferons and the developing adaptive immune response
Numerous studies have demonstrated that type I IFNs can potentiate adaptive immune
responses. This includes studies that show reduced T cell priming in the context of IFNAR
antagonism or deletion (270,279,616) and increased T cell priming and antibody titres when
recombinant IFNα or IFNβ is administered as an adjuvant (171,270,623). Nevertheless, it must
be noted that type I IFNs are not a pre-requisite for adaptive immune responses, as some
adjuvants have been shown to potentiate adaptive immune responses in a type I IFN
independent manner (274).

How type I IFNs potentiate adaptive immune responses is not clear, but several mechanisms
have been implicated. The abrogation of IFNAR-driven inflammation can reduce antigen
uptake by dendritic cells (270) and impair their maturation (171,616), which could impair the
capacity to present antigen. The fact that type I IFNs increase the capacity of dendritic cells to
cross-present antigen is also notable in this regard (623–625). With regard to processes known
to be driven by type I IFNs in the dLN, it is notable that the IFN-driven production of IL-18, IFNγ
and CXCR3 ligands have all been shown to promote th1-biased T –cell responses
(241,247,278). Moreover, the CD69-induced retention of lymphocytes (84,342,626) may
increase the likelihood of lymphocytes encountering cognate antigen (Section 6.2.2.3). The fact
that type I IFNs exhibit such pleiotropic effects on the dLN make it difficult to discern which
mechanisms are most important for the developing adaptive immune response. It is thus
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important to develop an integrated understanding of the many ways in which type I IFNs act in
the dLN.

5.2.4 Mechanisms of type I interferon-driven inflammation in the draining
lymph node
It is clear from the preceding sections that type I IFNs are cardinal inflammatory cytokines
implicated in numerous important functions of the dLN during acute inflammation. This
chapter of the thesis focuses on investigating the type I IFN response in the KEC-draining LN in
the context of three IFN-driven processes that are pertinent to lymph node biology; namely
chemokine production, monocyte infiltration, inflammasome activation and IFNγ expression.
These processes have only previously been separately studied in varies models of
inflammation and thus this chapter aims to both deepen current understanding of these
processes and suggest mechanisms by which they interact and synergise to promote the
barrier and/or adaptive functions of the dLN.

5.2.4.1 Chemokine production in the draining lymph node
Numerous studies have demonstrated that various inflammatory stimuli rapidly increase the
production of chemokines in the dLN (70,171,247,266,328,329). Type I IFNs are known to
contribute to this phenomenon as they have been shown to drive production of the CXCR3
ligands CXCL9 and CXCL10 (70,329). These chemokines rapidly recruit memory CD8 T cells to
the medullary and interfollicular regions of the dLN to bolster its innate barrier function in a
process that has been termed ‘peripheralisation’ (70,329). In addition, as discussed in Section
5.2.2, Sammichelli et al have demonstrated that type I IFNs are required for the infiltration of
monocytes into the dLN following challenge with LCMV (381). This is likely secondary to type I
IFN-driven chemokine production as monocyte entry into the dLN is CCR2-dependent
(205,242,369,370,381) and type I IFNs are known to induce expression of the CCR2 ligand CCL2
in other tissues (466–470). However, it is unclear whether IFN-driven monocyte infiltration
into the dLN by Sammicheli et al (381) is specific to LCMV or extends to other inflammatory
stimuli. Type I IFNs can therefore direct both the recruitment of cells to the dLN and their
positioning within the dLN; although the mechanisms by which type I IFNs regulate these
processes have not been fully delineated.

The mechanisms by which type I IFNs increase chemokine production are only partially
understood. Indeed, type I IFN can both directly and indirectly stimulate chemokine
production. For example, whilst type I IFN directly induce the expression of CXCL10, they
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indirectly induce the expression of CXCL9 via the production of IFNγ (329,627). However, the
cell types upon which type I IFNs act to induce chemokine production are unclear. Several
studies implicate lymph node resident macrophages as sources of chemokines in the dLN
(171,266,328). These findings are based on the depletion of said macrophages, a methodology
which does not directly show chemokine production by macrophages and fails to account for
chemokine production by cells recruited by LN-resident macrophages. In this regard, it is
notable that infiltrating CD11b+ve GR-1+ve cells (329) and dendritic cells (247) have been shown
to express CXCL9 and CXCL10 in the dLN. With regards to the former, CD11b +ve GR-1+ve cells
encompass both neutrophils and monocytes, which as shown in Chapter 3, infiltrate the dLN
following challenge with KEC. Thus, in addition to determining whether or not type I IFNs
recruit monocytes to the KEC-draining LN, it is pertinent to question whether or not they
stimulate infiltrating neutrophils and monocytes to express CXCL9 and CXCL10.

5.2.4.2 Inflammasome activation within the draining lymph node
Inflammasomes are multi-protein complexes that post-transcriptionally regulate the
production of IL-1β and IL-18 by cleavage of pro-IL-1β and pro-IL-18 (628–630). These
complexes consist of an NLR protein, an ASC adaptor protein and caspase-1 and they rapidly
assemble in the cytoplasm in response to a wide variety of inflammatory stimuli (628,631,632).
Evidence of increased inflammasome activation within the dLN has been reported following
challenge with P. aeruginosa, S. typhimurium, Modified Vaccinia Ankara, and the TLR-4
adjuvant GLA-SE (72,266,278,328). Moreover, inflammasomes have been shown to contribute
to important processes within the dLN, including the recruitment of neutrophils, monocytes,
NK cells and circulating lymphocytes, thereby limiting the dissemination of pathogens from the
dLN and potentiating the developing T cell response (72,328).
Given the importance of both inflammasomes and type I IFNs (Sections 5.2.2 and 5.2.3) in the
dLN, it is pertinent to explore how these two inflammatory pathways intersect in this context.
There is evidence that type I IFNs drive inflammasome activation in other contexts. For
example, type I IFNs are required for the production of IL-1β and IL-18 following in vitro
stimulation of myeloid cells with S. pneumoniae (593), F. tularensis (594), L. monocytogenes
(594) and E. coli (595). Moreover, these findings have been replicated in vivo in the context of
S. pneumoniae and E. coli infections (593,595). However, type I IFNs have also been shown to
have a negative impact on inflammasome activity in other contexts (633,634). The effect of
IFNs on inflammasomes is therefore a complex context-dependent question that has not yet
been applied to the dLN. Inflammasome activity is regulated at both the transcriptional and
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post-transcriptional level (72,635–639) and both may be subject to regulation by type I IFN
(595,633,634). Moreover, the cellular effectors of the inflammasome activity in the dLN have
not been fully characterised. Evidence of inflammasome activity has been shown in lymph
node resident macrophages (72,328) but no other cells have yet been implicated. The
prominent monocyte influx described in Chapter 3 (Figure 3.9) is significant in this regard as
type I IFN-driven inflammasome activity has been demonstrated in monocytes in HSV-infected
vaginal tissue (466). This chapter seeks to explore the relationship between type I IFNs and
inflammasomes in the dLN in terms of whole-lymph node and cell-specific gene expression.

5.2.4.3 IFNγ in the draining lymph node
The rapid production of IFNγ in the dLN is a prominent feature of numerous models of
inflammation, including challenge with P. aeruginosa (72), S. typhimurium (72,90), vaccinia
virus (172,307), LPS-matured dendritic cells (241), and various adjuvants (241,277–279).
Various cell types contribute to this process, including neutrophils (278), CD8 T cells
(72,278,279), γδ T cells (72) NKT (72) and NK cells (72,241,279). With regards to function, IFNγ
has been shown to be important in both innate and adaptive immune responses in the dLN.
Kastenmüller et al have illustrated that IFNγ-producing cells are predominantly localised in
close proximity to the lymphatic sinuses and that IFNγ is required for the rapid control of
bacterial replication within and prevention of dissemination from the dLN (72). Furthermore,
IFNγ produced by infiltrating NK cells has been shown to be critical for the induction of Th1
differentiation (241). The mechanisms by which IFNγ exerts these functions in the dLN are
unclear but it is notable that IFNγ is known to potently induce expression of the CXCR3 ligand
CXCL9 (70,329,627) and thereby may serve to recruit as well as activate innate and adaptive
immune cells in the dLN.
Type I IFNs are known to be a driver of acute IFNγ production in various contexts
(172,279,466,592), including the dLN (172,279). However, the mechanisms by which type I
IFNs drive IFNγ production have not been delineated. Type I IFN may directly target cells
capable of IFNγ expression such as NK cells (592) but there is evidence to suggest that type I
IFNs indirectly induce IFNγ production by the stimulation of accessory cell type that then
induces the expression of IFNγ in the target cell (466,640). This accessory cell could be any one
of a range of dLN cells and there is evidence that NK cell IFNγ production can be induced by
cell-cell interactions with migratory dendritic cells via NKG2D (357). Furthermore, given the
substantial influx of monocytes into the KEC-draining LN (Chapter 3), it is notable that
monocytes stimulated by type I IFN have been shown to drive IFNγ expression by NK cells in a
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mucosal herpes simplex virus (HSV) infection (466). Whether this inflammatory pathway
extends to the dLN is not known. As type I IFNs can also drive monocyte infiltration
(381,395,466,467), it is pertinent to question whether type I IFNs drive the production of IFNγ
via the recruitment and/or stimulation of monocytes within the dLN.

5.2.5 Summary
Chapter 3 of this thesis demonstrated that the skin injection of killed E. coli induces an acute
infiltrate of inflammatory myeloid cells into the dLN. Type I IFNs are known to be important in
shaping the inflammatory milieu that develops acutely in the dLN following challenge with
various stimuli. E. coli challenges are known to induce type I IFN responses and Figure 3.7
demonstrates that KEC induces upregulation of the CD69, a well-recognised marker of
stimulation with type I IFNs. This chapter therefore sought to explore the expression and
functions of type I IFNs in the dLN following challenge with killed E. coli (KEC). Whilst numerous
studies have determined roles for type I IFNs in driving various inflammatory processes within
the dLN, these IFN-driven pathways tend to be studied in isolation and the cellular effectors of
type I IFN stimulation remain uncharacterised. This chapter therefore seeks to specifically
address several aims. Firstly, IFNAR-deficient mice are used to determine whether or not type I
IFNs are required for the infiltration of monocytes into the dLN as has been described in other
tissues. Secondly, RNA extracts generated from whole lymph node cell suspensions and FACSisolated cell subsets are utilised to both characterise the kinetics and cellular sources of type I
IFN production in the dLN and characterise the cellular targets of type I IFNs. More specifically,
these methods are utilised to characterise gene expression in the context of three major type I
IFN associated inflammatory pathways: (1) intranodal cell migration driven by the CXCR3
ligands CXCL9 and CXCL10, (2) activation of the inflammasome and (3) the production of IFNγ.
The overall aim of this chapter is therefore to identify connections between these type I IFNdriven processes and infiltrating myeloid cells in order to develop a deeper understanding of
the overall mechanisms and functions of type I IFNs in the dLN.
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5.2.6 Aims
•

Characterise expression of the classic interferon-stimulated genes Ifit1, Ifit2, Ifit3 and
Cd69 in the KEC-draining lymph node.

•

Determine whether or not mice deficient for the interferon αβ receptor exhibit defects
in the recruitment of monocytes to the draining lymph node following challenge with
KEC.

•

Characterise the expression of the following interferon-associated inflammatory
mediators in the KEC-draining lymph node; the chemokines CCL2, CXCL9 and CXCL10,
the inflammasome components IL-1β, IL-18, NLRP3 and Aim2 and the cardinal cytokine
IFNγ

•

Determine the expression of these interferon-associated genes among neutrophils and
monocytes infiltrating the draining lymph node relative to other cells in the draining
lymph node

•

Determine whether or not mice deficient for the interferon αβ receptor exhibit defects
in the acute expression of IFNγ

•

Determine whether or not type I interferons are necessary or sufficient to drive the
production of IFNγ by lymph node cell suspensions in vitro.
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5.3 Results
5.3.1 The expression of type I interferon-stimulated genes (ISGs) is
increased in the KEC-draining lymph node
Type I interferons (IFNs) are known to be important cytokines in the context of E. coli
infections (609). Moreover, type I IFNs are a known driver of CD69 expression on lymphocytes
(278,342,401,452,453) and it is thus notable that increased CD69 expression was exhibited by
lymphocytes within the dLNs of mice injected with killed E. coli in Chapter 3 (Figure 3.7). Coro
and Chang et al (401,641) have illustrated that influenza infection induces a robust type I IFNdependent transcriptional signature in the dLN, which includes marked increases in the
expression of the genes encoding IFIT1, IFIT2 and IFIT3. Figure 5.1 illustrates that not only does
the skin injection of killed E. coli (KEC) induce increased expression of CD69 on the cell surface
of lymph node lymphocytes (Figures 5.1A-C); it also increases transcription of the genes
encoding CD69, IFIT1, IFIT2 and IFIT3 in the dLN (Figure 5.1D). These increases were most
marked at 6- and 24-hours following injection (Figure 5.1D). An additional curious feature of
these results is that CD69 was upregulated to a greater extent by B cells than T cells in the dLN
(Figures 5.1B-C). This differential pattern of CD69 expression is discussed in detail in Chapter 6
of this thesis. Overall, the data presented in Figure 5.1 strongly suggest that the injection of
killed E. coli elicits a type I IFN response within the dLN.

5.3.2 IFNAR-deficient mice exhibit no defect in monocyte infiltration into
the KEC-draining lymph node
Type I IFNs are necessary for monocyte infiltration into peripheral tissues in a variety of
contexts (395,466,467), including the dLN during LCMV infection (381). There is also evidence
to suggest that type I IFNs suppress neutrophil infiltration (467,642) and promote NK cell
infiltration (241,307). It was thus hypothesised that type I IFNs modulate the infiltration of
these cell subsets into the KEC-draining LN. Sammicheli et al have previously shown that
deletion of IFNAR results in a near-total ablation of monocyte infiltration into the dLN (381)
and thus a sample size of 5-6 mice per group at two time points (6 and 12 hours) was deemed
sufficient to replicate this finding in the context of challenge with KEC. Unexpectedly, flow
cytometry revealed no differences in the percentage or number of monocytes in the dLNs of
wild-type and IFNAR-deficient mice at 6 and 12 hours following the skin injection of KEC
(Figure 5.2A and 5.2B). Moreover, no differences were observed in the number or percentage
of neutrophils or NK cells in these dLNs (Figures 5.2C and 5.2D). These results therefore
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suggest that type I IFNs are redundant for the rapid infiltration of neutrophils, monocytes and
NK cells into the KEC-draining LN.

A

Figure 5.1: Increased expression of type I interferon-stimulated genes (ISGs) in the
KEC-draining lymph node
(A) Percentage of lymph node B and T cells that are CD69-positive 6 hours following
injection of killed E. coli (KEC). (B-C) CD69 expression exhibited by paired B and T cells
from the same draining lymph node either (B) 6 hours or (C) 3 hours following injection
of killed E. coli. N.B. (C) represents data pooled from experiments presented in chapter
3. (D) Expression of the genes encoding CD69, IFIT1, IFIT2 and IFIT3 in the draining
lymph node 6, 24- and 48-hours following injection of KEC. Sample sizes: (A-B) n = 4 x
CTRL LN, 4 x 6hr LN. (C) n = 13 x 3hr LN (D) n = 6 x CTRL LN, 4 x 6hr LN, 4 x 24hr LN, 4 x
48hr LN. NC3Rs: 40 mice in total. CTRL: control and contralateral LN, Ipsi: ipsilateral, LN:
lymph node. (A and D) The Mann-Whitney U test was used to determine statistical
significance. *p<0.05 **p<0.01 relative to CTRL LN. (C) The Wilcoxon matched pairs test
was used to test for statistical significance as these are paired analyses respectively,
***p = 0.002.

189

Figure 5.2: The infiltration of neutrophils and monocytes is unimpaired in the KEC-draining
lymph nodes of IFNAR-deficient mice
(A) Representative flow cytometry dot plot depicting the neutrophil (Ly6C +ve Ly6G+ve) and
monocyte (Ly6Chi Ly6Glo) populations present in the draining lymph nodes of IFNAR-deficient
mice 6 hours following the skin injection of KEC. (B and C) The percentage (left) and number
(right) of (B) monocytes (C) neutrophils and (D) NK cells in the draining lymph nodes of wild-type
and IFNAR-deficient mice 6- and 12-hours following injection of KEC. Sample sizes: n = 15 x WT
CTRL LN, 15 x KO CTRL LN, 5 x 6hr WT LN, 5 x 12hr WT LN, 6 x 6hr KO LN, 6 x 12hr KO LN. NC3Rs:
24 mice in total (1 x WT 6hr LN and 1 x WT 12hr LN excluded due to a lack of response).CTRL:
contralateral and inguinal LN, KEC: killed E. coli, LN: lymph node, KO: knockout (IFNAR-deficient),
IFNAR: interferon αβ Receptor, WT: wild-type. The Mann Whitney U test was used to test for
statistical significance, # P<0.05 relative to respective CTRL LN.
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5.3.3 Neutrophils and monocytes infiltrating the KEC-draining lymph node
exhibit increased expression of interferon-stimulated genes (ISGs)
As type I IFNs are redundant for the infiltration of neutrophils and monocytes into the KECdraining lymph node (Figures 5.2A-C), it is pertinent to question whether type I IFNs exert any
influence upon these cells in the dLN. Figures 5.3A and 5.3B demonstrate that infiltrating
neutrophils and monocytes exhibit increased expression of the ISGs Ifit1, Ifit2, Ifit3 and Cd69
relative to splenic neutrophils and monocytes and therefore share the type I IFN gene
expression signature exhibited by the dLN as a whole (Figure 5.1). That these changes in gene
expression are indeed driven by type I IFNs is validated by the significantly reduced expression
of CD69 exhibited by neutrophils and monocytes infiltrating the dLNs of IFNAR-deficient mice
(Figure 5.3C). Thus, type I IFNs stimulate neutrophils and monocytes to upregulate expression
of interferon-stimulated genes (ISGs) in the KEC-draining LN.

5.3.4 The genes encoding type I interferons are not significantly expressed
in the KEC-draining lymph node
In light of the increased expression of ISGs and the interferon-dependent expression of CD69
in the KEC-draining LN (Figures 5.1A-D and 5.3A-C), qRT-PCR was used to determine whether
or not the transcription of type I IFNs is increased in the dLN at 3-, 6- and 12- hours following
skin injection of killed E. coli. This was achieved using 4 primers that together were capable of
amplifying mRNA encoding 14 different subtypes of interferon-alpha (IFNα) and the mRNA
encoding the single subtype of interferon-beta (IFNβ). Figures 5.4A-D illustrate that no
increase in the expression of either IFNα or IFNβ was detectable in the dLN at 3-, 6- or 12hours following injection of KEC, with the exception of a small and variable increase in IFNβ
expression was observed at 12 hours (Figure 5.4D). A tandem cell sort and qPCR analysis
(outlined in Figure 5.4E) was used to identify the cells responsible for the small increase in
IFNβ expression observed at 12 hours. Figure 5.4F demonstrates a small increase in IFNα4 and
IFNβ expression among lymph node neutrophils and monocytes relative to other lymph node
cells. However, lymph node neutrophils exhibited no increase in IFNα4 or IFNβ expression
relative to splenic neutrophils26 (Figure 5.4G), whilst lymph node monocytes exhibited only a
small increase in IFNα4 and IFNβ expression relative to splenic monocytes 27 (Figure 5.4H). In
summary, despite the marked effect of type I IFNs in the expression of CD69 and other classical
ISGs, there was no robust increase in their expression in the dLN.

26
27

Neutrophils isolated from the spleens of mice injected into the earflap with KEC.
Monocytes isolated from the spleens of mice injected into the earflap with KEC.
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Figure 5.3: Neutrophils and monocytes infiltrating the KEC-draining lymph node exhibit increased
expression of interferon-stimulated genes (ISGs)
Expression of the ISGs Cd69, Ifit1, Ifit2, Ifit3 by (A) neutrophils and (B) monocytes isolated from the
draining lymph node 12 hours following injection of KEC. (C) The median fluorescence intensity of
CD69 on neutrophils and monocytes infiltrating the draining lymph nodes of wild-type and IFNARdeficient mice 6 and 12 hours following the skin injection of KEC. Sample sizes: (A) n = 4 x 12hr LN
neutrophil samples, 4 x 12hr SPL neutrophil samples (B) n = 4 x 12hr LN monocyte samples , 4 x 12hr
SPL monocyte samples (C) n = 3 x 6hr WT LN neutrophils/monocytes, 4 x 6hr KO LN
neutrophils/monocytes, 5 x 12hr WT LN neutrophils/monocytes, 6 x KO 12hr LN
neutrophils/monocytes. The Mann Whitney U test was used to test for statistical significance,
*P<0.05, **P<0.01, # P<0.01 relative to respective (i.e. WT or KO) SPL. ISG: interferon-stimulated
Gene, LN: lymph node, SPL: spleen, WT: wild-type, KEC: killed E. coli, KO: knockout (IFNAR-deficient),
IFNAR: interferon αβ receptor, MFI: median fluorescence intensity. NC3Rs: 34 mice in total. N.B.
lymph nodes from 4 mice pooled for each data point in A and B.
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Figure 5.4: The expression of type I interferons is not marked in the KEC-draining lymph node
(A-D) Expression of the genes encoding (A) 14 IFNα subtypes, (B) IFNα4 (C) IFNα6 and (D) IFNβ in the
draining lymph node 3, 6- and 12-hours following injection of 1.5 x 107 killed E. coli (KEC). (E) Cell
populations isolated by fluorescence-activated cell sorting from the draining lymph node and spleen 12
hours following injection of KEC and (F-H) their relative expression of IFNα4 and IFNβ. Sample sizes: (A-D)
left graph: n = 4 x CTRL LN, 3 x 3hr LN, right graph n = 4 x CTRL LN, 4 x 6hr LN and 4 x 12hr LN. (E-H) n = 4 x
12hr LN neut samples, 4 x 12hr LN mono samples, 4 x 12hr LN other samples, 4 x 12hr LN CD11b -ve samples,
4 x 12hr SPL neut samples, 4 x 12hr SPL mono samples. NC3Rs: 28 mice in total (LN had to be pooled from 4
mice to generate LN neut samples). LN: lymph node, SPL: spleen, WT: wild-type, neut: neutrophil, mono:
monocyte. Other: other CD11b+ve cells. The Mann-Whitney U test was used to test for statistical
significance. *p<0.05 relative to CTRL LN. The sample highlighted in red in (F)is contaminated as described
in Section 5.4.2.
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5.3.5 Neutrophils and monocytes infiltrating the KEC-draining lymph node
exhibit increased expression of the interferon-induced chemokines
CXCL9 and CXCL10
Type I IFNs have been shown to drive production of the chemokines CXCL9 and CXCL10, a
process that induces the rapid CXCR3-dependent migration of effector and memory T cells to
peripheral regions of the dLN (70,329). As the KEC-draining LN exhibits a strong type I IFN gene
expression signature (Figure 5.1), it was hypothesised that the expression of CXCL9 and CXCL10
would be similarly increased. This is confirmed in Figures 5.5A and 5.5B, which demonstrate
that the expression of CXCL9 and CXCL10 is substantially increased at 3-, 6- and 12- hours
following injection of heat-killed E. coli. Given the particularly strong expression of other ISGs
exhibited by neutrophils and monocytes infiltrating the dLN, it was hypothesised that these
cells may express CXCL9 and CXCL10 to a greater degree than other cells of the dLN. This
hypothesis was tested using tandem FACS and qRT-PCR of the dLN at 12 hours following
challenge (outlined in Figure 5.5C). This identified neutrophils and monocytes as major
expressers of these chemokines in the dLN and further demonstrated that lymph node
neutrophils and monocytes exhibited substantially increased expression of these chemokines
relative to splenic neutrophils and monocytes (Figures 5.5D and 5.5E). These findings strongly
suggest neutrophils and monocytes are major producers of CXCL9 and CXCL10 in the KECdraining lymph node and that these cells induce the production of these chemokines following
stimulation by type I IFNs within the dLN.
In addition to the observed increase in CXCL9 and CXCL10 transcription, Figure 5.5 provides
evidence that these chemokines are active in the draining LN. This is because CD8 +ve T cells and
NK cells within KEC-draining lymph nodes exhibit CXCR3 downregulation relative to their
counterparts in control lymph nodes (Figures 5.5F and 5.5G). This is consistent with agonistinduced internalisation of CXCR3 by CXCL9 and CXCL10 (643). In summary, these findings
strongly suggest that IFN-stimulated neutrophils and monocytes produce CXCL9 and CXCL10
and thereby influence the migratory behaviour of CD8 T cells and NK cells within the KECdraining LN.
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Figure 5.5: Increased expression of CXCL9 and CXCL10 in the KEC-draining lymph node
(A-B) Expression of the genes encoding (A) CXCL9 and (B) CXCL10 in the draining lymph node 3, 6- and 12hours following injection of killed E. coli (KEC). (C-E) Expression of the gene encoding CXCL9 and CXCL10 by
cell populations isolated from the draining lymph node 12 hours following injection of KEC with additional
comparisons against splenic neutrophils and monocytes; (C) representative dot plot of cell population, (D)
CXCL9 and (E) CXCL10. (F) Percentage of CD8 T cells that are CXCR3+ve in control and 12 hour KEC-draining LN
and the CXCR3 MFI exhibited by CXCR3+ve CD8 T cells in control and 12 hour KEC-draining LN. (G) CXCR3 MFI
exhibited by NK cells in control and 12 hour KEC-draining LN Sample sizes: (A) n = 4 x Con LN and 3 x 3hr LN,
(B) n = 4 x Con LN, 4 x 6hr LN and 4x 12hr LN. 4 x 3hr, 4 x 6hr, 4 x 12hr. (C-E) n = 4 x 12hr LN neut samples, 4 x
12hr LN mono samples, 4 x 12hr LN OTH samples, 4 x 12hr LN CD11b-ve samples, 4 x 12hr SPL neut samples, 4
x 12hr SPL mono samples. (F and G) n = 6 x CTRL LN and 4 x 12hr LN. NC3Rs: 34 mice in total. LN: lymph
node, SPL: spleen, Ipsi: ipsilateral, Con: contralateral, CTRL: control and contralateral LN, neut: neutrophil,
mono: monocytes, other: other CD11b+ve cells, NK: natural killer cells, MFI: median fluorescence intensity.
The Mann-Whitney U test was used to determine statistical significance. *p<0.05, **p<0.01 relative to
contralateral or CTRL LN respectively. One 3hr ipsilateral lymph node sample was excluded due to
contamination with genomic DNA. The sample highlighted in red in (D) and (E) is contaminated as described
in Section 5.4.2.

5.3.6 Neutrophils and monocytes infiltrating the KEC-draining lymph node
exhibit increased expression of the interferon-induced chemokine
CCL2
Another chemokine that is known to be induced by type I IFNs is CCL2 (466–470). CCL2 is a
ligand for CCR2, which is the major chemokine receptor responsible for monocyte infiltration
into the dLN (205,242,369,370,381). Several studies have reported increased levels of CCL2 in
the dLN acutely following immunisation/infection (171,328,369,375) and CCL2 is thought to be
instrumental in the process of monocyte infiltration into the dLN (205,325). It is clear from
Figure 5.2B that type I IFNs are redundant for the infiltration of monocytes into the KECdraining and it was therefore questioned whether or not the expression of CCL2 is increased in
the KEC-draining LN. Figure 5.6A demonstrates that the expression of CCL2 is increased in the
dLN at 3-, 6- and 12- hours following injection of heat-killed E. coli. The increased expression
observed at 3 hours is particularly pertinent as this precedes the peak of monocyte infiltration
(Figure 3.9). Tandem FACS and qRT-PCR was subsequently utilised to determine the cellular
sources of CCL2 in the dLN (strategy outlined in Figure 5.6B). This illustrated that neutrophils
and monocytes are the major expressers of CCL2 in the draining lymph 12 hours following
injection of KEC (Figure 5.6C). Moreover, these dLN neutrophils and monocytes exhibit
substantially greater expression of CCL2 than their splenic counterparts (Figure 5.6C). Thus,
despite the redundancy of type I IFNs for the infiltration of monocytes into the dLN, challenge
with KEC does induce increased expression of CCL2, particularly within neutrophils and
monocytes infiltrating the dLN.
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Figure 5.6: CCL2 expression is increased in the KEC-draining lymph node
(A) Expression of the gene encoding CCL2 in the draining lymph node at 3, 6- and 12-hours following
injection of 1.5 x 107 killed E. coli (KEC). (B) Cell populations isolated from the draining lymph node 12
hours following injection of KEC. (C) Expression of CCL2 by neutrophils and monocytes isolated from the
draining lymph node or spleen 12 hours following injection of KEC. Sample sizes: (A) left graph: n = 4 x
CTRL LN, 3 x 3hr LN, right graph n = 4 x CTRL LN, 4 x 6hr LN and 4 x 12hr LN. (B-C) n = 4 x 12hr LN neut
samples, 4 x 12hr LN mono samples, 4 x 12hr LN other samples, 4 x 12hr LN CD11b-ve samples, 4 x 12hr
SPL neut samples, 4 x 12hr SPL mono samples. NC3Rs: 28 mice in total (LN had to be pooled from 4 mice
to generate LN Neut samples). LN: lymph node, SPL: spleen, Neut: neutrophils, Mono: monocytes,
Other: other CD11b+ve cells. The Mann-Whitney U test was used to determine statistical significance.
*p<0.05 relative to contralateral LN. The sample highlighted in red in (C) is contaminated as described in
Section 5.4.2.
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5.3.7 Neutrophils and monocytes infiltrating the KEC-draining lymph node
exhibit increased expression of the inflammasome components
NLRP3, pro-IL-1β and pro-IL-18
Evidence of increased inflammasome activation within the dLN has been reported following
challenge with P. aeruginosa, S. typhimurium, Modified Vaccinia Ankara, and the TLR-4
adjuvant GLA-SE (72,266,278,328). Inflammasomes are multi-protein complexes that consist of
an NLR protein, an ASC adaptor protein and caspase-1 and they rapidly assemble in the
cytoplasm in response to a wide variety of inflammatory stimuli (628,631,632).
Inflammasomes post-transcriptionally regulate the production of IL-1β and IL-18 by cleavage of
pro-IL-1β and pro-IL-18 (628–630). IL-1β production is also regulated at the level of
transcription and TLR stimuli such as LPS can increase pro-IL-1β expression via NFκB signalling
(635–638). In addition, there is evidence that type I IFNs can drive inflammasome activity in
other tissues (593,595), including in the context of challenge with E .coli (595). qRT-PCR was
therefore utilised to profile the expression of major inflammasome components in the KECdraining lymph node, namely the NLR proteins NLRP3 and AIM2, as well the genes encoding
the pro-forms of IL-1β and IL-18. Figures 5.7A and 5.7C demonstrate that expression of the
genes encoding pro-IL-1β and NLRP3 were significantly increased in the dLN 3-, 6- and 12hours following injection of KEC. In contrast, the expression of pro-IL-18 was only mildly
increased at 3-, 6- and 12- hours following injection (Figure 5.7B) and the expression of AIM2,
was not increased (Figure 5.7D). Furthermore, tandem FACS and qRT-PCR demonstrated that
neutrophils and monocytes exhibit greater expression of NLRP3, IL-1β and IL-18 relative to
other cells in the 12-hour dLN as well as their splenic counterparts (Figures 5.7E-H). Overall,
these data suggest that IL-1β and IL-18 (to a lesser extent) are rapidly produced in the KECdraining lymph node by infiltrating neutrophils and monocytes bearing NLRP3 inflammasomes.
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Figure 5.7: Increased expression of inflammasome components by neutrophils and monocytes infiltrating
the KEC-draining lymph node
Expression of the genes encoding (A) IL-1β, (B) IL-18, (C) NLRP3 and (D) AIM2 in the draining lymph node 3 (A
and B only), 6- and 12-hours following injection of 1.5 x 107 killed E. coli (KEC). (E-H) Expression of the genes
encoding (F) NLRP3, (G) IL-1β and (H) IL-18 by cell populations isolated from the draining lymph node or
spleen 12 hours following injection of killed E. coli (KEC). Sample sizes: (A-D) left graph: n = 4 x CTRL LN, 3 x
3hr LN, right graph n = 4 x CTRL LN, 4 x 6hr LN and 4 x 12hr LN. (E-H) n = 4 x 12hr LN neut samples, 4 x 12hr
LN mono samples, 4 x 12hr LN OTH samples, 4 x 12hr LN CD11b-ve samples, 4 x 12hr SPL neut samples, 4 x
12hr SPL mono samples. NC3Rs: 28 mice in total (LN had to be pooled from 4 mice to generate LN Neut
samples). LN: lymph node, SPL: spleen, Ipsi: ipsilateral, Con: contralateral, CTRL: control and contralateral LN,
neut: neutrophil, mono: monocytes, other: other CD11b+ve cells, NK: natural killer cells, MFI: median
fluorescence intensity, hr: hour. The Mann-Whitney U test was used to determine statistical significance.
*p<0.05 relative to contralateral lymph nodes. One 3hr ipsilateral lymph node sample was excluded due to
contamination with genomic DNA

5.3.8 NK cells are the major expresser of IFNγ in the KEC-draining lymph
node
The rapid production of IFNγ in the dLN is feature of the inflammatory response induced by
various stimuli (Section 5.2.4.3). qRT-PCR and tandem FACS + qRT-PCR were therefore utilised
to determine whether KEC is another inflammatory stimulus capable of stimulating rapid IFNγ
expression in the dLN. This analysis revealed that the expression of IFNγ is substantially
increased as early as 3 hours following injection of KEC and remains elevated at both 6- and
12-hours following injection (Figure 5.8A). Moreover, tandem FACS and qRT-PCR analysis
(Figure 5.8B) demonstrated that IFNγ expression was strongest within a population of CD11b+ve
cells that were neither infiltrating neutrophils nor monocytes (although dLN neutrophils and
monocytes did exhibit a small increase in IFNγ expression relative to their splenic counterparts)
(Figure 5.8C). NK cells are known to express CD11b (644) and are a recognised source of
intranodal IFNγ (72,241,278,279) and it was thus deemed likely that they were likely to
represent the IFNγ-expressing population of CD11b+ve cells identified by tandem FACS + qRTPCR. This was investigated via intracellular cytokine staining of cell suspensions generated
from dLNs 12 hours following injection of KEC. Given the large differences in IFNγ expression
described in Figure 5.8A, it was judged that 6 mice (4 x challenged and 2 x control) was
sufficient to demonstrate these stark differences in IFNγ expression between draining and
control and contralateral lymph nodes if they were translated to the protein level. Accordingly,
dLNs exhibited a significantly higher percentage of IFNγ +ve cells relative to control and
contralateral LN (Figure 5.9A and 5.9B). Moreover, this analysis demonstrated that CD11b+ve
NK1.1+ve NK cells are the major expressers of IFNγ in the KEC-draining lymph node (Figures
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5.9C-F). Altogether, these findings demonstrate the rapid expression of IFNγ by NK cells in the
dLN 12 hours following skin challenge with KEC.

Figure 5.8: IFNγ expression is increased in the KEC-draining lymph node
(A) Expression of the gene encoding IFNγ in the draining lymph node 3, 6- and 12-hours following injection of 1.5 x

107 killed E. coli (KEC). (B) Cell populations isolated from the draining lymph node and spleen by FACS. (C)
Expression of gene encoding IFNγ by cell populations FACS-isolated from the draining lymph node or spleen
12 hours following injection of KEC. Sample sizes: (A) left graph: n = 4 x CTRL LN, 3 x 3hr LN, right graph n = 4
x CTRL LN, 4 x 6hr LN and 4 x 12hr LN. (B-C) n = 4 x 12hr LN neut samples, 4 x 12hr LN mono samples, 4 x
12hr LN other samples, 4 x 12hr LN CD11b-ve samples, 4 x 12hr SPL neut samples, 4 x 12hr SPL mono
samples. NC3Rs: 28 mice in total (LN were pooled from 4 mice to generate LN Neut samples). LN: lymph
node, SPL: spleen, Ipsi: ipsilateral, Con: contralateral, FACS: fluorescence-activated cell sorting, Neut:
neutrophils, Mono: monocytes, Other = other CD11b+ve cells. The Mann-Whitney U test was used to
determine statistical significance. *p<0.05 relative to contralateral LN. The sample highlighted in red in (B) is
contaminated as described in Section 5.4.2.
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Figure 5.9: CD11b+ve NK cells, neutrophils and monocytes express IFNγ protein in the KECdraining lymph node
Lymph nodes were harvested 12 hours following skin injection of KEC and analysed for
intracellular IFNγ protein by flow cytometry. (A) Gating strategy for IFNγ+ve cells in the draining
lymph node. (B) Percentage of lymph node cells that are IFNγ+ve. (C) Proportion of IFNγ+ve cells
that are neutrophils, natural killer cells and monocytes. (D) Histogram illustrating the relative
expression of IFNγ by IFNγ+ve neutrophils, monocytes and NK cells. (E) IFNγ MFI of IFNγ+ve
neutrophils, monocytes and NK cells. (F) CD11b MFI of IFNγ+ve and IFNγ-ve NK cells. Sample
sizes: n= 6 x CTRL LN and 4 x 12hr LN. NC3Rs: 6 mice in total. The Mann-Whitney U test was
used to test for statistical significance. *p<0.05, **p<0.01 relative to CTRL LN. CTRL: control
and contralateral LN, LN: lymph node, ipsi = ipsilateral, neut: neutrophils, mono: monocytes,
NK: natural killer cells, MFI: median fluorescence intensity.
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5.3.9 IFNγ production is impaired in the KEC-draining lymph nodes of
IFNAR-deficient mice
As described in Figure 5.1, the KEC-draining lymph node exhibits increased expression of type I
interferon-stimulated genes (ISGs). Type I IFNs have previously been shown to be a driver of
acute IFNγ production (172,279,466,592). It was therefore hypothesised that type I IFNs drive
the acute IFNγ production described in Figures 5.8 and 5.9. This hypothesis was tested using
intracellular flow cytometry to compare IFNγ expression within the dLNs of IFNAR-deficient
mice and wild-type mice challenged with KEC. Previous studies have demonstrated a complete
ablation of IFNγ production in the context of IFNAR deletion or antagonism (172,279) and thus
a sample size of 5-6 mice per group was deemed sufficient to demonstrate such a stark
difference. Indeed, Figures 5.10A-C illustrate that the percentage of NK cells (Figure 5.10B) and
CD8 T cells (Figure 5.10C) that were IFNγ+ve was significantly reduced in the dLNs of IFNARdeficient mice relative to wild-type mice, although a small increase was still observed relative
to non-draining LNs. This pattern was also evident in terms of the number of IFNγ+ve NK cells
and CD8 T-cells in the dLNs of wild-type and IFNAR deficient mice (Figure 5.10D). These results
therefore demonstrate that type I IFNs are a non-redundant requirement for the production of
IFNγ in the KEC-draining lymph node.

Figure 5.10: IFNγ production is impaired in the KEC-draining lymph nodes
of IFNAR-deficient mice
(A) Representative flow cytometry dot plots for (B-C). (B-D) The
percentage and number of IFNγ+ve (B, D) NK cells and (C, D) CD8+ve cells in
the draining lymph nodes of wild-type and IFNAR-deficient mice 6 hours
following the skin injection of KEC. Sample sizes: n = 9 x WT CTRL LN, 9 x
KO CTRL LN, 5 x 6hr WT LN, 6 x 6hr KO LN. NC3Rs: 12 mice in total (1 x 12hr
WT LN excluded due to lack of response). The Mann Whitney U test was
used to test for statistical significance, **p<0.01, # p<0.05 relative to
respective CTRL or KO LN. CTRL: contralateral and inguinal LN, KEC: killed
E. coli, LN: lymph node, KO: knockout (IFNAR-deficient), IFNAR: interferon
αβ receptor, WT: wild-type.
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5.3.10 In vitro stimulation of lymphoid cell suspensions with KEC reveals
increased IFNγ expression by NK cells within spleen cell suspensions
relative to non-draining lymph node cell suspensions
In light of the rapid IFNγ production observed in the dLN following skin challenge with KEC, it
was questioned whether in vitro stimulation of non-draining LN cell suspensions with KEC
would induce IFNγ production. This is pertinent because it would demonstrate that lymph
node resident cells are sufficient to drive such IFNγ production and do not require infiltrating
cells such as neutrophils and monocytes. Figure 5.11A demonstrates that 5.5 hours of in vitro
stimulation with 7.5 x 107 KEC only elicited a small increase in the percentage of IFNγ +ve NK
cells in the cell suspensions generated from non-draining LNs28. In contrast, in vitro stimulation
of spleen cell suspensions with KEC elicits a substantial increase in the percentage of IFNγ+ve NK
cells (Figure 5.11B). This suggests that KEC-driven IFNγ production is attributable to a cell type
or factor present in spleen cell suspensions but not non-draining LN cell suspensions. This
could represent neutrophils or monocytes for example.

Figure 5.11: In vitro stimulation of lymphoid cell suspensions with KEC elicits IFNγ expression by
NK cells
The percentage of IFNγ+ve NK cells within cell suspensions generated from (A) non-draining lymph
nodes and (B) spleens following 5.5 hours of in vitro stimulation with 7.5. x 107 killed E. coli (KEC).
Sample sizes: n = 5 x non-draining LN cell suspensions that were divided and cultured in the
presence or absence of KEC (B) n = 4 x spleen cell suspensions cultured in the presence or absence
of KEC. NC3Rs: 6 mice in total. LN: lymph node, SPL: spleen, KEC: killed E. coli, Unstim:
unstimulated. The Mann Whitney U test was used to test for statistical significance, *p<0.05.

28

These consisted of cell suspensions generated from contralateral cervical lymph nodes as well as
inguinal lymph nodes.
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5.3.11 In vitro stimulation of lymphoid cell suspensions with IFNβ and/or
IFNγ induces a small increase in IFNγ expression by NK cells
As the increased percentage of IFNγ+ve NK cells observed in the KEC-draining lymph node is
largely dependent on IFNAR (Figure 5.10), it was questioned whether stimulation of lymphoid
cell suspensions with IFNβ would be sufficient to induce IFNγ expression in vitro. This question
was addressed by stimulating cell suspensions generated from non-draining LNs and spleens
with 3000 units/ml IFNβ for 5.5 hours in vitro. Figures 5.12A and 5.12B demonstrate that in
contrast to KEC, which induces approximately 20-25% of splenic NK cells to express IFNγ, IFNβ
only induces approximately 5% of NK cells to express IFNγ. Co-stimulation of spleen cells with
IFNβ and IFNγ elicited no increase above IFNβ stimulation alone (Figure 5.12B). Very similar
findings were observed following stimulation of non-draining LN cell suspensions, where KEC
induced 15-20% of NK cells to express IFNγ whilst co-stimulation with IFNβ and IFNγ only
induced approximately 5% of NK cells to express IFNγ (Figure 5.12C). These findings strongly
suggest that stimulation with type I IFNs alone is insufficient to elicit IFNγ production by NK
cells. It is notable that in contrast to Figure 5.11A, in vitro stimulation of non-draining LN cell
suspensions with KEC elicited robust IFNγ expression in Figure 5.12C. These contradictory
findings are discussed further in Section 5.3.13.

Figure 5.12: In vitro stimulation of lymphoid cell suspensions with IFNβ and/or IFNγ induces a
small increase in IFNγ expression by NK cells.
(A) A representative flow cytometry histogram demonstrating NK cell IFNγ expression following in
vitro stimulation with IFNβ or KEC. (B and C) The percentage of IFNγ+ve NK cells within cell
suspensions generated from (B) spleens and (C) non-draining lymph nodes following 5.5 hours of in
vitro stimulation with 3000 units/ml IFNβ, 20ng/ml IFNγ or 7.5. x 107 killed E. coli (KEC). Sample
sizes: 4 x (B) spleen or (C) non-draining lymph node cell suspensions divided and cultured in the
presence or absence of IFNβ +/- IFNγ +/- KEC. NC3Rs: 4 mice in total. IFN: interferon, LN: lymph
node, SPL: spleen, KEC: killed E. coli, Unstim: unstimulated. The Mann Whitney U test was used to
test for statistical significance, *p<0.05 relative to indicated samples, # p<0.05 relative to
unstimulated samples.
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5.3.12 NK cells can produce IFNγ independent of the interferon αβ receptor
(IFNAR) signalling
The increase in IFNγ expression observed in the KEC-draining LN is largely dependent on IFNAR
(Figures 5.10). In order to determine whether the IFNγ production induced by in vitro KEC
stimulation (Figures 5.11 and 5.12) is similarly dependent on IFNAR, cell suspensions generated
from the non-draining LNs, spleens and draining lymph nodes of wild-type and IFNAR-deficient
mice were stimulated with KEC for 5.5 hours in vitro. Stimulation of cell suspensions generated
from non-draining LNs revealed increased IFNγ production by NK cells among wild-type but not
IFNAR-deficient cell suspensions (Figures 5.13A and 5.13B). However, stimulation of IFNARdeficient spleen cell suspensions with KEC resulted in IFNγ production by NK cells, although
this was reduced relative to NK cells in wild-type spleen cell suspensions (Figure 5.13C). Finally,
cell suspensions generated from IFNAR-deficient and wild-type KEC-draining LNs exhibited
equally substantial expression of IFNγ by NK cells following in vitro stimulation with KEC (Figure
5.13D). These findings therefore clearly demonstrate that NK cells can be induced to express
IFNγ in the absence of type I IFNs in vitro. This is in stark contrast to the IFNAR-dependence of
IFNγ production observed in vivo (Figure 5.10).
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Figure 5.13: NK cells can produce IFNγ independent of the interferon αβ receptor (IFNAR)
(A) Representative flow cytometry histograms demonstrating IFNγ expression by NK cells within
IFNAR-deficient (KO) cell suspensions stimulated with 7.5 x 107 KEC. (B-D) The percentage of IFNγ+ve
NK cells within wild-type (WT) and IFNAR-deficient (KO) cell suspensions generated from (B) nondraining lymph nodes, (C) spleens and (D) 12hr KEC-draining lymph nodes following 5.5 hours of in
vitro stimulation with 7.5. x 107 killed E. coli (KEC). Sample sizes: n = 6 x WT non-draining LN cell
suspensions, 6 x KO non-draining LN cell suspensions, 6 x WT spleen cell suspensions, 6 x KO spleen
cell suspensions, 5 x 12hr WT draining LN cell suspensions and 6 x KO spleen cell suspensions that
were split and cultured in either the presence or absence of KEC. NC3Rs: 12 mice in total (1 x 12hr WT
LN excluded due to lack of response). IFN: interferon, LN: lymph node, KECL killed E. coli, Unstim:
unstimulated, WT: wild-type, KO: IFNAR-deficient. The Mann Whitney U test was used to test for
statistical significance, **p<0.01, *p<0.05, # p<0.05 relative to respective unstimulated control.

5.3.13 Monocyte frequency positively correlates with NK cell IFNγ expression
following in vitro stimulation with KEC
Cell suspensions derived from non-draining LNs29 were stimulated with KEC in two
independent experiments. These two experiments yielded divergent results (compare figures
5.11A and 5.12C) as KEC stimulation elicited a minimal increase in the percentage of IFNγ+ve NK
cells in experiment 1 but a robust increase in the percentage of IFNγ+ve NK cells in experiment 2
(Figure 5.14A). A notable difference between these two experiments was the anomalously
high percentage of monocytes present in the non-draining LN cell suspensions used in
experiment 2 relative to those used in experiment 1 (Figure 5.14B). These results suggest the
presence of monocytes facilitates IFNγ expression by NK cells following in vitro challenge with
KEC. A combined analysis of all the data presented in figures 5.11-5.13 supports this
hypothesis, as it demonstrates a strong positive correlation between the percentage of
monocytes present in a lymphoid cell suspension and the percentage of NK cells induced to
express IFNγ following stimulation with KEC (Figure 5.14C-F). Notably, this correlation was also
observed among IFNAR-deficient cell suspensions, although this dataset is smaller than that for
wild-type cell suspensions (Figure 5.14G). These positive correlations therefore suggest that
monocytes drive the expression of IFNγ by NK cells following in vitro stimulation with KEC.

29

These consisted of cell suspensions generated from contralateral cervical lymph nodes as well as
inguinal lymph nodes.
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Figure 5.14: Monocyte frequency positively correlates with NK cell IFNγ expression following in vitro
stimulation with KEC
Two separate experiments were performed in which cell suspensions generated from non-draining lymph
nodes and spleens were stimulated in vitro with 7.5. x 107 KEC for a period of 5.5 hours. (A) The percentage
of IFNγ+ve NK cells within the cell suspensions stimulated with KEC in experiments 1 and experiment 2. (B)
The percentage of monocytes in the non-draining lymph node cell suspensions stimulated in experiments 1
and 2. (C-F) The correlation between the percentage of monocytes prior to stimulation and the
percentage of IFNγ+ve NK cells following stimulation of wild-type, (C) non-draining lymph node, (D) spleen
and (E) 12hr KEC-draining lymph node cell suspensions with KEC in experiments 1 and 2. (F) Combined
analysis of the date presented in C-E. (G) The same as (F) but for IFNAR-deficient cell suspensions. Sample
sizes: (A-B) Exp 1: n = 5 x non-draining LN cell suspensions, 4 x spleen cell suspensions. Exp 2: n = 6 x nondraining LN cell suspensions, 6 x spleen cell suspensions. (C-D) Data combined from (A-B), i.e. n = 11 x nondraining LN cell suspensions, 10 x spleen cell suspensions. (E) n = 7 x WT 12hr draining LN (1 x 12hr WT
draining LN excluded due to lack of response). (F) Data combined from (C-E) i.e. n = 28 WT LN/SPL cell
suspensions. (G) n = 18 x KO LN/SPL cell suspensions (6 x non-draining LN, 6 x SPL, 6 x 12hr draining LN).
Non-draining lymph nodes refer to control, contralateral and inguinal lymph nodes. NC3Rs: 18 mice in total
LN: lymph node, SPL: spleen, KEC: killed E. coli. (A and B) The Mann Whitney U test was used to test for
statistical significance, **p<0.01, * p<0.05, # = p<0.05 relative to unstimulated. (C-G) Correlation statistics
were determined using the Pearson correlation coefficient.
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5.4 Discussion
5.4.1 Summary of findings:
•

The skin injection of KEC induces type I interferon response within the draining lymph
node characterised by robust increases in the expression of the classic interferon
stimulated genes Ifit1, Ifit2, Ifit3 and Cd69.

•

Type I interferons are not required for the infiltration of neutrophils and monocytes
into the KEC-draining LN. However, type I interferons do induce expression of
interferon-stimulated genes by neutrophils and monocytes infiltrating the draining
lymph node.

•

Infiltrating neutrophils and monocytes are major expressers of the type I interferonassociated chemokines CCL2, CXCL9, CXCL10 and the inflammasome components
NLRP3, pro-IL-1B and to a lesser extent IL-18 in the KEC-draining LN, whilst NK cells are
the major expressers of IFNγ

•

Whilst type I interferons are non-redundant for the expression of IFNγ in the draining
lymph node in vivo, they are neither sufficient nor necessary to drive IFNγ production
by lymphoid cell suspensions in vitro. Rather, in this in vitro context the production of
IFNγ was positively correlated with the frequency of monocytes in the cell suspension.
This suggests monocytes orchestrate IFNγ production by NK cells in the draining lymph
node.

5.4.2 Technical limitations
There are two major technical limitations to the data presented in this chapter. Firstly, a
mistake was made in one of the four cell sorts which resulted in the contamination of one of
the ‘other CD11b+ve’ samples with isolated monocytes. This contaminated sample was included
in all analyses for completeness but is highlighted in red in all relevant graphs. Secondly, it
must be noted that the wild-type mice used in this chapter were not the littermates of the
IFNAR-deficient mice to which they were compared. Rather, they were age and strain-matched
mice purchased from a commercial supplier. It is therefore possible that random genetic or
phenotypic differences exist between these two sets of mice, although it is unlikely that these
influence the results of these experiments.
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5.4.3 Type I interferon independent monocyte infiltration into the draining
lymph node
It was deemed likely that type I IFN contributed to the acute infiltration of monocytes into the
KEC-draining LN as type I IFNs have previously been shown to drive the infiltration of
monocytes into various tissues (395,466,467), including the draining lymph node (381).
However, Figure 5.2 unexpectedly demonstrated that monocyte infiltration into the KECdraining LN is unaltered in IFNAR-deficient mice. Thus, whilst there is a robust type I IFN
response in the KEC-draining LN (Figures 5.1 and 5.3), this is the first demonstration of type I
IFN-independent monocyte infiltration into the draining lymph node. Whilst Sammicheli et al
(381) did not delineate the mechanism by which type I IFNs drive monocyte infiltration in their
model, it is likely driven by the induction of CCR2 ligands as monocyte infiltration into the
draining lymph node is CCR2-dependent (205,242,369,370,381) and type I IFN are known to
induce expression of these chemokines (466–470). Thus, the fact CCL2 (a major CCR2 ligand)
expression was increased in the KEC-draining LN suggests that KEC induces type I IFNindependent CCL2 expression. The TLR adapter protein Myd88 has been shown to drive CCL2
production and monocyte infiltration in the absence of IFNAR (645). It is thus possible that KEC
elicits IFNAR-independent CCL2 production and monocyte infiltration via TLR and MyD88
signalling. This is supported by the fact that Xu et al have described MyD88-dependent
monocyte infiltration in the draining lymph nodes of mice infected with ectromelia virus (465).
It would thus be informative to establish whether or not KEC-induced monocyte infiltration is
similarly MyD88-dependent using MyD88-deficient mice and mice with cell-type specific
deletions of MyD88 (to facilitate identification of the cell types responsible for driving
monocyte infiltration). Overall, the contrast between the type I IFN-dependent monocyte
infiltration described following LCMV challenge by Sammicheli et al (381) and the type I IFNindependent monocyte infiltration described following challenge with KEC (Figure 5.2B) serves
to underscore the fact that inflammatory stimuli intrinsically differ in the mechanisms by which
they induce inflammatory processes in the draining lymph node.

5.4.4 Infiltrating neutrophils and monocytes as effectors of type I IFN
stimulation in the draining lymph node
Whilst type I IFNs have been shown to underpin various inflammatory processes in the
draining lymph node, the cellular targets that they co-opt to mediate these processes have not
been characterised. This chapter highlights infiltrating neutrophils and monocytes as targets of
type I IFNs in the draining lymph node. Figures 5.3A and 5.3B clearly demonstrate that dLN
neutrophils and monocytes exhibit marked increases in the expression of classic ISGs relative
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to their splenic counterparts and Figure 5.3C confirms that this is driven by type I IFNs in the
context of CD69 expression. This is notable as these cell types have not previously been
considered as targets of type I IFN in the draining lymph node. Moreover, this finding extends
to type I IFN-associated inflammatory processes in the dLN as neutrophils and monocytes are
identified as the cardinal expressers of the chemokines CXCL9, CXCL10, CCL2 (Figures 5.5 and
5.6) and the inflammasome components NLRP3, pro-IL-1β and to a lesser extent pro-IL-18
(Figure 5.7).
The marked expression of CXCL9 and CXCL10 by infiltrating neutrophils and monocytes
described in Figure 5.7D-E is supported by Sung et al, as these authors identified CD11b+ve GR1+ve cells as major producers of these chemokines in the context of a secondary challenge with
LCMV (329). The data presented in this chapter extends these findings both through its more
specific identification of neutrophils and monocytes and by demonstrating this in the context
of a primary antigen challenge. Given these findings, it is pertinent to question why type I IFN
may target neutrophils and monocytes to induce CXCL9 and CXCL10 expression in the draining
lymph node. Previous studies have illustrated that these chemokines are concentrated in the
medulla and interfollicular regions of the draining lymph node (70,167,247,329) and thereby
drive the rapid CXCR3-dependent recruitment of memory CD8 T cells and activated CD4 T cells
from the central paracortex to peripheral interfollicular areas (a process termed
‘peripheralisation’) (70,247,329). Moreover, CXCR3 ligands are necessary for the recruitment
of circulating NK cells to the draining lymph node (172,241,307). The notion that such
processes are at play in this model is suggested by CXCR3 downregulation exhibited in CD8+ve
cells and NK cells in KEC-draining LN (Figures 5.7F-G) as this chemokine receptor is known to
undergo agonist-induced internalisation (643). It is therefore reasonable to hypothesise that
infiltrating neutrophils and monocytes contribute to these processes of peripheralisation and
NK cell recruitment and thereby mobilise cells to the lymph node periphery.
Such a focal role for neutrophils and monocytes as orchestrators of intranodal migration has
not been previously suggested. The peripheral localisation of neutrophils in the KEC draining
lymph node (Chapter 3, Figure 3.6) as well as other models (72,201,202,209,278,368,371) is
consistent with this hypothesis as it overlaps with the peripheral distribution of CXCL9 and
CXCL10 (72,167,247,329). However, the distribution of monocytes in the draining lymph node
has not been well-characterised. Attempts to localise monocytes in this model with GR-1 were
inconclusive and whilst other studies have described monocytes in various compartments of
the draining lymph node including the central paracortex (242), peripheral interfollicular (381)
and medullary (263) regions, each of these studies utilising imperfect methods of monocyte
identification (discussed further in Chapter 7, Section 7.2.4.2). Clarity is therefore required
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with regard to the localisation of infiltrating monocytes within the draining lymph node in
order to inform the hypothesis that type I IFNs co-opt them as effector cells. If it is assumed
that the distribution of monocytes is similar to the peripheral distribution of neutrophils in the
KEC-draining LN, then it is reasonable to hypothesise that type I IFN stimulate these cells to
recruit CXCR3+ve cells such as memory CD8 T cells and NK cells to the lymph node periphery.
The fact that neutrophils and monocytes are also identified as major expressers of COX-2,
mPGES-1, and TBXAS in Chapter 4 of this thesis demonstrates that these cells are a hub of
inflammatory gene expression (summarised in Table 5.1 below) and therefore may serve as a
focal point of several innate immune pathways in the draining lymph node. Indeed, monocytes
are likely to be more important than neutrophils in this regard as their infiltration is greater in
terms of both cell number and duration (Chapter 3, Figure 3.9). In addition, the substantial
CCL2 expression exhibited by infiltrating monocytes (Figure 5.6) suggests that they establish a
positive feedback loop which fosters further monocyte recruitment. Similarly, as IFNγ is
known to induce expression of the CXCR3 ligand CXCL9 in the draining lymph node (70,329),
IFNγ-produced by CXCR3+ve CD8 and NK cells (Figures 5.9 and 5.10) may act on monocytes to
promote further CXCR3-driven recruitment of these cells in another positive feedback loop.
With this perspective it can be seen how neutrophils and monocytes may serve to recruit and
activate inflammatory cells in the lymph node periphery under the influence of type I IFNs.
Testing of this hypothesis requires 1) imaging to describe the spatial distribution of monocytes
in the draining lymph node and their relationship/interaction with CXCR3 +ve expressing NK cells
and CD8 T cells and 2) mice with monocyte-specific deletion of IFNAR to determine whether or
not this system is dependent on the stimulation of these cells by type I IFN.
Table 5.1: Expression of pro-inflammatory genes by neutrophils, monocytes and other CD11b +ve cells
in the KEC-draining lymph node
Population
Mean fold increase in expression relative to CD11b-ve cells (2-ΔΔCT)

Neutrophils

Prostanoid Synthase
Genes
Ptgs2 Ptges
Tbxas1

Inflammasome Genes

Chemokine Genes

Other

Il1b

Il18

Nlrp3

Ccl2

Cxcl9

Cxcl10

Ifng

1652

136121

72

44548

4098

2461

360

4

23920

133

Monocytes
438
20917 232
2756
28
2349
4894 2579 108
3
Other
78
249
22
355
5
108
378
181
6
82
CD11b+ve
N.B. The contaminated ‘other CD11b+ve’ sample (see Section 5.4.2) is excluded from this
analysis.
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5.4.5 Regulation of IFNγ expression by type I interferons in the KECdraining lymph node
The marked and rapid IFNγ expression observed in the KEC-draining LN (Figures 5.8 and 5.9) is
consistent with several studies of various other inflammatory stimuli
(72,90,172,241,278,279,307). NK cells and CD8+ve cells appear to be the major source of IFNγ in
the KEC-draining LN (Figures 5.9 and 5.10) and this is also consistent with previous studies
(72,241,278,279). Furthermore, several studies have previously demonstrated that type I IFNs
are necessary for the production of IFNγ within the draining lymph node (172,279,466,592)
and this finding is replicated in Figure 5.10, which demonstrates that IFNAR-deficient mice
exhibit defective IFNγ production in the KEC-draining LN. However, the mechanisms by which
type I IFN induce IFNγ expression in the draining lymph node have not been delineated and the
in vitro experiments conducted in this chapter shed light on this knowledge gap.

In stark contrast to the defective IFNγ expression exhibited by IFNAR-deficient KEC-draining
LNs in vivo, in vitro stimulation of lymph node and spleen cell suspensions with KEC
demonstrated that type I IFNs are neither sufficient (Figure 5.12) nor necessary (Figure 5.13) to
induce NK cell IFNγ expression. This reveals the existence of a factor that is required for NK cell
IFNγ expression and that can be induced in the absence of IFNAR. The apparent contradiction
that type I IFNs are redundant in vitro but not in vivo is clarified when considered in the
context of the wider literature. Particularly notable are the studies conducted by Garcia et al
(172), Lee et al (466) and Coombes et al (355). Firstly, Garcia et al (172) have demonstrated
that type I IFNs indirectly induce NK cell IFNγ production within the draining lymph node via
the activation of accessory cells. Secondly, Lee et al (466) demonstrate that NK cell IFNγ
production is dependent upon the stimulation of monocytes by type I IFNs in HSV-infected
mucosal tissue. Finally, Coombes et al (355) have demonstrated that draining lymph node
monocytes potently stimulate NK cell IFNγ production in vitro. It is thus reasonable to
hypothesise the following:
Type I interferons induce NK cell IFNγ production in the KEC-draining LN via the activation of
infiltrating monocytes.
This hypothesis is strongly supported by Figure 5.14, which demonstrates that a strong positive
correlation exists between the percentage of monocytes present in a lymphoid cell suspension
prior to stimulation and the percentage of NK cells that express IFNγ following stimulation.
However, this hypothesis has to explain how monocytes induce IFNγ production independent
of IFNAR in vitro (Figure 5.13). It is possible that the direct exposure of monocytes to KEC in
vitro induces the production of a secondary factor that is normally induced by type I IFNs in
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vivo. There is strong evidence to suggest that IL-18 could be this secondary factor. This is for
two main reasons. Firstly, IL-18 receptor deficient mice have been shown to exhibit reduced
IFNγ production in the draining lymph node (72,278) and secondly type I IFNs have been
shown to drive IL-18 production by monocytes (and thereby NK cell IFNγ expression) in HSVinfected vaginal tissue (466). It is thus notable that monocytes in the KEC-draining LN exhibit
increased expression of NLRP3 and IL-18 (Figures 5.7F and H). The hypothesis can therefore be
updated as follows;
IL-18 produced by interferon-stimulated monocytes drives the production of IFNγ by NK cells in
the KEC draining lymph node.
A few key experiments would test this hypothesis. Firstly, the injection of KEC into monocyte
deficient or monocyte-depleted mice30 would confirm whether or not monocytes are required
to induce NK cell IFNγ production. Secondly, the production of IL-18 would also need to be
confirmed. The identification of active inflammasomes within monocytes using a fluorescent
inhibitor of caspase 1 (FLICA) or microscopic examination of the dLNs of inflammasome
assembly reporter mice ( as per (328)) would be supportive in this regard. Another approach
would be to measure IFNγ expression in mice with a monocyte-specific deletion of IL-18 or to
simply measure IL-18 levels in draining lymph nodes of monocyte-depleted mice. Finally,
further experiments would be required to delineate whether or not type I IFN drives IL-18
production. Indeed, whilst this chapter demonstrates significant increases in NLRP3 and pro-IL1β expression, the increase in IL-18 expression is very mild (Figure 5.7H). It would therefore be
pertinent to investigate mechanisms by which type I IFNs may increase IL-18 production at the
post-transcriptional level via increased inflammasome activity. Caspase-11 may be important
in this regard as its expression caspase-11 is induced by type I IFN and it activates the
inflammasome via cleavage of caspase-1 into its active form (595). Nevertheless, the study of
IL-18 production and IFNγ expression in the KEC-draining LNs of mice harbouring specifically
IFNAR-deficient monocytes would ultimately be needed to test the hypothesis outlined above
and summarised diagrammatically in Figure 5.15.

30

CCR2-deficient and anti-CCR2 treated mice respectively
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Figure 5.15: Proposed mechanism for the induction of IFNγ production by type I IFN-activated
monocytes in the draining lymph node.
IFN: interferon, IFNAR: interferon αβ receptor, Mono: monocyte, NK: natural killer. Created with
biorender.com.

5.4.6 Summary
In summary, this chapter demonstrates that type I IFNs are a key component of inflammatory
response initiated in the draining lymph node following challenge with KEC. Moreover, it
highlights infiltrating myeloid cells, particularly monocytes, as effector cells of type I IFN-driven
inflammation in the draining lymph node. This is a novel finding and the data presented both
in this chapter and in Chapter 4 suggests that monocytes +/- neutrophils are focal cells of the
intranodal inflammatory response which serve to recruit and activate other inflammatory cells
following stimulation with type I IFN. This is best characterised by the proposed model
depicted in Figure 5.15 in which type I IFNs stimulate infiltrating monocytes to produce IL-18
and thereby induce IFNγ expression by NK cells. The data presented in the chapter therefore
provides a solid foundation for the design of further experiments that test this and other
hypotheses, which are discussed in greater detail in Chapter 7. Indeed, other studies of
inflammatory processes in draining lymph nodes have ascribed a central role for lymph node
macrophages that can appear to be at odds with the emphasis placed on neutrophils and
monocytes in this chapter. This apparent paradox is also discussed extensively in the final
discussion chapter of this thesis (Chapter 7) as are the implications of the findings of this
chapter with regards to our current understanding of the innate barrier and adaptive functions
of the draining lymph node.

This chapter has focussed upon type I IFNs in the novel context of myeloid cells infiltrating the
draining lymph node. However, type I IFNs also stimulate lymphocytes in the draining lymph
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node. One consequence of this is the rapid upregulation of CD69 on lymphocytes, which leads
to their retention within the draining lymph node via inhibition of S1P-dependent egress
(49,50). It was noted in figures 5.1B and 5.1C that CD69 is differentially upregulated by B cells
and T cells in the KEC-draining LN. This suggests that type I IFN may differentially regulate the
retention of B cells and T cells in the dLN with unknown consequences for lymphocyte
recirculation during inflammation. This is an unstudied phenomenon and is the focus of the
next chapter of this thesis (Chapter 6). Many of the experiments conducted in chapter 6 were
conducted in parallel to those presented in this chapter and together they provide a holistic
overview of the numerous actions of type I IFN in the draining lymph node in the context of
acute inflammation.
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6 Regulation of CD69 Expression in the Draining Lymph Node
6.1 Abstract
A curious feature of the preceding chapter is the differential increase in CD69 expression
exhibited by lymphocytes in the draining lymph node (dLN), with B cells exhibiting significantly
greater CD69 expression than T cells (Figure 5.1). Type I interferons are known to drive the
expression of CD69 and its upregulation serves to retain recirculating lymphocytes within the
draining lymph node by preventing their sphingosine-1-phosphate (S1P) directed egress into
efferent lymph. It is therefore pertinent to question (1) whether type I interferons are
responsible for the differential increases in CD69 expression reported in the preceding chapter
and (2) if this differential CD69 expression dictates increased retention of B cells relative to T
cells within the draining lymph node. Such a finding would suggest that type I interferons
differentially modulate lymphocyte recirculation through the dLN, which has implication for
strategies employed by naïve T and B cells to scan the draining lymph node for cognate antigen
in the context of acute inflammation.
The data presented in this chapter demonstrates that CD4 T cells, CD8 T cells and B cells
exhibit marked differences in CD69 expression under both steady state and inflammatory
conditions. In the steady state, the proportion of CD69+ve cells is highest among CD4 T cells,
followed by CD8 T cells and then B cells (CD4 > CD8 > B cells). This pattern is reversed in the
dLN following challenge with killed E. coli (KEC) (B cells > CD8 > CD4). Type 1 interferons are
the major driver of CD69 expression in the KEC-draining lymph node and are sufficient to drive
these differences in CD69 expression observed between lymphocyte subsets. However, in vitro
stimulation of wild-type and IFNAR-deficient cell suspensions demonstrates that IFNγ and KEC
are also capable of driving this differential pattern of CD69 expression independently of type 1
interferons. These findings strongly suggest that lymphocyte subsets exhibit intrinsic
differences in the regulation of CD69 expression. Finally, efforts to determine whether or not
these differences in CD69 expression are reflected in differences in lymphocyte migration to
S1P were inconclusive. Indeed, whilst CD69 expression impaired the migration of T cells to S1P
as expected, B cells were unexpectedly refractory to S1P migration under all conditions tested.
In summary, lymphocyte subsets exhibit intrinsic differences in the regulation of CD69
expression. Unfortunately, efforts to determine whether or not this dictates differences
between lymphocyte subsets in terms of S1P-dependent lymph node egress were inconclusive.
Nevertheless, the data presented in this chapter informs a series of novel experiments that
would significantly contribute to our understanding of lymphocyte recirculation through the
dLN in the context of inflammation.
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6.2 Introduction
Chapter 5 describes various aspects of the type I IFN response within the KEC-draining LN from
the perspective of infiltrating neutrophils and monocytes. An unexpected but notable finding
of these experiments was that draining lymph node (dLN) B cells exhibit significantly greater
expression of the type I IFN-driven activation marker CD69 than dLN T cells (Figure 5.1)). As will
be discussed in the following sections, CD69 is a multifunctional cell surface protein that is
rapidly upregulated by activated lymphocytes and is a central regulator of lymphocyte egress
from the dLN during inflammation. This chapter investigates the intriguing and marked
difference in CD69 expression exhibited by B and T cells in the KEC-draining LN and explores its
effect on sphingosine-1-phospate (S1P)-dependent lymphocyte egress. Thus, chapter 5 and
this chapter together investigate the effects of type I IFNs on both infiltrating myeloid cells and
lymphocytes within the dLN respectively.

6.2.1 Regulation of CD69 expression
CD69 is a type II transmembrane C-type lectin (646) that is expressed by a wide range of
haematopoietic cells upon activation. This includes T cells
(84,191,198,228,274,278,452,453,641,646–654), B cells
(84,274,401,453,641,646,649,651,653,655–657), dendritic cells (649,658,659), macrophages
(171,660,661) and NK cells (274,662,663). The drivers of CD69 expression are similarly diverse,
but for the purposes of the following discussion will be divided into factors that drive CD69
expression in the steady state and in the context of inflammation. This will be followed by a
discussion of the transcriptional and post-transcriptional regulation of CD69 expression and
finally a discussion of the currently identified functions of CD69 in the mammalian immune
system.

6.2.1.1 CD69 expression in the steady state
10-20% of CD4+ve T cells in secondary lymphoid organs and approximately 50% of CD4 +ve T cells
in the intestinal lamina propria express CD69 in the steady state (452). This steady state
expression of CD69 appears to be largely driven by commensal microflora, as both germ-free
mice and mice treated with broad-spectrum antibiotics exhibit a profound reduction in the
percentage of CD69+ve CD4+ve T cells, particularly in the lamina propria (452). The precise
mechanisms by which the commensal microflora exert this effect is unclear but it is preserved
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in mice deficient for the interferon αβ receptor and can thus be considered to be independent
of type I IFNs.
In addition to the commensal microflora, it is likely that previous infections also contribute to
the CD69 expression observed in the steady state. Indeed, CD69 is expressed constitutively by
subsets of memory of regulatory T cells (654,664,665). Moreover, OT-II T cell receptor
transgenic mice exhibit reduced CD69 expression in the steady state relative to wild type mice,
indicating that T cell receptor signalling is a contributing factor at some stage. Steady-state
CD69 expression is also observed in the thymus at discrete stages of thymocyte development
(666,667). There is, therefore, ample evidence of T cell CD69 expression in the steady state in
in a wide variety of contexts, including primary lymphoid organs, secondary lymphoid organs
and peripheral tissues.

6.2.1.2 CD69 expression in the context of inflammation
6.2.1.2.1

Cytokine-driven CD69 expression

CD69 expression can be induced in vitro by the pathogen associated molecular patterns
(PAMPs) LPS (653,658,659,661) and CpG (453,658,659), the cytokines TNFα (659) and type I
IFNs (401,453,655,657) and infectious agents (660). Similarly, in vivo challenge with PAMPs 31
or viral pathogens 32 has been shown to elicit upregulation of CD69 by lymphocytes in the dLN.
However, this is not a universal feature of inflammation as the adjuvants alum, MF-59, CpG 33
and Pam3CSK4, do not induce increased expression of CD69 in the dLN (274). Similarly, the
skin injection of Bacillus Calmette-Guerin does not elicit a substantial increase in CD69
expression in the dLN (Chapter 3, Supplementary Figure 3.12).
Type I IFNs have been shown to non-redundantly drive CD69 expression in vivo following
challenge with the TLR3 ligand poly IC, the TLR-4 adjuvant GLA-SE, the TLR9 ligand CpG-rich
DNA and influenza (278,342,401,452,453). The effect of type I IFNs is likely direct as they
induce CD69 expression on purified populations of lymphocytes (401,453) and the CD69 gene
harbours an interferon regulatory factor 4 binding site (668). Cytokines other than type I IFNs
have also been implicated in the regulation of CD69 expression. Desbien et al have
demonstrated that acute upregulation of CD69 in the dLN is partially reduced by antagonism of
IFNγ, deletion of the IL-18 receptor or deletion of caspase 1/11 (278). The authors further
31

the TLR3 agonist Poly IC (84,342,452,646), the TLR4 agonists LPS (653,656) and GLA-SE (278), the
TLR7/8 ligand Resiquimod (274) and the TLR9 ligand CpG-rich DNA (453,658,659)
32
influenza (171,401,641,649) and West Nile virus (651).
33
Note that this study contradicts other studies that show that CpG does elicit CD69 expression in the
draining LN.
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illustrated that this effect is likely independent of type I IFN production, as adoptively
transferred IFNAR-deficient T cells still exhibit CD69 upregulation in the dLN, albeit to a much
lesser extent than their wild-type counterparts. Furthermore, Freeman et al have
demonstrated that cytokines interact synergistically to induce CD69 expression on T cells, with
the most potent drivers of CD69 expression being combinations of the cytokines IL-18, IL-15,
IL-33, TNFα and type I IFNs (669). In summary, type I IFNs have been identified as the primary
driver of CD69 expression in the context of inflammation, but this effect is likely potentiated by
other pro-inflammatory cytokines.

6.2.1.2.2

Antigen-driven expression of CD69

T cells exhibit increased expression of CD69 when presented with cognate antigen
(191,198,228,652). This is true of T cells exposed to cognate antigen either in vitro through an
antigen presentation assay (228) or in vivo following immunisation with cognate antigen
(191,198,652). Moreover, such CD69 expression is not observed if T cells are challenged with
non-cognate antigen (228) or if antigen presentation is impaired (191). This strongly suggests
that TCR signalling is the major driver of CD69 expression in this context. Similarly, CD69
expression can be induced on B cells through stimulation of the B cell receptor (BCR) with
cognate antigen, or stimulation of toll-like receptor 4 (TLR-4) with LPS (670). Indeed,
concomitant BCR and TLR-4 signalling synergistically induce CD69 expression on B cells (670).
Thus, CD69 expression is a feature of lymphocytes activated by their cognate antigen.

6.2.1.3 Transcriptional regulation of CD69 expression
The gene encoding CD69 is located in the natural killer complex, which lies on chromosome 12
in humans and chromosome 6 in mice (671,672). This gene is poised for rapid transcription, as
evidenced by the fact that its promoter is constitutively associated with active chromatin
modifications (646) and is constitutively bound by RNA polymerase II (673). Indeed, lymph
node T cells exhibit increased levels of CD69 mRNA within 30 minutes of stimulation in vitro
(671). CD69 mRNA has a half-life of <60 minutes in T cells and this has been attributed to AUrich regions of its 3’ untranslated region (674). As a consequence, increases in CD69 mRNA
observed following in vitro stimulation are rapid but transient (671,674).
The CD69 gene is associated with a multitude of regulatory elements. These include a
promoter sequence that harbours binding sites for several transcription factors, including
NFκB, AP-1, OCT, CREB and EGR (675) as well as 4 upstream conserved non-coding sequences
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(CNS’s) that also contain transcription factor binding sites and undergo histone modifications
during lymphocyte activation (646,675). Reporter gene assays have demonstrated that these
CNS regions exhibit both positive and negative effects on CD69 expression and notably they
differentially regulate expression of a reporter gene in B and T cells (668,675). In addition to
these 5’ promoter-distal elements, a regulatory element is also present in intron 1 of the CD69
gene and this also harbours active chromatin modifications and an interferon regulatory factor
4 binding site (668). The CD69 gene is therefore subject to significant regulation at the level of
transcription and there is evidence that this regulation differs between B and T cells.

6.2.1.4 Post-transcriptional regulation of CD69 expression
The expression of CD69 is subject to several mechanisms of post-transcriptional regulation.
Firstly, CD69 is subject to translational repression by the miR-17~92 family of microRNAs in B
cells (676). Secondly, Risso et al claim to visualise an intracellular pool of CD69 in resting T cells
that facilitates rapid CD69 expression independent of de novo synthesis, although these data
are not convincing (677). CD69 is also regulated at the cell surface by the sphingosine
phosphate receptor 1. As will be discussed in subsequent sections, CD69 is known to bind S1P1
on the cell surface and thereby induce its internalisation and degradation (342,626). Thus,
S1P1 may reciprocally induce the internalisation of CD69, evidenced by the fact that S1P1
deletion is associated with increased CD69 expression (150), and conversely, that S1P1
overexpression or agonism is associated with reduced CD69 expression (678–680). In
summary, several post-transcriptional mechanisms of CD69 expression have been identified.
This combined with the aforementioned transcriptional controls of CD69 expression (Section
6.2.1.3) suggests that CD69 plays important functions that warrant such a high degree of
regulation.

6.2.2 Functions of CD69
CD69 has been shown to play a functional role in three fields of immunological research; the
study of immunoregulation, the study of sphingosine-1 phosphate-dependent cell migration
and the study of memory T cells.

6.2.2.1 CD69 and immunoregulation
The importance of CD69 in immunoregulation has been demonstrated by numerous studies
showing that CD69-deficient mice exhibit increased immunopathology relative to wild-type
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mice following an inflammatory challenge. This has been shown in the context of autoimmune
myocarditis (681), Listeria monocytogenes infection (660), allergic airway and skin
inflammation (682), peritoneal fibrosis (683) and inflammatory colitis (452). The best described
mechanism by which CD69 limits inflammatory responses is by the impairment of Th17 T cell
responses (648,684). Galectin-1 expressed on the cell surface of dendritic cells has been shown
to negatively regulate Th17 differentiation by acting as a ligand of CD69 (684). Moreover, the
cytoplasmic tail of CD69 has been shown to facilitate intracellular signalling pathways that limit
Th17 differentiation (648). Thus, it is apparent that CD69 acts to limit T cell driven
immunopathology, at least in part by suppression of Th17 differentiation.
In contrast to the above studies, Cibrian et al have demonstrated that CD69 potentiates
psoriatic skin inflammation through increasing IL-22 production by dermal γδ T cells (685). This
IL-22 production is due to increased tryptophan uptake, which is facilitated by interaction of
CD69 with the amino acid transporter LAT1. This finding has led to speculation that metabolic
reprogramming is another mechanism by which CD69 may regulate immune responses (686).
Indeed, it is postulated that CD69’s interaction with S1P1 is relevant in this regard as S1P1 has
been shown to modulate T cell differentiation through its effect on the mTOR signalling
pathway (686,687). In summary, the effect of CD69 on inflammatory responses is contextdependent and mediated by a variety of mechanisms.

6.2.2.2 CD69 and memory T cells
CD69 has proven to be a protein of interest with regard to the study of both tissue-resident
memory T cells and memory T cells within the bone marrow. Firstly, CD69 is one of the key
markers used to phenotype tissue resident memory (TRM) T cells; a non-circulating subset of T
cells strategically positioned within peripheral tissues that facilitate rapid responses to
pathogens upon reinfection (688,689). CD69 deficiency has been shown to limit the generation
of TRM T cells in the skin (689). It has been proposed that CD69 exerts this effect through its
interaction with S1P1 (Section 6.2.2.3) as CD69 has been shown to prevent T cell egress from
inflamed skin (690) and the transcriptional downregulation of S1PR1 is key to the development
of TRM cells (688). However, Takamura et al have demonstrated that CD69 expression is not
required for the development of TRM T cells in the lung (691), illustrating that the importance
of CD69 in this process is context-dependent.
In 2012, Shinoda et al demonstrated that CD69-deficient mice exhibit an impaired long-term
humoral immune response (654). This defect is due to the impaired migration of effector T
cells from the secondary lymphoid organs to the bone marrow, a process that is required for
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their differentiation into memory T cells. Notably, CD69 promotes the interaction of T cells
with the bone marrow stromal cells and thus may facilitate retention of these cells in the bone
marrow, although a role for reduced S1P-dependent egress from the bone marrow has also
been proposed (654). In summary, CD69 has been shown to be an important factor in the
generation of memory T cells in two separate contexts and its ability to modulate cell
migration is implicated in both these contexts.

6.2.2.3 CD69 and S1P-dependent cell migration
CD69 expression has been shown to prevent the egress of lymphocytes from lymph nodes
(342,626) and Peyer’s patches (692). This is due to the fact that CD69 binds the sphingosine-1
phosphate receptor S1P1, thereby inducing its internalisation and degradation (Figure 6.1A)
(342,626). S1P1 is a G-protein coupled receptor for the egress factor sphingosine-1 phosphate
(S1P), which facilitates the transmigration of lymphocytes from the lymph node parenchyma
into efferent lymph (Figure 6.1B) (84,150). CD69 upregulation therefore renders lymphocytes
refractory to S1P and thereby prevents their egress from the lymph node (342,626). Indeed,
confocal imaging has demonstrated that CD69+ve lymphocytes are excluded from the cortical
lymphatic sinuses, which serve as the portals of lymphocyte egress from the lymph node (84).
Thus, CD69 expression promotes the retention of lymphocytes within secondary lymphoid
organs.

Figure 6.1: CD69-dependent regulation of S1P1 expression and lymphocyte egress from lymph nodes
Diagrammatic representations of (A) the internalisation and degradation of S1P1 by CD69 on the cell
surface and (B) the resulting defect in lymphocyte egress from the lymph node parenchyma exhibited by
CD69-positive lymphocytes. LN: lymph node, S1P: sphingosine-1-phosphate, S1P1: sphingosine-1phosphate receptor 1. Created with biorender.com.

The physiological function of CD69-induced lymphocyte retention in the dLN is not known. One
theory is that such retention increases the likelihood of T and B cells encountering cognate
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antigen by increasing the number of lymphocytes and their residence time within the dLN. This
function would be most applicable to cytokine-driven CD69 expression, which affects
lymphocytes regardless of antigen specificity. Another theory is that the CD69 expression
observed following stimulation with cognate antigen functions to prevent the egress of
cognate lymphocytes from the dLN in order to optimise their differentiation into effector and
memory cells. This theory is supported by the fact that S1PR1 expression determines whether
or not effector T cells egress from the dLN (693,694). These theories are not mutually
exclusive, and both predict that CD69 expression promotes the optimal development of
adaptive immune responses. These theories are somewhat undermined by the finding that
CD69-deficient mice exhibit no defect in T cell priming in the spleen following intraperitoneal
infection with vaccinia virus (658). However, this latter study provides no evidence that this
infectious challenge upregulates CD69 in either lymph nodes or the spleen. Moreover, it is
possible that the effect of CD69 is redundant in this systemic model of infection, in which
multiple secondary lymphoid organs may bear antigen.

6.2.3 Summary
CD69 is rapidly expressed by haematopoietic cells in response to a wide variety of stimuli and
is implicated in numerous functions within the immune response at baseline and during acute
inflammation. It is evident from Figure 5.1 (Chapter 5) that the skin injection of KEC induces
significantly greater upregulation of CD69 on B cells relative to T cells in the dLN. This chapter
therefore seeks to determine the inflammatory stimuli responsible for this previously
unappreciated differential pattern of CD69 expression and explore its impact on the egress of
lymphocytes from the KEC-draining LN.

6.2.4 Aims
•

To temporally characterise the differential upregulation of CD69 exhibited by T and B
cells in the KEC-draining lymph node and demonstrate whether or not CD69
expression also differs between CD4 and CD8 T cells.

•

To determine whether or not this differential pattern of CD69 expression is driven by
type I interferons or by the synergistic action of different inflammatory mediators.

•

To determine whether or not this differential pattern of CD69 expression results in B
and T cells exhibiting a differential pattern of migration to the egress factor
sphingosine-1 phosphate (S1P) – namely that B cell migration to S1P is impaired to a
greater extent than T cell migration to S1P.
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6.3 Results
6.3.1 CD69 is upregulated by both lymphocytes and myeloid cells in the
draining lymph node following skin injection of killed E. coli (KEC)
Increased expression of CD69 by lymphocytes in the KEC-draining LN was reported in Chapter
5 (Figure 5.1) of this thesis. Figure 6.2A extends these findings to demonstrate that the
percentage of T and B cells expressing CD69 is increased as early as 2 hours following injection
of KEC and is prominent at 6 and 24 hours, before reducing towards baseline levels at 48 hours
(Figure 6.2A). Concurrent analysis of neutrophils and monocytes in the dLN revealed that these
cells also exhibit increased expression of CD69 relative to splenic neutrophils and monocytes
(Figure 6.2B). This was true of neutrophils and monocytes at all time points examined,
although the absence of neutrophils from the dLN at 24 and 48 hours precluded measurement
of neutrophil CD69 expression at these time points. In addition, a separate analysis of dLNs
harvested 12 hours following injection of killed E. coli demonstrated that NK cells also
upregulate CD69 in the dLN (Figure 6.2C). In summary, increased CD69 expression is exhibited
by both lymphocytes and myeloid cells in the KEC-draining LN.
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Figure 6.2: CD69 is upregulated by both lymphocytes and myeloid cells in the KEC-draining lymph
node
(A-B) The percentage of (A) B cells and T cells and (B) neutrophils and monocytes that are CD69+ve in
the draining lymph 2-48 hours following skin injection of KEC. (C) The CD69 MFI of NK cells in the
draining lymph node 12 hours following injection of KEC. Sample sizes: (A-B) n = 12 x CTRL LN, 4 x 2hr
LN, 4 X 6hr LN, 4 x 24hr LN, 4 x 48hr LN and 19 x SPL. (C) 6 x CTRL LN, 4 x 12hr Ipsi LN. NC3Rs: 26 mice
in total. LN: lymph node, SPL: spleen, Ipsi: ipsilateral, CTRL: control and contralateral, MFI: median
fluorescence intensity. The Mann Whitney U test was used to determine statistical significance,
**p<0.01 relative to CTRL LN.

6.3.2 Lymphocyte subsets differentially express CD69 in the KEC-draining
lymph node
A notable feature of the increased CD69 expression described in Figure 5.1 (Chapter 5) is that
the proportion of B cells expressing CD69 is substantially higher than that of T cells. Figure
6.3A-G presents a summation of all the lymphocyte CD69 expression data collected in this
thesis and illustrates that this difference in CD69 expression is remarkably conserved. Small
but significant increases in CD69 expression occur within the first 3 hours following challenge
but the difference between B and T cells was not significant (Figure 6.3A and 6.3B). However,
as with Figure 5.1, substantially increased expression of CD69 is observed on B cells relative to
T cells at 6 hours following injection of killed E. coli (KEC) (Figure 6.3C) and this is maintained at
12- and 24-hours following challenge (Figures 6.3D-E). At 48 hours following challenge, CD69
expression has almost retuned to baseline and the difference between B and T cells becomes a
non-significant trend (Figure 6.3F). Data from all 6 of these time points is summarised in the
graph depicted in Figure 6.3G. This pattern is also apparent when CD69 expression is measured
via median fluorescence intensity (MFI) (Supplementary Figure 6.15) despite the fact that this
parameter is not optimal for the analysis of these experiments (for the reasons outlined in
Chapter 2, Section 2.2.5.1.4). A notable additional finding is that the pattern of CD69
expression observed in draining lymph nodes is the reverse of what is observed in non-draining
control lymph nodes, where a higher proportion of T cells express CD69 relative to B cells
(Figure 6.3B-E).
A similar difference in CD69 expression is also observed between CD4 and CD8 T cells,
although the difference is less marked than that observed between T and B cells. In nondraining control lymph nodes, a slightly smaller proportion of CD8 T cells are CD69+ve relative
to CD4 T cells (Figure 6.4A-B). However, at 6- and 12-hours following injection of killed E. coli
the proportion of CD69+ve cells approximately 5-10% greater among CD8 T cells relative to CD4
T cells (Figure 6.4A-B). Therefore, the expression of CD69 is differentially regulated by T cell
subsets and B cells within lymph nodes in the steady state and during acute inflammation.
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Figure 6.3: B and T cells differentially express CD69 in the KEC-draining lymph node
Summation of CD69 expression data collected in this thesis. Figures A-F each consist of two graphs
representing two different analyses of the same data. The left graph compares CD69 expression
between T and B cells in draining and non-draining lymph nodes, whilst the right graph compares CD69
expression between T and B cells within the same lymph node. (A-F) Portrays this data for lymphocytes
in the draining lymph node (A) 2, (B) 3, (C) 6, (D) 12, (E) 24 and (F) 48 hours following injection of KEC.
(G) A summation of the data presented in (A-F). Sample sizes: n = 57 x CTRL LN, 4 x 2hr LN, 4 x 3hr LN,
18 x 6hr LN, 15 x 12hr LN, 8 x 24hr LN and 4 x 48hr LN. NC3Rs: 63 mice in total. LN: lymph node, Ipsi:
ipsilateral, CTRL: control and contralateral. The Mann Whitney U test and the Wilcoxon matched pairs
test were used to test for statistical significance in unpaired (left graphs) and paired (right graphs)
analyses respectively *p<0.05, **p<0.01, ****p<0.0001. (G) error bars = standard deviation.
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Figure 6.4: CD4 and CD8 T cells differentially express CD69 in the KEC-draining lymph node
Summation of CD4 and CD8 T cell CD69 expression data collected in this thesis. (A -B) The
percentage of CD69+ve CD4 and CD8 T cells in the draining lymph node (A) 6 and (B) 12 hours
following injection of KEC. The two graphs in A and B represent two different analyses of the
same data. The left graph compares the difference in CD69 expression between draining and
non-draining lymph nodes, whereas the graph to the right compares CD69 expression between
CD4 and CD8 T cells within the same lymph node. Sample sizes: (A) n = 13 x CTRL LN and 8 x 6hr
LN. (B) n = 6 x CTRL LN and 4 x 12hr LN. NC3Rs: 14 mice in total. LN: lymph node, Ipsi: ipsilateral,
CTRL: control and/or contralateral. The Mann Whitney U test and the Wilcoxon matched pairs
test were used to determine statistical significance in unpaired (left graphs) and paired (right
graphs) analyses respectively *p<0.05, **p<0.01, ***p<0.001.

6.3.3 The upregulation of CD69 in the KEC-draining lymph node is largely
dependent upon the interferon α/β receptor (IFNAR).
Type I IFNs have previously been shown to drive acute expression of CD69 in the dLN
(84,278,342) and the KEC-draining lymph node exhibits increased expression of type I
interferon stimulated genes (ISGs) (Figure 5.1, Chapter 5). Thus, type I IFNs were deemed to be
the likely driver of CD69 expression in the KEC-draining LN. This hypothesis was tested by the
injection of KEC into the earflaps of mice deficient for the interferon receptor α/β receptor
(IFNAR). In accord with this hypothesis, the expression of CD69 was significantly reduced
among dLN lymphocytes from IFNAR-deficient mice relative to wild-type mice (Figures 6.5A
and 6.5B). Indeed, the KEC-draining LNs of IFNAR-deficient mice exhibited only a small increase
in the mean percentage of CD69+ve B cells (~16%) relative to non-draining LNs (4.7%) (Figure
6.5A) and no accompanying increase in the percentage of CD69+ve T cells was observed (Figure
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6.5A and 6.5B). Therefore, it can be inferred that type I IFNs are responsible for most of the
increased CD69 expression exhibited by lymphocytes in the KEC-draining lymph node.

Figure 6.5: The upregulation of CD69 in the KEC-draining lymph node is largely dependent on the
interferon α/β receptor (IFNAR)
(A) The percentage of CD69+ve B cells, and T cells in the draining lymph nodes of wild-type and
IFNAR-deficient mice 6- and 12-hours following injection of KEC. (B) The percentage of CD69+ve CD4 T
cells and CD8 T cells in the draining lymph nodes of wild-type and IFNAR-deficient mice 6 hours
following injection of KEC. Sample sizes: n = 15 x WT CTRL LN, 15 x KO CTRL LN, 5 x 6hr WT LN, 5 x
12hr WT LN, 6 x 6hr KO LN, 6 x 12hr KO LN. NC3Rs: 24 mice in total (1 x WT 6hr LN and 1 x WT 12hr
LN excluded due to a lack of response). LN: lymph node, Ipsi: ipsilateral, CTRL: contralateral and
inguinal LN, IFNAR: interferon αβ receptor, WT: wild-type, KO: IFNAR-deficient. The Mann Whitney
U test was used to test for statistical significance **p<0.01, # = p<0.01 relative to respective CTRL LN

6.3.4 In vitro stimulation with interferon-β is sufficient to induce
differential upregulation of CD69 by lymphocyte subsets
Figure 6.5 demonstrates that type I IFNs are responsible for the majority of the increase in
CD69 expression observed in the KEC-draining LN. However, it was not clear whether type I
IFNs alone were sufficient to induce the differential increase in CD69 expression exhibited by
different lymphocyte subsets. Indeed, it is possible that these differences in CD69 expression
result from the synergistic interactions of type I IFNs with other cytokines. To address this
question, cell suspensions generated from non-draining LNs were stimulated in vitro with
various concentrations of interferon-beta (IFNβ) for a period of 2-6 hours. Figures 6.6A and
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6.6B shows that IFNβ rapidly increased expression of CD69 in a dose-dependent manner by
both T and B cells present in the lymph node cell suspensions. In addition, IFNβ induced
greater upregulation of CD69 among B cells relative to T cells, regardless of the dose or
duration of IFNβ stimulation (Figures 6.6B-6.6C). Notably, stimulation with PMA and ionomycin
upregulates CD69 on T and B cells to a similar extent, illustrating that T cells are not
intrinsically limited in their ability to upregulate CD69 (Figure 6.6A). Further experiments with
splenocyte cell suspensions illustrated that IFNβ stimulation also induces greater upregulation
of CD69 among CD8 T cells than CD4 T cells (Figure 6.6D and 6.6E). In summary, these
experiments demonstrate that stimulation of lymph node or spleen cell suspensions with type
I IFNs is sufficient to induce the differential CD69 expression observed in the KEC-draining LN.
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Figure 6.6: In vitro stimulation with interferon β is sufficient to induce differential upregulation of CD69
by lymphocyte subsets
(A) Representative flow cytometry histograms demonstrating the effect of stimulation with IFNβ (2000
units/ml) or PMA and ionomycin on the expression of CD69 by T and B cells in a lymph node cell
suspension. (B) The percentage of CD69+ve B cells and T cells following 6 hours of in vitro stimulation with
varying doses of IFNβ. (C) The percentage of CD69+ve B cells and T cells following 2-6 hours of in vitro
stimulation with 2000 units/ml IFNβ. (D) The percentage of CD69+ve CD4 and CD8 T cells following 5.5
hours of in vitro stimulation with 10,000 units/ml IFNβ. (E) A paired analysis of the data presented in (D)
illustrating the difference in CD69 expression exhibited by IFNβ-stimulated CD4 and CD8 T cells in the
same cell suspension. Sample sizes: (B) n = 4 x lymph node cell suspensions divided and cultured in the
absence or presence of 200, 2000, or 20,000 units/ml IFNβ. (C) n = 4 x lymph node cell suspensions
divided and cultured in the presence of 2000 units/ml IFNβ for 0, 2, 3, 4 or 6 hours. (D-E) n = 4 x spleen
cell suspensions divided and cultured in the presence or absence of 10,000 units/ml IFNβ. NC3Rs: 12 mice
in total. Unstim: unstimulated, IFNβ: interferon β, hr: hour. (B-D) The Mann Whitney U test was used to
determine statistical significance. (E) The Wilcoxon matched pairs test was used to determine statistical
significance. *p<0.05, **p<0.01.
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6.3.5 Both T and B cells exhibit increased expression of type I interferonstimulated genes in the KEC-draining lymph node
One possible explanation for the reduced CD69 expression exhibited by T cells relative to B
cells is that B cells exhibit a greater sensitivity to type I IFNs than T cells. It was hypothesised
that such a difference would be reflected by increased expression of interferon-stimulated
genes (ISGs) by B cells than T cells. Thus, ISG expression was compared between T cell and B
cells isolated from 12-hour KEC-draining LNs by tandem FACS and qRT-PCR. This experiment
demonstrated that T cells do not exhibit a gross defect in ISG expression relative to B cells.
Indeed, T cells exhibited increased expression of Ifit1 relative to B cells (also reported by
Fensterl et al (439)), whilst B cells exhibited increased expression of Ifit2 relative to T cells and
both exhibited similar upregulation of Ifit3 (Figure 6.7A-C). These results suggest that type I
IFNs induce different sets of ISGs in T and B cells. Unexpectedly, T cells and B cells exhibited
similar upregulation of CD69 mRNA (Figure 6.7D). This suggests that post-transcriptional
mechanisms of CD69 expression underlie the differences in cell surface CD69 expression
described using flow cytometry. However, it is also possible that this analysis of the 12-hour
time point missed the peak of CD69 mRNA transcription, which may differ between B and T
cells.

Figure 6.7: T and B cells in the KEC-draining lymph node exhibit increased expression of interferonstimulated genes
Expression of the genes encoding (A) IFIT1 (B) IFIT2, (C) IFIT3, and (D) CD69 by T and B cells isolated by
FACS from the draining lymph node 12 hours following injection of KEC. The proteins encoded by each
gene is stated in brackets next to each gene. Sample sizes: n = 3 x CTRL LN and 3 x 12hr LN. Each data
point represents 12hr draining or non-draining (CTRL) lymph node cells pooled from 2-4 mice. NCR3s: 9
mice in total. LN: lymph node, CTRL: control and contralateral, FACS: fluorescence activated cell sorting,
T: T cells, B: B cells, KEC: killed E. coli. No statistical analysis was performed as n= 3 is insufficient to
determine significance using the Mann Whitney U test.
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6.3.6 In vitro stimulation with KEC induces IFNAR-independent CD69
expression among B cells but not T cells
Type I IFNs may be produced at the site of inflammation and reach the dLN via afferent
lymphatics or they may be produced by cells within the lymph node. To determine whether
type I interferon-driven CD69 upregulation can occur independent of the site of inflammation,
cell suspensions generated from the non-draining LNs of wild-type and IFNAR-deficient mice
were stimulated with 7.5 x 107 killed E. coli (KEC) for 5.5 hours and CD69 expression was
subsequently assessed using flow cytometry. This experiment demonstrated that lymphocytes
within wild-type lymph node cell suspensions exhibited significantly greater CD69 expression
than lymphocytes within IFNAR-deficient cell suspensions (Figure 6.8A-D). However, the B cells
present in IFNAR-deficient lymph node cell suspensions also exhibited substantial CD69
upregulation, whilst IFNAR-deficient T cells exhibit no increase in CD69 expression (Figure
6.8A-D). Very similar results were observed following in vitro stimulation of splenocyte cell
suspensions with KEC (Figure 6.8E-G). This demonstrates that (1) KEC induces the production
of type I IFNs by lymph node cells and thereby upregulates CD69 on B cells and T cells in an
IFNAR-dependent manner and (2) that KEC can drive significant CD69 expression independent
of type I IFNs on B cells but not T cells.
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Figure 6.8: In vitro stimulation with KEC induces interferon α/β Receptor (IFNAR) dependent and
independent CD69 expression
Cell suspensions generated from the non-draining (CTRL) lymph nodes and spleens of wild-type and
IFNAR-deficient (KO) mice were subjected to 5.5 hours of in vitro stimulation with 7.5. x 107 killed E.
coli (KEC). (A) Representative flow cytometry histograms comparing the expression of CD69 by KECstimulated wild-type (WT) and IFNAR-deficient (KO) B cells, CD4 T cells and CD8 T cells. (B) The
percentage of wild-type (WT) and IFNAR-deficient (KO) CD69+ve B cells following in vitro stimulation
with KEC. (C) The CD69 MFI of CD69+ve B cells following in vitro stimulation with KEC. (D) The
percentage of wild-type (WT) and IFNAR-deficient (KO) CD69+ve CD4 T cells and CD8 T cells following
in vitro stimulation with KEC. (E-G) Same as (B-D) but using spleen cell suspensions. Sample sizes: n =
6 x WT LN cell suspensions, 6 x KO LN cell suspensions, 6 x WT SPL cell suspensions and 6 x KO SPL
cell suspensions.NC3Rs: 12 mice in total. CTRL: contralateral and inguinal LN, IFNAR: interferon αβ
receptor, WT: wild-type, KO: IFNAR-deficient. The Mann Whitney U test was used to determine
statistical significance. **p<0.01, # = p<0.01 relative to respective CTRL LN
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6.3.7 In vitro stimulation with IFNγ induces IFNAR-independent CD69
expression among B cells but not T cells
The IFNAR-independent upregulation of CD69 exhibited by B cells in Figure 6.8 may be driven
by a direct effect of KEC on B cells and/or cytokines produced in response to KEC. IFNγ was
considered a potential IFNAR-independent driver of CD69 expression, as deletion of the IFNγ
receptor has been shown to impair CD69 upregulation in the dLN (278). Figure 6.9
demonstrates that stimulation of lymph node cell suspensions with IFNγ induces the
upregulation of CD69 on wild-type T cells and B cells. IFNγ also induced upregulation of CD69
on IFNAR-deficient B cells, although this was less marked than the CD69 upregulation observed
among wild-type B cells (Figure 6.9A and B), which suggests that IFNγ induces the production
of type I IFNs. IFNAR-deficient T cells exhibited no increase in CD69 expression following
stimulation with IFNγ (Figure 6.9B). Very similar results were observed following in vitro
stimulation of splenocyte cell suspensions with IFNγ (Figure 6.9C). These results demonstrate
that (1) IFNγ can drive the production of type I IFNs in lymph node and spleen cell suspensions
and (2) that IFNγ elicits IFNAR-independent expression of CD69 on B cells but not T cells.
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Figure 6.9: In vitro stimulation with IFNγ induces interferon α/β receptor (IFNAR) dependent and
independent CD69 expression
Cell suspensions generated from the non-draining lymph nodes and spleens of wild-type and
IFNAR-deficient (KO) mice were subjected to 5.5 hours of in vitro stimulation with 20ng/ml IFNγ. (A)
Representative flow cytometry histograms comparing the expression of CD69 by IFNγ-stimulated
wild-type (WT) and IFNAR-deficient (KO) B cells, CD4 T cells and CD8 T cells. (B) The percentage of
wild-type (WT) and IFNAR-deficient (KO) CD69+ve B cells, CD4 T cells and CD8 T cells following in
vitro stimulation of lymph node cell suspensions with IFNγ. (C) The percentage of wild-type (WT)
and IFNAR-deficient (KO) CD69+ve B cells, CD4 T cells and CD8 T cells following in vitro stimulation
of spleen cell suspensions with IFNγ. Sample sizes: n = 4 x WT LN cell suspensions, 3 x KO LN cell
suspensions, 4 x WT SPL cell suspensions and 4 x KO SPL cell suspensions. NC3Rs: 8 mice in total.
IFNγ: interferon-gamma, IFNAR: interferon αβ receptor, WT: wild-type, KO: IFNAR-deficient. The
Mann Whitney U test was used to determine statistical significance. *p<0.05, # = p<0.01 relative to
respective unstimulated cells. N.B. due to insufficient cell yield, IFNγ stimulation of lymph node
cells could only be performed for 3 of the 4 IFNAR-deficient mice – hence the lack of statistical
analysis for this condition in (B).
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6.3.8 In vitro re-stimulation of cell suspensions generated from KECdraining lymph nodes with KEC induces IFNAR-independent CD69
expression by T cells
Figures 6.8 and 6.9 demonstrate that B cells exhibit IFNAR-independent upregulation of CD69
following in vitro stimulation with either KEC or IFNγ, whilst T cells do not. This pattern of CD69
expression is also observed in vivo in the KEC-draining LNs of IFNAR-deficient mice (Figure 6.5).
These findings suggest that type I IFNs are non-redundant for CD69 expression on T cells.
Figures 6.10A and 6.10B refute this hypothesis, as it depicts IFNAR-independent expression of
CD69 on CD4 (Figure 6.10A) and CD8 (Figure 6.10B) T cells following re-stimulation of cell
suspensions generated from 12-hour KEC-draining LNs with KEC in vitro. Notably, this IFNARindependent CD69 expression was more pronounced on CD8 T cells relative to CD4 T cells
(Figure 6.10C). These findings demonstrate that whilst T cells are resistant to IFNARindependent CD69 expression relative to B cells, this resistance is not absolute and can be
overcome through repeated stimulation.

Figure 6.10: Re-stimulation of KEC-draining lymph node cells with KEC in vitro induces IFNAR-independent
CD69 expression by T cells
Cell suspensions generated from the draining lymph nodes of wild-type and IFNAR-deficient (KO) mice 12
hours following injection of KEC were subjected to 5.5 hours of in vitro stimulation with 7.5. x 107 killed E.
coli (KEC). (A-B) The effect of in vitro KEC stimulation upon the percentage of CD69+ve (A) CD4 and (B) CD8 T
cells within draining lymph node cell suspensions derived from wild-type and IFNAR deficient mice. (C) A
paired analysis of the percentage of CD69+ve CD4 T cells and CD8 T cells within the same lymph node cell
suspension. Sample sizes: n = 5 x WT 12hr draining LN cell suspensions and 6 x IFNAR-deficient 12hr draining
LN cell suspensions. NC3Rs: 11 mice in total. KEC: killed E. coli, IFNAR: interferon αβ receptor, WT: wild-type,
KO: IFNAR-deficient. (A and B) The Mann Whitney U test was used to determine statistical significance. (C)
The Wilcoxon matched pairs test was used to determine statistical significance. **p<0.01, * p<0.05 .
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6.3.9 The extent to which in vitro stimulation with KEC induces CD69 on T
cells is positively correlated with the percentage of monocytes in the
cell suspension
Initial experiments in which cell suspensions were stimulated with KEC in vitro demonstrated
that T cells within spleen cell suspensions exhibited greater CD69 expression than T cells within
lymph node cell suspensions (Figure 6.11A). However, this difference was not observed upon
repetition of these experiments, with T cells from both lymph node and spleen cell
suspensions exhibiting similar upregulation of CD69 (Figure 6.11B). Closer examination of
these data revealed a significant difference in the percentage of monocytes within the lymph
node cell suspensions stimulated in these two sets of experiments (Figure 6.11C). As
monocytes are present in spleen cell suspensions, these findings suggest that monocytes drive
upregulation of CD69 on T cells. This hypothesis is supported by an analysis of this dataset
demonstrating a strong positive correlation between the percentage of monocytes present
within the cell suspension prior to stimulation and the percentage of CD69 +ve T cells following
stimulation (Figure 6.11D-F). Moreover, there is a marked temporal overlap between the
infiltration of monocytes and the upregulation of CD69 on T cells within the KEC-draining LN
(Supplementary Figure 6.16C). Further research is therefore warranted to establish whether
these correlations reflect a causal relationship and thus whether infiltrating monocytes induce
CD69 expression in the KEC-draining LN.
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Figure 6.11: In vitro stimulation reveals a positive correlation between monocyte frequency and the
percentage of CD69+ve T cells in a lymph node or spleen cell suspension
Two separate experiments were performed in which cell suspensions generated from non-draining lymph
nodes and spleens were stimulated in vitro with KEC for a period of 5.5 hours. (A-B) CD69 expression of
CD4 T cells and CD8 T cells within these cell suspensions in (A) experiment 1 and (B) experiment 2. (C) The
percentage of monocytes in the lymph node cell suspensions stimulated in experiments 1 and 2. (D-E)
Analyses of the correlation between the percentage of monocytes prior to stimulation and the
percentage of CD69+ve T cells following stimulation of (D) lymph node and (E) spleen cell suspensions with
KEC in experiments 1 and 2. (F) Combined analysis of the date presented in (D-E). Sample sizes: (A) n = 5 x
non-draining LN cell suspensions, 4 x spleen cell suspensions. (B) n = 6 x non-draining LN cell suspensions,
6 x spleen cell suspensions. (C-F) Data combined from (A-B) i.e. n = 11 x non-draining LN cell suspensions,
10 x spleen cell suspensions. NC3Rs: 12 mice in total. LN: lymph node, SPL: spleen, KEC: killed E. coli. (A –
C) The Mann Whitney U test was used to determine statistical significance, **p<0.01, * p<0.05, # =
p<0.05 relative to unstimulated. (D-F) Correlation values and significance were determined by the
Pearson correlation coefficient.
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6.3.10 Type I interferons impair the chemotaxis of T cells to sphingosine-1phosphate (S1P) but B cells do not respond to this chemokine
Type I IFNs are known to impair sphingosine-1-phosphate (S1P) chemotaxis through the
upregulation of CD69, which binds and internalises the S1P receptor S1PR1 from the
lymphocyte cell surface (342,626). It was therefore hypothesised that the increased expression
of CD69 exhibited by B cells following stimulation with type I IFNs would translate into a
greater reduction in S1P chemotaxis among B cells relative to T cells. To test this hypothesis,
steady state lymph node cell suspensions were exposed to an S1P concentration gradient in
vitro through a transwell migration assay (depicted in Figures 6.12A and 6.12B). Consistent
with a previous study conducted by Sensken et al (400), the presence of 10nM S1P in the
bottom chamber of the transwell drove the transmigration of approximately 60,000 T cells
from the starting population of 2 x 106 lymph node cells seeded in the top chamber of the
transwell (Figure 6.12C). Moreover, pre-stimulation of lymph node cells with 10,000 units/ml
IFNβ significantly reduced the number of T cells that transmigrated into the bottom chamber
(Figure 6.12C). In contrast, the presence of 10nM S1P in the bottom chamber did not elicit any
increase in the number of B cells in the bottom chamber (Figure 6.12C). Moreover, B cell
migration was not observed at any concentration of S1P tested (1-20nM, see Supplementary
Figure 6.17A). However, B cells were capable of migration towards the chemoattractant
CXCL12, demonstrating that they did not exhibit a general defect in chemotaxis (Figure 6.12C).
In order to determine whether lymphocytes in the dLN exhibit impaired S1P chemotaxis, cell
suspensions generated from 19-hour and 24-hour KEC-draining LNs were subjected to this in
vitro S1P chemotaxis assay. This experiment demonstrated that T cells from non-draining and
draining LNs transmigrate to a similar extent, whilst B cells exhibit no transmigration (Figure
6.12D). The defect in B cell S1P chemotaxis precluded testing of the hypothesis that
differential CD69 expression by T and B cells engenders differential chemotaxis towards S1P.
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Figure 6.12: Type I interferons impair the chemotaxis of T cells to sphingosine-1-phosphate (S1P)
Lymphocyte chemotaxis to S1P was assessed in vitro using a transwell migration assay. (A) Diagram of
transwell system. (B) Representative flow cytometry dot plots demonstrating the cellular composition of
the bottom chamber of the transwell following exposure to different chemotactic stimuli. (C) The
number of T cells (left) and B cells (right) from non-draining lymph node cell suspensions that migrate
into the bottom chamber of the transwell in response to S1P and CXCL12. Non-draining lymph node cell
suspensions were incubated for 4 hours in vitro in the presence or absence of 10,000 units/ml IFNβ prior
to chemotaxis. (D) The number of T cells (left) and B cells (right) from CTRL or 19hr-24hr KEC-draining
lymph node cell suspensions that migrate into the bottom chamber of the transwell in response to S1P
and CXCL12. Sample sizes: (C) n = 6 x non-draining lymph node cell suspensions divided and subjected to
different chemotactic conditions (n =2 for CXCL12 positive controls). (D) n = 8 x draining lymph node cell
suspensions (4 x 24hr LN and 4 x 19hr LN) divided and subjected to different chemotactic conditions (n =
2 for CXCL12 positive controls). NC3Rs: 14 mice in total. LN: lymph node, KEC: killed E. coli, S1P:
sphingosine-1-phosphate, CTRL: non-draining LN cells (contralateral or inguinal LN), Ipsi: ipsilateral lymph
node cells. The Mann Whitney U test was used to determine statistical significance, **p<0.01.
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6.3.11 CD69+ve T cells exhibit impaired S1P chemotaxis relative to CD69 -ve T
cells
Because CD69 is known to impair S1P chemotaxis (342,626), one would expect that S1P
induces the selective migration of CD69-ve lymphocytes in a transwell migration assay. Flow
cytometry was therefore used to determine the proportions of CD69 +ve cells in the top and
bottom chambers of the transwell following S1P chemotaxis. This revealed that the percentage
of CD69+ve T cells was lower in the bottom chamber relative to the top chamber in all contexts
in which S1P chemotaxis was assessed (Figure 6.13A, B, D, E, F, H, I). This includes T cells
among unstimulated and IFNβ-stimulated non-draining LN cell suspensions (Figure 6.13D-E) as
well as T cells within 24-hour KEC-draining LN cell suspensions (Figure 6.13H). Indeed, CD69+ve
T cells harvested from the 24-hour KEC-draining LN exhibited the largest defect in
transmigration relative to their CD69-ve counterparts. (Figure 6.13H). This demonstrates that
S1P preferentially induces the chemotaxis of CD69 -ve T cells relative to CD69+ve T cells in a
transwell migration. That this effect is specific to S1P is suggested by the unimpaired CXCL12
chemotaxis exhibited by CD69+ve T cells (Figures 6.13F and I). The fact that S1P-dependent
chemotaxis of CD4 and CD8 T cells was not investigated in this study represents a missed
opportunity. This resulted from the fact that the differential CD69 expression exhibited by CD4
and CD8 T cells in the KEC-draining LN was not appreciated at the time of these experiments.
Overall, these findings demonstrate that CD69 expression limits the chemotaxis of T cells to
S1P and that this is especially true of CD69+ve T cells in the KEC-draining LN.
A notable but separate finding was that the percentage of CD69 +ve T cells and B cells is
increased among the small numbers of T cells that transmigrate into the bottom chamber in
the absence of any chemotactic stimulus (Figures 6.13C and G). This chemokine-independent
migration suggests that CD69+ve T cells exhibit a higher degree of random motility relative to
CD69-ve T cells.
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Figure 6.13: CD69+ve T cells exhibit impaired S1P chemotaxis
(A-B) Representative flow cytometry plots illustrating the CD69+ve T cell populations in the top and
bottom chambers of a transwell after (A) non-draining lymph node and (B) draining lymph node cell
suspensions are subjected to S1P chemotaxis. (C-F) Graphs illustrating the difference in CD69 expression
in the top and bottom chambers of transwells following exposure of non-draining lymph node cell
suspensions to (C) no chemokine, (D) S1P, (E) S1P after IFNβ stimulation and (F) CXCL12. (G-I) Graphs
illustrating the difference in CD69 expression in the top and bottom chambers of transwells following
exposure of draining lymph node cell suspensions to (G) no chemokine, (H) S1P and (I) CXCL12. Sample
sizes: (C-F) n = 6 x non-draining lymph node cell suspensions divided and subjected to different
chemotactic conditions (n =2 for CXCL12 positive controls). (G-I) n = 8 x draining lymph node cell
suspensions (4 x 24hr LN and 4 x 19hr LN) divided and subjected to different chemotactic conditions (n =
2 for CXCL12 positive controls). NC3Rs: 14 mice in total. LN: lymph node, KEC: killed E. coli, S1P:
sphingosine-1-phosphate. The Wilcoxon matched pairs test was used to test for statistical significance.
*p<0.05, **p<0.01 Top>Bottom, # p<0.05 Bottom > Top.
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6.3.12 B cells accumulate in the KEC-draining lymph node to a greater extent
than T cells
The skin injection of KEC into the murine earflap rapidly and substantially increases the
cellularity of the draining superficial parotid lymph node (Figure 6.14A, see also Supplementary
Figure 3.11C of Chapter 3). The rate of lymphocyte egress is one of the parameters that
determine lymphocyte accumulation in the dLN. Thus, the hypothesis that the differential
CD69 expression exhibited by lymphocyte subsets (B cells > CD8 T cells > CD4 T cells)
determines differential lymph node egress rates predicts that lymphocyte subsets should
differentially accumulate in the dLN. It is therefore notable that the B cells accumulate to a
greater extent than T cells in the KEC-draining LN (Figure 6.14B-D). Indeed, whilst the ratio of B
cells to T cells <1:1 in non-draining LNs, this ratio is significantly increased to >1:1 in the dLN 48
hours following injection of KEC (Figure 6.14D). These findings are therefore consistent with an
increased retention of B cells owing to their increased expression of CD69. However, it is also
notable that the dLNs of IFNAR-deficient mice accumulate lymphocytes to the same extent as
the dLNs of wild-type mice during the first 12 hours following injection of KEC (Figure 6.14E).
Moreover, no enrichment of B cells is observed in either wild-type or IFNAR-deficient dLNs
during this time period (Figure 6.14F-G). These data suggest that if CD69 drives the preferential
retention of B cells in the KEC-draining LN then the consequent B cell enrichment manifests
itself between 12- and 48-hours following injection.
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Figure 6.14: Lymphocytes exhibit differential accumulation in the draining lymph node
(A) Live cell counts of draining lymph nodes harvested 2-48 hours following skin injection of KEC. (B)
Representative flow cytometry plots illustrating the proportions of B and T Cells in CTRL and 48hr
KEC-draining lymph nodes. (C-D) The (C) percentage of B cells and T cells and (D) the ratio of B cells
to T cells in 2-48-hour KEC-draining lymph nodes. (F-G) The (F) percentage of B cells and T cells and
(G) the ratio of B cells to T cells in the 12hr KEC-draining lymph nodes of wild-type and IFNARdeficient mice. Sample sizes: (A-D) n = 4 x CTRL LN, 9 x contralateral LN, 4 x 2hr ipsi LN, 4 x 6hr ipsi
LN, 4 x 24hr ipsi LN, 4 x 48hr ipsi LN. (E-G) n = 15 x WT contra LN, 15 x KO contra LN, 5 x WT 6hr LN,
6 x KO 6hr LN, 5 x WT 12hr LN and 6 x KO 12hr LN. NC3Rs: n = 44 mice in total. LN: lymph node, Ipsi:
ipsilateral, CTRL: control, Con/ Contra: contralateral, KO: IFNAR-deficient, WT: wild-type. The Mann
Whitney U test was used to determine statistical significance, *p<0.05, **p<0.01 relative to CTRL or
contra LN, # = p<0.01 relative to respective contra LN
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Supplementary Figure 6.15: Measurement of CD69 expression on B and T cells by median fluorescence
intensity (MFI).
Replication of Figure 6.3 but with CD69 expression measured by MFI as opposed to percentage of cells
deemed positive. Figures A-F each consist of two graphs representing two different analyses of the same
data. The left graph compares CD69 expression between T and B cells in draining and non-draining lymph
nodes, whilst the right graph compares CD69 expression between T and B cells within the same lymph
node. (A-F) Portrays this data for lymphocytes in the draining lymph node (A) 2, (B) 3, (C) 6, (D) 12, (E) 24
and (F) 48 hours following injection of KEC. (G) A summation of the data presented in (A-F). Sample sizes:
n = 57 x CTRL LN, 4 x 2hr LN, 4 x 3hr LN, 18 x 6hr LN, 15 x 12hr LN, 8 x 24hr LN and 4 x 48hr LN. NC3Rs: 63
mice in total. LN: lymph node, Ipsi: ipsilateral, CTRL: control and contralateral, MFI: median fluorescence
intensity. The Mann Whitney U test and the Wilcoxon matched pairs test were used to test for statistical
significance in unpaired (left graphs) and paired (right graphs) analyses respectively *p<0.05, **p<0.01,
****p<0.0001. (G) error bars = standard deviation.
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Supplementary Figure 6.16: The infiltration of monocytes is temporally associated with the upregulation of
CD69 by T cells within the KEC-draining lymph node
(A) Graphs that plot the percentage of monocytes against the percentage of CD69+ve T cells in draining lymph
nodes 2-48 hours following injection of KEC. (B) Summation of all the data presented in (A). (C) Alternative
presentation of the data presented in (A), illustrating the percentage of monocytes and the percentage of CD69 +ve
B cells (left) and CD69+ve T cells (right) in the draining lymph node over time. Sample sizes: n = 12 x CTRL LN, 4 x
2hr LN, 4 x 3hr LN, 11 x 6hr LN, 15 x 12hr LN, 8 x 24hr LN and 4 x 48hr LN. NC3Rs: 50 mice in total. LN: lymph
node, CTRL: control and contralateral LN. Correlation values and significance were determined by the Pearson
correlation coefficient. N.B. Data presented in this figure are combined from numerous experiments described in
other parts of this thesis.
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Supplementary Figure 6.17: The effects of sphingosine-1-phosphate concentration and in vitro preincubation on lymphocyte chemotaxis
(A) The number of lymph node T cells (left) and B cells (right) that transmigrate into the bottom
chamber of the transwell in response to 1-20nM S1P and 300ng/ml CXCL12. (B) The number of lymph
node T cells (left) and B cells (right) that transmigrate into the bottom chamber of the transwell in
response to 10nM S1P following 0, 2 or 4 hours of prior incubation. Sample sizes: (A) n = 14 x LN cell
suspensions divided and cultured in the presence of 0nM S1P (n = 12), 1nM S1P (n = 2), 5nM S1P (n=2),
10nM S1P (n =14), 20nM S1P (n =1) or 300ng/ml CXCL12. (B) n = 16 x LN cell suspensions divided and
cultured in the presence of 0nM or 10nM S1P following 0hr (n = 2), 2hr (n = 10) or 4 hours (n = 4) of
prior incubation. NC3Rs: 14 mice in total. S1P: sphingosine-1-phosphate, hr: hour. The Mann Whitney
U test was used to test for statistical significance, *p<0.05, ***p<0.001.
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Supplementary Figure 6.18: The expression of interferon-stimulated genes (ISGs) by B and T
cells relative to four different reference genes
These data relate to Figure 6.7. Expression of the genes encoding CD69, IFIT1, IFIT2 and IFIT3 by
T cells and B cells isolated by FACS from the draining lymph node 12 hours following injection
of KEC. The expression of these genes relative to the following references genes (A) Ppia, (B)
Hprt, (C) Actb, (D) B2m. Sample sizes: n = 3 x CTRL LN T cell samples, 3 x CTRL LN B cell
samples, 3 x 12hr LN T cell samples and 3 x 12hr LN B cell samples. NCR3s: 9 mice in total. Each
data point represents draining or non-draining (CTRL) lymph node cells pooled from 2-4 mice.
LN: lymph node, CTRL: control or contralateral, T: T cells, B: B cells, KEC: killed E. coli. No
statistical analysis was performed as n= 3 is insufficient to demonstrate significance using the
Mann Whitney U test.
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Figure 6.19: Flow cytometry of permeabilised lymphocytes does not reveal an intracellular store of
CD69
Flow cytometry of permeabilised lymph node cells was used to compare the intracellular and
extracellular expression of CD69. Extracellular CD69 expression refers to cells stained with an antiCD69 antibody prior to permeabilization, whereas intracellular CD69 expression refers to cells stained
an anti-CD69 antibody following permeabilization. (A) Representative flow cytometry histograms
comparing the extracellular and intracellular expression of CD69 exhibited by B cells and T cells. (B)
The percentage of CD69+ve B and T cells following extracellular (non-perm) and intracellular staining
(perm) with an anti-CD69 antibody. (C) The median fluorescence intensity of CD69 on B and T cells
following extracellular and intracellular staining with an anti-CD69 antibody. Perm = permeabilised.
Sample size: n = 2 x LN cell suspensions.

250

6.4 Discussion
The data presented in this chapter demonstrate that the acute expression of CD69 observed in
the KEC-draining LN is predominantly driven by type I IFNs (Figure 6.5). Moreover, these data
also demonstrate that IFNγ and KEC can upregulate CD69 on lymphocytes independent of the
interferon α/β receptor (IFNAR) (Figures 6.8 – 6.10). Further still, this chapter clearly
demonstrates that B cells, CD4 T cells and CD8 T cells intrinsically differ in their regulation of
CD69 expression. Indeed, the fact that both IFNAR-dependent and IFNAR-independent CD69
expression is greater among B cells relative to CD8 and CD4 T cells is the major novel finding of
this chapter and it strongly suggests that B cells preferentially upregulate CD69 in the context
of inflammation. Unfortunately, attempts to determine whether or not this differential CD69
expression translated to differences in S1P chemotaxis were inconclusive (Figures 6.12 and
6.13). Nevertheless, these findings entail important implications for the recirculation of
different lymphocyte subsets through the dLN in the context of acute inflammation and these
are discussed in the following sections.

6.4.1 IFNAR-dependent mechanisms of CD69 expression
This chapter demonstrates that type I IFNs are the major driver of CD69 in KEC-draining LN.
This is similar to previous studies, which have demonstrated that the TLR3 ligand poly IC, the
TLR-4 ligand GLA-SE, the TLR9 ligand CpG-rich DNA and influenza infection also drive CD69
expression in the dLN in a largely type I IFN dependent manner (278,401,452,453). In order to
elicit the production of type I IFNs, KEC must be recognised by pattern recognition receptors
(PRRs). KEC likely stimulates multiple PRRs and the relative importance of each would be best
determined by the injection of KEC into mice deficient for different PRRs. Toll-like receptor 4
(TLR4) is likely to be important, as lipopolysaccharide is a major component of the outer
membrane of the E. coli cell wall and the TLR4 agonist GLA has been previously shown to elicit
type I interferon-dependent CD69 expression in the dLN (278). The same is true of TLR9 ligands
(453,658,659) and it is feasible that DNA released from E. coli bacteria lysed during the process

of killing would agonise TLR9. The stimulation of PRRs could directly induce the production of
type I IFNs or trigger the production of cytokines that then induce CD69 expression. The fact
that IFNγ-driven expression of CD69 is partially dependent on IFNAR is evidence of the latter
pathway. This is significant, as it suggests that IFNγ produced by NK cells within the KECdraining LN (Figure 5.9, Chapter 5) may indirectly induce CD69 expression by potentiating the
production of type I IFNs. Also notable is the strong positive correlation between monocytes
and T cell CD69 expression in the context of in vitro stimulation with KEC (Figure 6.11). This
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correlation suggests that monocytes are a source of either type I IFNs or another CD69inducing cytokine in the dLN. Monocytes are unlikely to be the initial driver of CD69 expression
in the KEC-draining LN as CD69 expression precedes their arrival into the dLN (Supplementary
Figure 6.16C). However, the temporal association between monocyte infiltration and CD69
expression in the KEC-draining LN (Supplementary Figure 6.16C) suggests that monocytes may
promote and maintain CD69 expression. This could be determined by profiling the expression
of CD69 following the injection of KEC into mice genetically or pharmacologically rendered
monocyte-deficient34. If this were shown, then the mechanism by which monocytes elicit T cell
CD69 expression could be determined by the co-culture of purified populations of wild-type or
IFNAR-deficient monocytes with T cells in the presence of KEC.

6.4.2 IFNAR-independent mechanisms of CD69 expression
This chapter also identifies IFNAR-independent mechanisms of CD69 expression in the context
of lymph node inflammation. In vivo, this was demonstrated by the small but significant
increase in the percentage of CD69+ve B cells observed in dLNs of IFNAR-deficient mice (Figure
6.5A). In vitro experiments demonstrated that stimulation with either KEC or IFNγ elicits
substantial IFNAR-independent upregulation of CD69 by B cells (Figures 6.8 and 6.9). The
IFNAR-independent effect of KEC is particularly striking and could be a direct response of B
cells to the bacteria, as LPS has been shown to induce CD69 expression on purified populations
of B cells in a TLR4-dependent manner (656). The much smaller increase in IFNAR-dependent
B cell CD69 expression observed in vivo could reflect poor access of KEC bacilli in the lymphatic
sinuses to B cells within follicles. Indeed, in this context, the small increase in CD69+ve B cells
could represent B cells underlying the subcapsular sinus that receive KEC bacteria from
overlying macrophages (160,174).
It is notable that IFNAR-independent CD69 expression was not observed on T cells following
stimulation of non-draining LN or spleen cell suspensions with KEC and IFNγ (Figures 6.8 and
6.9) but was observed following KEC stimulation of cell suspensions generated from 12-hour
KEC-draining LNs (Figure 6.10). The fact that CD69 expression was induced on 10-20% of T cells
in these cultures strongly suggests that this does not reflect T cell receptor-driven CD69
expression. Rather, it suggests that IFNAR-deficient dLN cell suspensions produce a cytokine
that can induce CD69 expression independent of IFNAR. IL-18 is a good candidate as IL-18
receptor deficient mice exhibit impaired T cell CD69 expression (278) and IL-18 can induce
CD69 expression on purified populations of CD8 T cells (669). Moreover, IL-18 may contribute

34

By either genetic or pharmacological means
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to IFNAR-dependent CD69 expression, as type I IFNs have been shown to be necessary for the
production of IL-18 by monocytes (466). These data, combined with the increased expression
of inflammasome-associated genes exhibited by monocytes (Figure 5.7, Chapter 5) and the
positive correlation between monocytes and CD69 expression in vitro (Figure 6.11) suggests
that interferon-stimulated monocytes may promote CD69 expression in the dLN via the
production of IL-18.

6.4.3 Differential regulation of CD69 expression by lymphocyte subsets
The major finding of this chapter is the profound difference in CD69 expression exhibited by B
cells, CD8 T cells and CD4 T cells (B cells > CD8 T cells > CD4 T cells). There is some precedent
for this differential pattern of expression following in vitro stimulation of splenocytes with
insect DNA or CpG DNA (B cells > CD8 T cells > CD4 T cells) (453) and in the dLN following
injection of poly IC or infection with influenza (B cells > T cells) (84,641). This chapter builds
upon these prior findings by (1) characterising the temporal profile of this differential CD69
expression in vitro and in vivo and (2) demonstrating that this pattern of CD69 expression is a
remarkably conserved feature among lymphocytes in the context of inflammation. Indeed, this
chapter demonstrates that this differential CD69 expression is observed following both in vivo
and in vitro stimulation with KEC or IFNβ and is induced by both IFNAR-dependent and IFNARindependent drivers of CD69 expression. It is thus pertinent to question how lymphocyte
subsets differentially regulate CD69 expression.
The differential CD69 expression observed could be explained by lymphocyte subsets
exhibiting differing levels of sensitivity to CD69-inducing stimuli. This theory predicts B cells are
better able to detect and respond to the inflammatory stimuli used in this chapter, namely
type I IFNs, IFNγ and KEC. B cells could exhibit such an increase in sensitivity by increased
expression of receptors for these inflammatory stimuli relative to T cells or by differences in
intracellular signalling upon receptor agonism. Similar differences in receptor expression
and/or signalling would also have to be observed between CD4 and CD8 T cells according to
this theory. No direct evidence of differences in the expression of the receptors for type I IFNs,
IFNγ or the likely KEC PRRs, TLR4 and TLR9, could be found upon a literature search. In
addition, the theory that B cells are more sensitive to type I IFNs than T cells is undermined by
the fact that B cells did not exhibit an overall increase in ISG expression relative to T cells in the
KEC-draining LN (Figure 6.7). This suggests that cell-intrinsic differences in the transcriptional
or post-transcriptional regulation of CD69 are responsible for its differential expression by B
cells, CD4 T cells and CD8 T cells in response to type I IFNs.
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As described in the introduction, the gene encoding CD69 is rapidly transcribed upon
lymphocyte activation and harbours numerous regulatory elements. That CD69 transcription is
differentially regulated in T and B cells is suggested by the fact that specific regulatory regions
of the CD69 gene have been shown to differentially regulate the expression of a reporter gene
in T cells and B cells (646). Moreover, the CD69 gene harbours different epigenetic
modifications in B cells and T cells (646). It is thus plausible that increased transcription of
CD69 in B cells relative to T cells underlies the differential CD69 expression demonstrated by
flow cytometry in this thesis. However, this theory is somewhat undermined by fact that T and
B cells isolated from the 12-hour KEC-draining LN express similar amounts of CD69 mRNA
(Figure 6.7D and Supplementary Figure 6.18). Further work is therefore required to establish
whether or not CD69 is differentially transcribed by different lymphocyte subsets. Firstly, a
transcription inhibitor such as actinomycin D would determine whether CD69 transcription is
required for the increased CD69 expression observed following in vitro stimulation with type I
IFNs. This finding would exclude a role for putative intracellular stores of CD69 (677), which
could not be demonstrated using flow cytometry of permeabilised lymphocytes
(Supplementary Figure 6.19). Secondly, a qRT-PCR time course of CD69 expression following
stimulation of purified populations of B cells, CD4 T cells and CD8 T cells would be informative.
This is because CD69 transcription has been shown to be both rapid and transient (671,674)
and any difference in CD69 mRNA may only be evident at the peak of transcription. If this was
shown then it would strongly suggest that transcription is the primary driver of differential
CD69 expression exhibited by lymphocyte subsets, although it would not exclude a role for
post-transcriptional mechanisms of regulation. Further research is also required to identify the
mechanisms through which type I IFNs increase CD69 expression. Indeed, despite the
multitude of regulatory elements present in the CD69 gene, only one is directly associated with
type I IFNs (an IRF4 binding site located in intron 1 (668)) and its relative importance in CD69
regulation is unknown.
In summary, the expression of CD69 is clearly a highly regulated process. This chapter
highlights the fact that CD69 is differentially expressed by different lymphocyte subsets with B
in particular intrinsically primed to rapidly upregulate CD69. Further experiments are required
to determine the mechanisms that underpin this differential pattern of CD69 expression.
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6.4.4 Regulation of lymphocyte sphingosine-1-phosphate (S1P) chemotaxis
by CD69
CD69 is known to limit the S1P-dependent egress of lymphocytes from the lymph node
parenchyma into efferent lymph. It was thus hypothesised that due to their increased CD69
expression, interferon-stimulated B cells would exhibit a greater impairment in S1P chemotaxis
relative to T cells. Unfortunately, attempts to test this hypothesis using an in vitro S1P
chemotaxis assay failed, as B cell S1P chemotaxis could not be elicited. This discussion will first
address the potential reasons for this unexpected finding before further discussing evidence
supporting this hypothesis and its biological implications.

6.4.5 Analysis of the impaired S1P chemotaxis exhibited by B cells
The impaired B cell migration to S1P described in Figure 6.12 was an unexpected finding. This
is because several studies have previously shown that B cells exhibit S1P chemotaxis in the
same model system (107,146,342,400). Indeed, there is no clear methodological reason to
explain the observed defect in B cell S1P chemotaxis (Table 6.1)35. The fact that B cells exhibit
robust CXCL12 chemotaxis shows that they do not harbour any general chemotactic defect
(Figure 6.12). Moreover, the S1P chemotaxis exhibited by T cells within the same cell
suspension demonstrates that S1P was an active chemoattractant in this model system (Figure
6.12). It is thus unclear why B cells did not migrate to S1P in these experiments.
No previous studies have reported that B cells are incapable of S1P chemotaxis as
demonstrated in Figure 6.12. However, close examination of prior studies reveals that B cells
do exhibit decreased S1P chemotaxis relative to T cells, although this difference is not
commented upon (148,342,400). Moreover, there is precedent for differential S1P migration
among other lymphocyte subsets; namely between CD4 and CD8 T cells (126) and between
follicular and marginal zone B cells (146,695). It is therefore possible that the lack of B cell S1P
chemotaxis observed in this thesis may reflect a true difference in T cell and B cell S1P
sensitivity. If this is the case, then any factor that impairs S1P chemotaxis could ablate B cell
chemotaxis but preserve T cell chemotaxis. Counterintuitively, S1P itself is the most likely
cause of such an impairment in S1P chemotaxis. This is because S1P induces the internalisation
and degradation of its receptor S1P1, rendering lymphocytes unresponsive to further
stimulation with S1P (148,152). Indeed, such agonist-induced desensitisation is one of the

35

In addition, this finding was discussed by email with Professor Mehrdad Matloubian and Dr Joao
Pereira (who have both published work on S1P-driven lymphocyte chemotaxis) and they were also
unable to account for this finding.
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mechanisms of action of the novel immunomodulatory agent fingolimod (151,696). Crucially,
Sensken et al (400) demonstrated that freshly isolated lymph node cells exhibit impaired S1P
chemotaxis because of their prior exposure to S1P in the lymph node microenvironment.
Indeed, the incubation of isolated lymph node lymphocytes in S1P-deprived medium for 1-3
hours prior to chemotaxis increased their subsequent migration, a finding that is replicated in
Supplementary Figure 6.17. Even though the lymphocytes described in Figures 6.12 were
incubated for 2-4 hours in S1P-deprived medium prior to chemotaxis, the lack of B cell
migration observed may nevertheless be due to prior exposure to contaminating S1P from the
lymph node microenvironment.
This discussion therefore suggests number of methods through which B cell S1P chemotaxis
could be restored. This includes increased washing of lymph node cell suspensions to remove
contaminating S1P36 and longer incubation of lymph node cell suspensions prior to chemotaxis
in order to allow more time for B cells to regain sensitivity to S1P. In this regard, analysis of
S1P1 expression on B cells would be informative as a reduction in this would be indicative of
their desensitisation to S1P (148,152). If S1P chemotaxis were recovered using these measures
then this would facilitate testing of the original hypothesis regarding the effect of differential
CD69 expression on S1P chemotaxis. Moreover, the demonstration of a difference in S1P
sensitivity between T and B cells would be a novel finding in itself that could explain the
differences in lymphocyte egress exhibited by T and B cells in the steady state (125).

6.4.6 Implications of differential CD69 expression on lymphocyte egress
from the draining lymph node
The hypothesis that the differential CD69 expression observed in this chapter serves to
differentially regulate lymphocyte egress from the dLN is supported by two pieces of evidence.
Firstly, the preferential accumulation of B cells observed in the KEC-draining LN (Figure 6.14C
and D) is consistent with the increased CD69 expression exhibited by B cells relative to T cells.
Secondly, lymphocyte subsets are known to differ in their rates of egress from lymph nodes in
the steady state (125,126). Strikingly, the pattern of CD69 expression observed in the KECdraining LN (B cells > CD8 T cells > CD4 T cells) mirrors the differences in lymphocyte egress
rate observed in the steady state (CD4 T cells > CD8 T cells > B cells (125,126). It is therefore

36

In this regard, it is notable that lymph node cells were subjected to fewer washes prior to chemotaxis
in this study compared to Sensken et al (400). The concentration of contaminating S1P may therefore be
higher in the chemotaxis assays performed in this thesis.
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reasonable to hypothesise that the differential CD69 expression observed in the KEC-draining
LN serves to reinforce the pattern of lymphocyte egress that exists in the steady state.
This hypothesis requires two key experiments to provide supporting evidence. Firstly, it would
be necessary to quantify the egress rates of different lymphocyte subsets from the KECdraining LN. This could be achieved using the same methods used to determine egress rates in
the steady state (125,126). As per Mandl et al (126), lymphocytes could be adoptively
transferred prior to the induction of lymph node inflammation and their rate of egress
determined by their frequencies in the dLN at different time points following entry blockade.
Surprisingly, no previous studies have determined the egress rates of different lymphocyte
subsets in the context of inflammation and this in itself would be novel research. The relative
importance of CD69 in this context could be then be determined by comparing the egress rates
of adoptively transferred WT and CD69-deficient B cells, CD4 T cells and CD8 T cells from the
KEC-draining LN.
The continual recirculation of lymphocytes between blood and secondary lymphoid organs is
an evolved mechanism that optimises the detection of antigen by the small number of cognate
lymphocytes present at any given time. As CD4+ve T cells, CD8+ve T cells and B cells recognise
antigens in different forms37, it is conceivable that differences in lymph node egress rates
optimise their detection of each of these different forms of antigen. No research has been
undertaken to address this question, despite the known differences in lymphocyte egress rate
in the steady state (125,126). Alternatively, it is possible that differential CD69 expression
serves to bolster the innate barrier function of the dLN. Indeed, CD69 and S1P1 have been
shown to be (659,689–691,697) important regulators of lymphocyte and dendritic cell egress
from inflamed peripheral tissues. Thus, the differential expression of CD69 may act to limit
pathogen dissemination through the preferential accumulation of CD8 T cells and B cells.

6.4.7 Conclusion
The data presented in this chapter comprehensively characterises CD69 expression in the
inflamed dLN and sheds new light on the mechanisms by which CD69 is regulated during
inflammation. Moreover, this chapter highlights a profound difference in CD69 expression
between lymphocyte subsets and explores the effects this has on lymphocyte chemotaxis.
Indeed, the data presented in this chapter proposes a series of novel experiments that would

37

MHC-II: peptide complexes, MHC-I: peptide complexes and intact antigen respectively

257

significantly contribute to the study of lymphocyte recirculation in the steady state and during
inflammation.
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Table 6.1: Comparison of S1P Chemotaxis Methods

Transwell

Chemotaxis Media

Pre-Chemotaxis
Incubation
0hr, 2hr, 4hr

Cells seeded into
top chamber
2 x 106 lymph node
cells in 100μl
volume

Chemotaxi
s Duration
3 hours

S1P
Concentration
1nM, 5nM, 10nM.
20nM

This
Thesis

24-well, polycarbonate
membrane (bare), 5μm pore size,
(Corning, 3421).

Sensken
et al (400)

24-well, polycarbonate
membrane (collagen-coated),
5μm pore size, (Corning).

RPMI 1640, 0.1% w/v fatty-acid free
BSA, 100U/ml penicillin, 100ug/ml
streptomycin, 2mM L-glutamine and
25mM HEPES buffer
RPMI 1640, 0.1% w/v fatty-acid free
BSA, 100U/ml penicillin, 100mg/ml
streptomycin, 2mM L-glutamine and
25mM HEPES buffer

0hr, 1hr, 2hr, 3hr

2 x 106 lymph node
cells in 100μl
volume

4 hours

20nM

Shiow et
al (342)

‘Transwell filter’ (bare), 5μm pore
size, (Corning).

Not stated

0hr - T cells
10hrs - B cells38

Purified T cells and
B cells

3 hours

1nM, 10nM,
100nM, 1μM.

Sinha et al
(146)

24 well, transwell chamber, 5μm
pore size, (Corning).

Not stated

N/A

Isolated B cells

2 hours

24 well plate, 5μm pore size
transwell inserts, (Grenier).

Not stated

N/A

5 x 105 Peritoneal
cells

Not stated

10nM, 25nM.
50nM, 75nM,
100nM
1nM, 10nM, 50nM,
100nM, 1μM.

Kleinwort
et al (695)

38

From text of Shiow et al ‘Although B cells migrate poorly to S1P directly ex vivo, they acquire increased chemotactic responsiveness after several hours in vitro incubation (Fig.
1f)’.
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7 Discussion
7.1 Summary of findings
This thesis seeks to characterise the regulation and function of innate pathways in the draining
lymph node (dLN) following a skin challenge with killed E. coli (KEC). The following key findings
were established in the results chapters (see Figure 7.1 for a diagrammatic representation):
•

Neutrophils and Ly6Chi monocytes rapidly infiltrate into the draining lymph node
following skin challenge with killed E. coli.

•

Infiltrating neutrophils and Ly6Chi monocytes have been identified as major expressers
of various cardinal inflammatory mediators. This includes prostanoid synthases (COX2, mPGES-1, TBXAS) chemokines (CCL2, CXCL9, CXCL10) and inflammasome
components (NLRP3, IL-1β).

•

Type I interferons are rapidly active in the draining lymph node and modulate gene
expression in infiltrating neutrophils and Ly6C hi monocytes as well as lymphocytes

•

Type I interferons are redundant for the infiltration of neutrophils and Ly6C hi
monocytes but are necessary for the production of IFNγ by NK cells in the dLN.

•

Type I Interferons indirectly drive NK cell IFNγ production by inducing the production
of an unidentified mediator, which is likely produced by infiltrating monocytes.

•

Type I interferons drive the differential expression of the activation marker CD69 on
different lymphocyte subsets (in B cells to the greatest extent, followed by CD8 T cells,
then CD4 T cells), which has implications for the recirculation of lymphocytes through
the draining lymph node.

This thesis places a strong emphasis upon characterising the infiltration kinetics and expression
profiles of neutrophils and Ly6Chi monocytes within the dLN and identifies a clear relationship
between type I interferons (IFNs) and infiltrating myeloid cells within the dLN. Therefore, I
propose that type I IFNs are central regulators of the function of these myeloid cells; in
particular Ly6Chi monocytes as they infiltrate the dLN in greater numbers and for a longer
duration than neutrophils (Figure 3.9B). This discussion will address these insights into the
relationship between type I IFNs and Ly6Chi monocytes, the hypotheses they generate and the
methods by which to test them. This will be followed by a wider discussion of the implications
of these findings upon our current understanding of innate immune pathways within the dLN
and the field of adjuvant design.
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Figure 7.1: Diagrammatic representation of main thesis findings.
Visual representation of innate immune pathways characterised in the KEC-draining lymph node and their relationship with each other.
This includes neutrophil and Ly6Chi monocyte infiltration and their expression profiles, type I interferon signalling, IFNγ production by
NK cells and CD8 T cells and the differential upregulation of CD69 exhibited by B and T cells. Created with biorender.com.
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7.2 The relationship between type I interferons and Ly6Chi monocytes
within the draining lymph node
7.2.1 Ly6Chi monocytes as effectors of type I interferon responses in the
draining lymph node
This thesis provides strong evidence that type I IFNs heavily modulate gene expression within
dLN-infiltrating Ly6Chimonocytes, as they exhibit significant upregulation of classic interferonstimulated genes (ISGs) (Figure 5.3B) and the interferon-driven inflammatory mediators CCL2,
CXCL9, CXCL10, NLRP3 and pro-IL-1β (Figures 5.5 D-E, 5.6A-C and 5.7A,C,F and G), as well as
the IFNAR-dependent upregulation of CD69 (Figure 5.3C). Surprisingly, type I IFNs were shown
to be dispensable for the infiltration of Ly6Chi monocytes into the dLN, in stark contrast to
previous descriptions of monocyte infiltration into virus-infected tissues (395,466,698) and
their dLNs (381). This novel finding has very recently39 been replicated by McCarthy et al (399),
who describe type I IFN-independent monocyte infiltration into the dLN in the context of
Chikungunya virus infection. Rather than type I IFNs, this study highlights a non-redundant role
for MyD88 in dLN monocyte infiltration, something that has also been described in the context
of ectromelia virus infection (465) and is likely to apply to the KEC-draining lymph node (KECdraining LN) as Myd88 signalling is induced following challenge with KEC (699). Since type I
IFNs are redundant for monocyte recruitment, it is pertinent to question the function of type I
IFN stimulated Ly6Chimonocytes in the KEC-draining LN. Figures 5.10A-D demonstrate that type
I IFNs are required for the rapid expression of IFNγ by NK cells and CD8 T cells in the dLN and
as discussed in Chapter 5 (Section 5.4.5) I hypothesise that type I IFNs indirectly stimulate IFNγ
production via the activation of monocytes. This is based on evidence from this thesis and the
wider literature. With regard to the former, it is clear that NK cell IFNγ production can be
driven in the absence of IFNAR (Figure 5.13D) and that stimulation with type I IFNs alone is
insufficient to elicit IFNγ production. Moreover, analysis of the in vitro experiments conducted
in Chapter 5 demonstrates a strong positive correlation between the percentage of
Ly6Chimonocytes in a cell suspension and the percentage of IFNγ +ve NK cells following
stimulation (Figures 5.14C-G). With regards to the wider literature, Coombes et al (355) have
demonstrated that monocytes isolated from dLNs can potently stimulate NK cells to produce
IFNγ ex vivo. Moreover, Lee et al (466) have demonstrated that type I IFN-activated monocytes
drive NK cell IFNγ production in HSV-infected vaginal tissue via the production of

39

This study was published after the experiments presented in this thesis were completed
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inflammasome-derived IL-18. Thus, in summary, the following hypothesis can be inferred from
existing evidence and these novel findings:
Inflammatory monocytes infiltrating the draining lymph node are activated by type I
interferons to induce the production of IFNγ by NK cells and CD8 T cells via activation of the
inflammasome.
In addition to IFNγ production, type I IFNs are also the dominant driver of the CD69
upregulation evident in the KEC-draining LN (Figures 6.5A-B). However, there is also evidence
to suggest that Ly6Chimonocytes also drive CD69 upregulation in the dLN. Firstly, the
percentage of monocytes in cell suspensions positively correlates with CD69 upregulation on T
cells following in vitro stimulation (Figures 6.11D-F) and the temporal kinetics of monocyte
infiltration closely match the expression of CD69 in vivo (Supplementary Figure 6.16C).
Secondly, monocytes are known to be a crucial source of type I IFNs in the dLN in other models
(465,700), although only a very small increase in their expression by monocytes was detectable
by qRT-PCR in this model (Figure 5.4H). Thirdly, monocytes strongly express the inflammasome
components NLRP3 and pro-IL-1b and the inflammasome has been shown to drive CD69
upregulation on lymphocytes within the dLN (296) and the inflammasome product IL-18
upregulates CD69 on T cells (669). It is therefore possible that type I IFN-activated monocytes
assemble inflammasomes that contribute to CD69 upregulation on lymphocytes within the
dLN. The hypothesis outlined above can therefore be updated as follows (diagrammatic
depiction in Figure 7.2):
Ly6Chi monocytes infiltrating the draining lymph node are activated by type I interferons to
induce the production of IFNγ by NK cells and CD8 T cells as well as the expression of CD69 by
lymphocytes via activation of the inflammasome.
Several methods could be used to test this hypothesis. Primary amongst these would be to
determine the effect of monocyte depletion upon the percentages of IFNγ +ve NK/CD8 T cells
and CD69+ve lymphocytes in the dLN (Figure 7.3). The value of such an approach is that it would
immediately refute the outlined hypothesis if monocyte depletion had no effect upon these
parameters. Monocyte depletion could be achieved with the anti-CCR2 antibody clone MC-21,
a single intraperitoneal dose of which should be sufficient to deplete monocytes for up to 72
hours (701–704). One alternative would be to use CCR2-deficient mice, which are known to
exhibit grossly impaired monocyte infiltration into the dLN (205,381). Another alternative
would be to utilise CCR2-DTR mice, which unlike CCR2-deficient mice facilitate time-specific
and transient depletion of monocytes (398,705–708). With regard to the details of the
experimental design, this hypothesis asserts that monocytes are fundamental to IFNγ
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production and thus it is reasonable to predict a 50% reduction in this parameter at the very
least. Based on the data presented in this thesis, a 50% reduction in the percentage of IFNγ +ve
NK cells at a significance level of 0.05 with a statistical power of 90% would require a sample
size of 6 mice per group (Figure 7.3B). The actual required sample size is likely to be smaller as
one would expect a larger reduction in IFNγ production than 50% (Figure 7.3B). A prediction of
a 50% reduction in lymphocyte CD69 expression is reasonable as Seydoux et al (296) have
reported an approximately 50% reduction in dLN-lymphocyte CD69 expression in the context
of inflammasome deficient mice challenged with the TLR-4 based adjuvant GLA-SE. A sample
size of 8 mice per group would be required to demonstrate a 50% reduction in lymphocyte
CD69 expression in the KEC-draining LN at a significance level of 0.05 with a statistical power of
90% (Figure 7.3C). Thus, a sample size of 8 mice per group would be sufficient to test both
elements of outlined hypothesis. Indeed, this one experiment has the power to refute the
outlined hypothesis and is therefore essential prior to further exploration of the mechanisms
that this hypothesis proposes.

7.2.2 Inflammasome activation as the link between Ly6Chi monocytes and
type I interferons
The hypothesis outlined in the previous section (diagrammatically represented in Figure 7.2)
asserts that type I IFNs exert their positive effect on IFNγ expression and CD69 expression via
inflammasome activation within infiltrating Ly6Chi monocytes. This is supported by the
increased expression of the inflammasome components NLRP3, IL-1β and IL-18 exhibited by
monocytes infiltrating the KEC-draining LN (Figure 5.7F-H). Moreover, ASC and IL-18R deficient
mice exhibit impaired IFNγ production (72,278,296) and reduced CD69 upregulation (296)40 in
the dLNs of mice challenged with TLR-4 agonising adjuvant GLA-SE. Finally, Lee et al (466)
demonstrate that type I IFN mediated inflammasome activation is the mechanism by which
monocytes stimulate NK cell IFNγ production in virally infected vaginal tissue.
If one assumes that Ly6Chi monocytes are central to the processes of IFNγ production and CD69
upregulation as suggested, then it would be pertinent to determine the relative importance of
inflammasome activation with regards to this monocyte function. This would be best achieved
through targeted deletion of a gene encoding a cardinal inflammasome component (e.g. ASC)
specifically within monocytes. However, this approach is complicated by the fact that a truly
monocyte-specific Cre/LoxP system does not yet exist (709). LysM-Cre and CX3CR1-Cre mice
can be used to study monocytes but the former also targets neutrophils (709) and both models
40

IL-18 is also known to directly upregulate CD69 on T cells in vitro (669)
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target lymph node (LN) resident macrophages (69,710). CCR2-Cre or CCR2 Cre-ER mice are
likely to be more specific as they target monocytes (705,711) with evidence that they spare LN
resident macrophages (712), although they deplete resident macrophages in other tissues
(705). Similarly, bone marrow chimeras would also likely result in gene deletion in LN-resident
macrophages (69). Whilst imperfect, utilisation of any of these Cre-LoxP models to target
deletion of the type I IFN receptor (IFNAR) or cardinal inflammasome components (e.g. ASC,
NLRP3) would have the capacity to demonstrate whether IFNAR-activated myeloid cells
operate via inflammasome activation. Further delineation of Ly6Chi monocytes as the key cell
type could be undertaken by further supportive, albeit not definitive, experiments. For
example, dLN-monocytes could be isolated from IFNAR or ASC-deficient mice by fluorescenceactivated cell sorting and co-cultured with NK cells to see if they exhibit an impaired capacity
to stimulate NK cell IFNγ production relative to dLN monocytes isolated from wild-type mice
(akin to the methods described by Coombes et al (355)). Alternatively, the effects of monocyte
depletion upon concentrations of the inflammasome-derived cytokines IL-1β and IL-18 within
the dLN would also be informative. Nevertheless, it would be hard to fully dissociate between
monocytes and LN-resident macrophages in the absence of monocyte-specific gene deletion.
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Figure 7.2: Ly6Chi monocytes infiltrating the draining lymph node are activated by type I interferons to induce the
production of IFNγ by NK cells and CD8 T cells as well as the expression of CD69 by lymphocytes via activation of the
inflammasome. Created with biorender.com.

266

Figure 7.3: Experiment design to determine the impact of monocyte depletion on IFNγ production
and CD69 upregulation in the draining lymph node.
(A) Experiment outline. (B and C) Sample size calculations for number of mice required to demonstrate
50-90% reductions in the percentage of (B) IFNγ and C) CD69 expressing cells in draining lymph nodes
at a significance level of 0.05 with a statistical power of 90%. (A) created with biorender.com.
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7.2.3 Re-evaluation of the importance of infiltrating Ly6Chi monocytes
relative to lymph node resident macrophages
One criticism of the hypothesis depicted in Figure 7.2 is that it places too much emphasis upon
infiltrating Ly6Chi monocytes and does not consider the role of other innate immune cells
within the dLN; neutrophils and LN resident macrophages in particular. With regard to
neutrophils, it is notable that neutrophils exhibit the same patterns of gene expression as
Ly6Chi monocytes in this thesis, including type I IFN-stimulated genes (Figures 5.3A and C),
chemokines (Figures 5.5A-C and 5.6C) and inflammasome components (Figures 5.7E-H).
However, as mentioned previously, neutrophils infiltrate the dLN in smaller numbers and for a
shorter duration than monocytes (Figure 3.9B). It is therefore possible that neutrophils play a
role in stimulating IFNγ production and CD69 upregulation, but if so, it is likely to be secondary
to that of monocytes and restricted to very early time points. However, the argument that this
hypothesis ignores the role of LN resident macrophages is more compelling. This is because LN
resident macrophages are well-recognised to be amongst the first cells to capture microbes
and antigens draining in afferent lymph (72,159,168–171) and are thereby thought to prevent
the systemic spread of pathogens (72,170,173,350). Moreover, there is evidence that they are
an important source of key pro-inflammatory mediators within the dLN including type I IFNs,
IL-1α, IL-1β and IL-18 (72,170,171,266,328). These findings are invariably based on
experiments that deplete LN resident macrophages using clodronate liposomes
(72,170,171,266,350) or CD169-DTR mice (171,266)41. However, two crucial factors need to be
borne in mind when interpreting such studies. Firstly, it is now recognised that a plethora of
inflammatory stimuli induce the rapid death of subcapsular and medullary sinus macrophages
en masse (171,328,713). Secondly, the depletion of LN resident macrophages or antagonism
of the cytokines that they release impairs the infiltration of neutrophils 42 (72,328), monocytes
(328) and NK cells (172,307,328,356) into the dLN. The phenotypes described in mice depleted
of LN resident macrophages may therefore reflect the functions of innate cells recruited by
said macrophages rather than the effector functions of the macrophages per se.
The idea that monocytes perform effector functions attributed to LN resident macrophages is
supported by a very recent study43 demonstrating that monocytes are primarily responsible for
phagocytosis of the cellular debris generated by dying LN resident macrophages; a process that
occurs within 24 hours following challenge with a novel nanoparticulate adjuvant (713).

41

The exception being Sagoo et al (328) as they implicate LN resident macrophages in inflammasome
activation on the basis of imaging
42
Although this is refuted by Bogoslowski et al (173) who show that the depletion of LN resident
macrophages does not impair the neutrophil influx induced by S. aureus
43
This study was published after the experiments presented in this thesis were completed
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Notably, these monocytes were shown to present antigen and interact with antigen-specific T
cells at levels comparable to dendritic cells (713). Moreover, Pizzagalli et al (712) have
demonstrated that CD169-DTR and CCR2-deficient mice exhibit equivalent reductions in CXCL1
concentration in the dLN, which opens up the possibility that monocytes may be the source of
mediators attributed to LN resident macrophages. However, contrary to the outlined
hypothesis (Figure 7.2), Farsakoglu et al (356) have recently published evidence to suggest that
LN resident macrophages directly activate NK cells in the dLN. Whilst this study utilised
macrophage depletion experiments (with their aforementioned limitations), they also used
imaging techniques to show that NK cells closely interact with LN resident macrophages (356).
This suggests that LN macrophages do directly activate NK cells to some degree. Nevertheless,
the effect of macrophage depletion on NK cell activation is only partial and the authors
themselves admit they can’t exclude a role for other cell types. It could thus be argued that
these findings are consistent with the hypothesis outlined in this discussion, envisaging that LN
resident macrophages serve to activate a portion of NK cells very early on before dying and
being replaced by infiltrating monocytes as the major effector cell. Thus, rather than ignoring
LN resident macrophages, this hypothesis has the power to reshape our understanding of their
function, potentially re-defining them as sentinel cells that serve to recruit the monocytes that
activate NK cells in the dLN.

7.2.4 Functions of interferon-activated monocytes in the draining lymph
node
7.2.4.1 Interferon-driven CXCR3 ligand production may be central to monocyte
functions in the draining lymph node
In tandem with the increasing focus on dLN monocytes, recent studies have strengthened links
between type I IFNs and monocytes. For example, a novel IFN-stimulated response element
(ISRE) reporter mouse identified monocytes as the chief cellular target of type I IFNs in the
context of influenza infection (698). Furthermore, within the dLNs of Chikungunya-infected
mice, infiltrating neutrophils and monocytes have been shown to damage lymph node
architecture and impair B cell responses, in part through the type I IFN-driven expression of
iNOS by monocytes (399). In contrast, Barbet et al illustrate that monocytes augment Tfh and
B cell responses within the spleen through type I IFN-licensed activation of inflammasomes
within monocytes (714), akin to the hypothesis outlined in Figure 7.2. This latter study is
particularly interesting as it utilised killed and live E. coli as their inflammatory stimulus, albeit
via the intraperitoneal route as opposed to the skin injection used in this thesis. However, the
crucial difference with this study is that the monocytes described by Barbet et al (714) are of
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the non-classical subtype (CX3CR1hi CCR2-ve Ly6C-ve) as opposed to the Ly6Chi classical
monocytes described in this thesis (379,714,715). Indeed, Barbet et al (714) demonstrate that
Ly6Chi monocytes are redundant for the Tfh differentiation they describe. Thus, Barbet et al
(714) establish type I IFN driven inflammasome activation as a key pathway within splenic nonclassical monocytes but the function of this pathway in classical Ly6Chi monocytes in the dLN is
still unknown, underscoring the importance of the hypothesis and experiments proposed in
figure 7.2 and 7.3.
In addition to the putative mechanisms by which type I IFNs activate Ly6C hi monocytes and
drive IFNγ production and lymphocyte CD69 upregulation, it is pertinent to question how these
processes may impact the wider functions of the dLN. Significant in this regard is the strong
expression of the CXCR3 ligands CXCL9 and CXCL10 exhibited by dLN monocytes (Figure 5.5DE). This notable as CXCR3 directs the trafficking of NK cells (172,241,307), CD8 memory T cells
(70,329) and activated CD4 T cells (247) to and within the dLN. The fact that NK cells and CD8 T
cells downregulate CXCR3 in the KEC-draining LN (Figures 5.5F-G) strongly suggests that they
are responding to these chemokines, as CXCR3 is known to undergo agonist-induced
internalisation (643,716). Notably, NK cells and CD8 T cells both produce IFNγ in the KECdraining LN (Figure 5.10). Moreover, CXCL10 and CXCL9 are known to be predominantly driven
by type I IFNs and IFNγ respectively (70,329,627). Altogether, this suggests that a positive
feedback loop is established wherein type I IFNs stimulate Ly6C hi monocytes to produce
CXCL10 and inflammasome products to recruit and activate CXCR3-expressing NK and CD8
memory T cells, which then produce IFNγ and thereby stimulate Ly6Chi monocytes to produce
CXCL9 and recruit and activate further CXCR3+ve cells (Figure 7.4). Such a feedback loop would
suggest that Ly6Chi monocytes, NK cells and CXCR3+ve CD8 memory T cells would cluster in the
same location within the KEC-draining LN. Interestingly, monocyte/CD8 T cell/ NK cell clusters
have been shown to co-localise with IFNγ and CXCL9 expression within the spleen during the
acute phase of listeria infection (706,707,716). The question is therefore whether such clusters
are also found in dLNs and if so where within the LN and to what purpose?
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Figure 7.4: Proposed positive feedback loop between Ly6C hi monocytes, NK cells and
CD8+ve memory T cells triggered by type I interferons and maintained by CXCR3 ligands and
IFNγ
1) Type I IFN induce CXCL10, which attracts CXCR3+ve NK cells and CD8+ve memory T cells. 2)
Type I IFN activated Ly6Chi monocytes assemble inflammasomes whose products stimulate
recruited NK and T cells. 3) IFNγ from activated NK/T cells induces CXCL9 production by
monocytes, which recruits further NK and T cells for activation. Created with biorender.com.

7.2.4.2 Ly6Chi monocytes, NK cells and CXCR3+ve T cells may exhibit CXCR3dependent clustering in interfollicular and medullary regions of the
draining lymph node
With regard to the question of where Ly6Chi monocytes interact with NK cells and CD8+ve
memory T cells, the medullary and interfollicular regions of the dLN are the most likely
location. This is because CXCL9 and CXCL10 expression is concentrated in these regions
(70,167,232,247,329) and NK cells (72,90,352,355), CXCR3+ve T cells (70,247,329) and IFNγ
(72,90) have been visualised there as well. Indeed, the recruitment of T cells to these
peripheral regions is CXCR3-dependent (70,247,329) and NK cells have also been shown to
rapidly accumulate in peripheral subcapsular, interfollicular and medullary regions
(90,172,232,355), with their IFNγ production dependent upon this peripheral positioning (90).
271

Moreover, the peripheral distribution of neutrophils demonstrated in the KEC-draining LN
(Figure 3.6) shows that these regions are active areas of inflammation in this model. Finally,
the aforementioned splenic NK/T cell/monocyte cell clusters localise to the marginal zone and
adjacent regions of the red pulp (706,707,716), which are considered equivalent to peripheral
regions of the lymph node (43). Nevertheless, in contrast to neutrophils
(72,201,202,209,278,368,712), CXCR3+ve T cells (70,247,329) and NK cells (72,90,352,355), the
localisation and trafficking of inflammatory Ly6Chi monocytes within the dLN are poorly
understood and this represents a gap in our understanding of lymph node biology.
Monocytes have been described in various lymph node compartments, including the
paracortex (242), medulla (263,399), interfollicular areas (232,381) and subcapsular sinus
(399), although each of these studies uses methods that are flawed to some degree with
regards to monocyte specificity44. The use of CX3CR1GFP/+ CCR2RFP/+ mice (in the work of De
Giovanni (232) and Sammicheli et al (381)) represents the best method 45 with almost 100% of
all Ly6Chi monocytes being fluorescent in these mice, although it must be noted that only 51%
of GFP RFP double-positive cells were Ly6Chi monocytes (381). This low specificity could be
overcome through the adoptive transfer of CX3CR1 GFP/+ CCR2RFP/+ Ly6Chi monocytes into wildtype mice and characterising their distribution within the KEC-draining LN relative to NK cells,
memory CD8 T cells, IFNγ, CXCL9 and CXCL10 by immunofluorescence. Moreover, intravital
imaging could be utilised to visualise interactions between monocytes, NK cells and CXCR3+ve
CD8+ve memory T cells46, something that has thus far not been characterised in the
aforementioned splenic studies47 (706,707,716). Even if these experiments failed to
demonstrate such clustering, the characterisation of monocyte distribution within the dLN
would address an important knowledge gap, especially if this were done at several time points,
as the range of locations in which monocytes have been localised (albeit with limitations)
(242,263,381,399) suggests that they may traffic between different lymph node
compartments. Nevertheless, the primary hypothesis is that Ly6Chi monocytes, NK cells and T
cells exhibit CXCR3-dependent clustering and IFNγ production within interfollicular and
44

De Koker et al (242) use CD64 to define monocytes, but this marker cannot be used to distinguish
between infiltrating monocytes and resident macrophages. Cioncada et al (263) define monocytederived dendritic cells as CD11c+ve antigen+ve double positive cells but this approach fails to stain CD11cve
or antigen-ve monocytes and false-positively stains antigen+ve bona fide dendritic cells. Sammicheli et al
(381) define monocytes as CXC3CR1+ve CCR2+ve cells, although only 51% of CXC3CR1+ve CCR2+ve in the
draining lymph node are CD11b+ve Ly6Chi monocytes. McCarthy et al (399) used GR-1 to stain monocytes
but this antibody does not distinguish between neutrophils and monocytes.
45
In addition, it mirrors the CCR2-reporter mice used to characterise the cell clusters in the spleen
(706,707)
46
Imaging the interactions of monocytes with NK cells would require a fluorescent NK cell reporter
mouse strain such as NCR1GFP/+ mice (355) and necessitate the adoptive transfer of singly-fluorescent
CCR2-reporter monocytes as per Soudja et al (706,707).
47
Admittedly, intravital imaging of the spleen is likely more technically challenging (717)
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medullary regions of the dLN (Figure 7.5). This hypothesis has implications for our
understanding of both innate and adaptive immunity within the dLN.

Figure 7.5: Putative intranodal localisation of CXCR3-dependent clusters of Ly6Chi
monocytes, NK cells and CD8+ve T cells.
Created with biorender.com.

7.2.4.3 Potential innate immune functions of Ly6Chi monocyte, NK cell, CD8+ve T cell
clusters in the draining lymph node
IFNγ reduces the numbers of bacteria within the dLN and limits their spread into the systemic
circulation during the first 8 hours of a bacterial challenge (72). However, the mechanisms by
which IFNγ mediates this innate barrier function within the dLN have not been elucidated. The
positive feedback loop depicted in Figure 7.4 has the potential to shed light on this, as IFNγ
could primarily function to amplify the local innate immune response through the further
recruitment of NK cells and CXCR3+ve T cells via CXCL9 production. Notably, such a Ly6Chi
monocyte/NK cell /CXCL9 axis functions within the female reproductive tract to rapidly recruit
CD8+ve effector T cells in response to even low levels of inflammation (718). In addition, some
NK cells and memory CD8+ve T cells are pre-positioned in the peripheral regions of lymph
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nodes (70,72) and these pre-positioned cells may rapidly cluster with monocytes 48 when they
first arrive in order to help kick-start the positive feedback loop as soon as possible.
Once recruited and activated, NK cells and CXCR3+ve effector and/or memory T cells may
contribute to innate control through direct killing of infected cells (70,622,719). In addition,
they may act indirectly through the rapid mobilisation of neutrophils and monocytes (707) and
licensing of their killing mechanisms (720). In this regard, it is notable that IFNγ increases iNOS
and TNFα expression by monocytes (707,721). Moreover, IFNγ signalling within monocytes,
dendritic cells and macrophages is crucial for acute control of listeria infection, and it is
notable that these mice exhibit the aforementioned CXCR3-dependent clustering in the spleen
(707). Indeed, as dLN monocytes are known to harbour antigens and pathogens in a variety of
contexts (50,187,189,204–208), it is reasonable to hypothesise NK cells and CXCR3+ve CD8+ve
memory T cells contribute to the innate barrier function of the dLN at least in part by the
activation of killing mechanisms within dLN monocytes. This innate barrier function may be
particularly strong in cases of re-infection. This is because memory CD8+ve T cells are the T cell
subset most associated with CXCR3-driven peripheralisation within the dLN (46,47) and there
is evidence that the activation of memory T cells by cognate antigen induces a stronger IFNγ
response and better pathogen control in the spleen relative to bystander activation (722).
Thus, it can be hypothesised that memory T cells are rapidly directed by CXCR3 ligands to scan
infected Ly6Chi monocytes and that the recognition of cognate antigen potentiates IFNγ
production and cluster formation (by supercharging the positive feedback loop outlined in
Figure 7.449), resulting in the increased recruitment and activation of innate immune cells that
neutralise pathogens and prevent their dissemination from the dLN (diagrammatic depicted in
Figure 7.6).

48

or with LN resident macrophages prior to the arrival of monocytes
This is supported by Sung et al (329), who demonstrate much stronger CXCL9 expression in the dLN in
the context of secondary infections relative to primary infections.
49
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Figure 7.6: Putative innate immune functions of NK cell, CD8+ve memory T cell, Ly6Chi monocyte
clusters
1) Direct cytotoxicity; NK cells and CD8+ve memory T cells are activated by infected monocytes and
as a result induce cell death pathways in the latter. 2) IFNγ produced by NK cells and CD8+ve
memory T cells activates killing mechanisms within monocytes harbouring pathogens in
intracellular phagosomes. 3) Interferon-activated monocytes secrete chemokines that recruit
neutrophils and further monocytes to phagocytose cell-free pathogens. Created with
biorender.com.
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7.2.4.4 Potential adaptive immune functions of Ly6Chi monocyte, NK cell, CD8+ve T
cell clusters in the draining lymph node
The question of how the proposed CXCR3-dependent clusters of Ly6Chi monocytes, NK cells
and memory CD8+ve T cells and the resulting IFNγ production influences the developing
adaptive immune responses is pertinent to the field of adjuvant design. Indeed, it is notable
that Ly6Chi monocytes (242), NK cells (241), IFNγ (241,277,278), CXCR3 (247), inflammasomes
(266,278,296) and type I IFN (279) have all been implicated in the optimal development of
adaptive immune responses, especially Th1-biased T cell responses
(241,242,247,278,279,296). Moreover, this animal data is supported by human studies that
propose an association between acute IFNγ signatures in peripheral blood post-vaccination
with the immunogenicity of the novel TLR-4-based combination adjuvant AS01 (277,283,308).
The proposed model of CXCR3-dependent clustering and activation of Ly6Chi monocytes, NK
cells and CXCR3+ve memory CD8+ve T cells has the potential to shed light on how this myriad of
inflammatory pathways intersect to potentiate the developing adaptive immune response.
The initiation of adaptive immune responses requires the rapid selection of cognate
lymphocytes from the naïve repertoire recirculating between the vascular and lymphatic
systems (Section 1.2). Inflammasome activation accelerates this process by increasing
lymphocyte numbers in the dLN (328). This may be achieved through increased lymphocyte
recruitment from high endothelial venules and/or reduced lymphocyte egress via cortical
lymphatic sinuses50. The notion that inflammasome activation reduces egress is supported by
the fact that it has recently been shown to be responsible for approximately 50% of the CD69
upregulation exhibited by lymphocytes within the dLNs of mice challenged with the TLR-4based adjuvant GLA-SE (296). Although type I IFNs are the major driver of CD69 expression in
the KEC-draining LN (Figure 6.5A-B), and can act directly on lymphocytes (401,453), CXCR3dependent clustering may amplify CD69 upregulation either via the production of other CD69inducing cytokines (e.g. IL-18 (669) or IFNγ (Figure 6.9) or type I IFNs themselves through a
positive feedback mechanism. One can envisage a situation in which CXCR3-dependent
clustering helps to rapidly shut down lymphocyte egress from the dLN and thereby increase
the rate at which the naïve lymphocyte repertoire is scanned for cognate lymphocytes 51.
The fact that Ly6Chi monocytes (242), NK cells (241), IFNγ (241,277,278), CXCR3 (247),
inflammasomes (278,296) and type I IFN (279) have all been implicated in the promotion of
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Sagoo et al (328) demonstrate inflammasome-driven increases in lymphocyte numbers at 18 hours
following challenge, which is too early for lymphocyte proliferation to contribute to this in any
meaningful way.
51
Precisely why B cell, CD4 T cells and CD8 T cells differ so markedly in CD69 regulation (Figures 6.3 and
6.4) is an interesting but separate question that is addressed in the discussion section of Chapter 6.
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Th1-biased T cell responses is striking, as the precise mechanisms that underpin the generation
of Th1 T cells have not been elucidated. It is increasingly recognised that the activation of
different T cell subsets is anatomically segregated within the dLN, with naïve CD4 +ve T cells
predominantly activated in the outer regions of the paracortex and naïve CD8 +ve T cells
predominantly activated in deeper regions of the paracortex (74,165,181,184)52. The idea that
anatomical localisation within the dLN is fundamental to Th1 differentiation is supported by
the work of Groom et al, who demonstrated that CXCR3 directs newly activated CD4+ve T cells
to the interfollicular and medullary regions of the dLN and argue that this explains why CXCR3
is necessary for Th1 differentiation (247). Thus, newly activated CD4 +ve T cells may be guided
towards clusters CXCL9/10-producing Ly6Chi monocytes clustered with NK cells and memory
CD8+ve T cells, which as discussed in Section 7.2.4.2 may also be located in the interfollicular
and medullary regions of the dLN. Indeed, De Giovanni et al have very recently shown that
antigen-specific CD4+ve T cells co-localise with Ly6Chi monocytes and NK cells within the
interfollicular regions of LCMV-infected dLNs (232). It is therefore possible that such clusters
help form an anatomical niche for Th1 differentiation, although this begs the question as to
how they would drive this process.
A key feature that potentially links CXCR3-dependent clustering with Th1 polarisation is the
fact that IFNγ can drive the differentiation of Ly6Chi monocytes into CD11c+ve MHC-II+ve
monocyte-derived dendritic cells (Mo-DCs) that produce the Th1 polarising cytokine IL-12
(723,724). Notably, Ly6Chi monocytes upregulate the dendritic cell markers CD11c and MHC-II
during the first 48 hours within the KEC-draining LN (Figure 3.8C). Furthermore, De Koker et al
(242) have shown that such Ly6Chi CD11c+ve MHC-II+ve monocytes are the crucial source of IL-12
in the dLN that drives Th1 T cell differentiation following challenge with a CpG-based adjuvant.
It would therefore be informative to determine whether monocytes in the KEC-draining LN
also express IL-12 using IL-12 reporter mice as per Goldzsmid et al (724). In addition to IL-12,
IFNγ itself can directly drive Th1 differentiation pathways as it induces expression of the
canonical Th1 transcription factor T-bet within T cells (243,725). Indeed, even transient T-bet
expression can bestow a lasting IFNγ-producing capacity upon T cells, as has been recently
showed with respect to IFNγ-producing T-follicular helper cells (726). Thus, one can envisage a
scenario in which CXCR3-dependent dependent clusters of activated NK cells, memory T cells
and monocytes/monocyte-derived DCs attract newly activated naïve T cells in a CXCR3dependent manner and then exposing them to the Th1 polarising effects of IL-12 and IFNγ
(diagrammatically represented in Figure 7.7). One challenge to this hypothesis is the finding
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Nevertheless, CD8 T cell activation has also been shown to occur in the cortical ridge, peripheral
paracortex and interfollicular regions in other contexts (70,71,231).
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that polarising cytokines such as IFNγ can permeate through the dLN and thereby polarise T
cells remotely (251). There are questions about the extent to which this study accounts for
potential concentration gradients for cytokines within the dLN as has been established for
certain chemokines (88,90,220). However, if applicable it would undermine the outlined
hypothesis and would suggest that the location of the proposed clusters of activated Ly6Chi
monocytes, NK cells and memory CD8 +ve T cells serves a different purpose, for example
through direct cellular interactions with differentiating T cells.
A further challenge to this hypothesis stems from the very recent work of De Giovanni et al,
who demonstrate that despite the co-localisation of monocytes and NK cells with activated
CD4+ve T cells in interfollicular regions of the dLN, depletion of either of these cell types has no
impact upon Th1 differentiation in the context of LCMV infection (232). This contradicts
previous studies highlighting essential roles for monocytes and NK cells for this process
following an adjuvant challenge (241,242). The importance of these cell subsets is therefore
context-dependent and suggests that more than one innate immune pathway can drive Th1
differentiation. This very principle is illustrated by the study of De Giovanni et al (232), who
demonstrate that an acute peak of type I IFN within the dLN is crucial to determining T cell fate
between Tfh and Th1 cells in the context of VSV-infection but a much weaker role in the
context of LCMV infection. Given the redundance for monocytes/Mo-DCs and NK cells
illustrated by De Giovanni et al (232), it would be interesting to determine whether or not
these cells exhibit similarly strong expression of CXCR3 ligands, inflammasome components
and IFNγ within the context of their model in comparison to the model used in this thesis.
Indeed, there is evidence that the functions of Mo-DCs extend beyond Th1 differentiation. For
example, Mo-DCs have been implicated in the promotion of memory as opposed to effector T
cell differentiation (723). Similarly, Mo-DCs have also been shown to drive T follicular helper
cell differentiation through the production of IL-6 (232,727). This suggests that Mo-DCs are not
a homogenous cell type and exhibit significant plasticity. This is notable because there is
evidence that a division of labour exists between conventional and Mo-DCs in which the
former are specialised for inducing T cell proliferation and the latter for T cell polarisation
(190). In such a scenario, a capacity for Mo-DCs to engage a range of different effector
programs would prove to be a very useful attribute. It is thus crucial to better understand the
processes that underlie monocyte differentiation and their subsequent interactions within
activated T cells in the dLN, both in terms of molecular cues and microanatomy. The
hypothesis that monocytes actively cluster with and activate NK cell and CD8 memory T cells in
a CXCR3-dependent manner within peripheral regions of the dLN has the potential to shed
light on this important knowledge gap. This would certainly inform the design of future vaccine
adjuvants.
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Figure 7.7: Putative adaptive immune functions of NK cell, CD8 Memory T cell, Ly6Chi monocyte clusters
1) Clusters may potentiate CD69 upregulation by lymphocytes and therefore increase their lymph node residence
time, promoting efficient scanning of the naïve repertoire for cognate lymphocytes. 2) Cluster-derived IFNγ may
be instrumental in driving the differentiation of monocytes into monocyte-derived dendritic cells within the
draining lymph node. 3) Cluster-derived monocyte-derived dendritic cells may provide important polarisation
signals to recently activated naïve T cells. Created with biorender.com.
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7.3 The KEC-draining lymph node as a model that informs the design
of TLR-4 based adjuvants
A further question that can be posed with regard to this thesis is to ask whether there is any
benefit in studying KEC as an inflammatory stimulus, as opposed to an established vaccine
adjuvant. Indeed, several (albeit not all) of the inflammatory processes described in this thesis
have also recently been implicated as contributors to the immunogenicity of the novel TLR-4based adjuvants GLA-SE and AS01 (266,277–279,296). These processes include type I IFN
signalling (279), IFNγ production (277–279,296) and inflammasome activation
(266,277,278,296) within the dLN. It could be argued that further investigation of these
processes in the context of an established or developing adjuvant would prove far more
insightful with regard to characterising adjuvant mechanisms than a heterogeneous stimulus
such as KEC. However, such an argument fails to appreciate the value of using whole-microbial
challenges such as KEC as a point of comparison against purified adjuvants. By their very
nature microbes express a range of PAMPs in varying ratios (304) and modern adjuvants try to
emulate this natural phenomenon by combining PRR agonists with each other and various lipid
components or emulsifying agents (258,277,278,281,284,292). Nevertheless, such adjuvants
are unlikely to fully mimic the complex PAMP combinations exhibited by microbes and
therefore a potential gap exists between the innate immune pathways engaged by adjuvants
and whole microbes; some of which may prove crucial to the potentiation of adaptive immune
responses. The power of such a comparative approach is highlighted by the work of JM
Blander’s group, who have identified a novel class of viability-associated PAMPs (vita-PAMPs)
by comparing the innate and adaptive immune responses elicited following challenge with
killed and live E. coli (699,714). KEC could be similarly compared with the novel TLR-4-based
adjuvants GLA-SE and AS01 to identify novel KEC-associated pathways. For example, GLA-SE
and AS01 are known to potentiate Th1 T cells responses (277–279,296) and the Th1 polarising
capacity of KEC could be directly compared with these adjuvants following challenge with
KEC/adjuvant mixed with a well-characterised protein antigen such as ovalbumin. Such an
experiment would be informative regardless of the outcome. This is because a potentiated
response induced by KEC would suggest the presence of other immunogenic pathways not
engaged by the chosen adjuvant and the inverse result would suggest the opposite. Systems
biology methods such as transcriptomics could then be used to formulate targeted hypotheses
and/or identify innate signatures of immunogenicity or protection; an approach that is
increasingly being adopted in the field of adjuvant research (273,308,728–730). Indeed, such
an approach could be targeted at specific microanatomical regions of interest within the dLN
by the novel method of niche-sequencing (232,731). This would be particularly illuminating if
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monocytes/NK cells and CD8 memory T cells were found to exhibit CXCR3-dependent
clustering within peripheral regions of the dLN as outlined in Figure 7.5. Nevertheless, even
without such systems-based methods, this hypothesis is both eminently testable and would
improve our understanding the innate immune networks operating in the dLN. It is hoped that
further research to delineate the novel findings of the research presented in this thesis may
help to inform future adjuvant design and aid us in the production of effective vaccines in a
world that remains under continuous and evolving threat from infectious disease.
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Appendix 1: Vaccines Included in the UK Immunisation Regimen (1)

Vaccine (Trade Name)

Constituents

Vaccine Type

Adjuvant

Protective Against

Infanrix Hexa (2)

Diphtheria toxoid
Tetanus toxoid
Bordetella pertussis antigens; Pertussis toxoid,
Filamentous haemagglutinin, Pertactin
Hepatitis B Surface Antigen

Subunit
Subunit
Subunit

Adsorbed on
aluminium hydroxide

Diphtheria, Tetanus,
Pertussis (whooping cough)

Subunit

Adsorbed on
aluminium phosphate

Haemophilus influenzae type b polysaccharide
conjugated to tetanus toxoid
Inactivated Poliovirus (Types 1-3)
Pneumococcal polysaccharides – 13 serotypes, each
conjugated to a carrier protein
Recombinant N. meningitidis proteins Neisserial
heparin binding antigen (NHBA), Neisseria adhesion
A, and factor H binding protein.
Neisseria meningitides outer membrane vesicles
Human rotavirus RIX4414 strain
Haemophilus influenzae type b polysaccharide
conjugated to tetanus toxoid
Neisseria meningitidis serogroup C (strain C11)
polysaccharide conjugated to tetanus toxoid as
carrier protein
Measles virus Enders’ Edmonston strain (live,
attenuated)
Mumps virus Jeryl Lynn™ [Level B] strain
Rubella virus Wistar RA 27/3 strain
measles virus (Schwarz strain)

Subunit

Prevenar 13 (3)
Bexsero (4)

Rotarix (5)
Menitorix (6)

MMR VaxPRO (7)

Priorix (8)

mumps virus (RIT 4385 strain, derived from Jeryl
Lynn strain)
rubella virus2 (Wistar RA 27/3 strain)

Inactivated
Subunit
Subunit

N/A
adsorbed on
aluminium phosphate
adsorbed on
aluminium hydroxide

Age and site of
Administration
8, 12 and 16 weeks, i.m.

Pneumococcal pneumonia
(13 serotypes)
Meningitis
Neisseria meningitidis
group B

8 weeks, 1 year, i.m.
8 weeks, 16 weeks, 1year i.m.

Live Attenuated
Subunit

N/A
N/A

Rotavirus Gastroenteritis
Haemophilus and
Meningitis C

8 weeks, 12 weeks, PO
1 year old, i.m.

Live Attenuated

N/A

Measles, mumps and
rubella

1 year, 3 years 4 months
old, i.m.

Live Attenuated

N/A

Measles, mumps and
rubella

1 year, 3 years 4 months
old i.m.
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Gardasil (9)

Human Papillomavirus (types 6, 11, 18 and 18) L1
proteins

Subunit

Revaxis (10)

Diphtheria toxoid

Subunit

Tetanus toxoid
Inactivated Poliomyelitis virus (Types 1-3)

Subunit
Inactivated

4 strains of reassortant influenza virus (strains
change annually)
Neisseria Meningitidis group A, C, W-135 and Y
polysaccharides conjugated to carrier protein
Neisseria Meningitidis group A, C, W-135 and Y
oligosaccharides conjugated to carrier protein
Pneumococcal polysaccharides – 23 serotypes

Fluenz Tetra (11)
Nimenrix (13)
Menveo (14)
Pneumococcal Polysaccharide
Vaccine (15)
Fluad - Adjuvanted Trivalent
Inactivated Vaccine (aTIV) (16)
Quadrivalent Inactivated
Influenza Vaccine, egg-grown
(QIVe) e.g. Fluarix Tetra (17)
Quadrivalent Inactivated
Influenza Vaccine, cell-grown
(QIVc) e.g. Flucelvax Tetra (19)
Trivalent Influenza Vaccine (split
virion, inactivated) – High Dose
(TIV-HD) (20)
Zostavax (21)

adsorbed on
amorphous
aluminium
hydroxyphosphate
sulphate
Adsorbed on
aluminium hydroxide

Human Papilloma Virus
Cancers, genital warts

12-13 years of age, 2
doses, 6 months apart,
i.m.

Tetanus, diphtheria and
polio

14 years of age, i.m.

Live Attenuated

N/A

Influenza

Subunit

N/A

Meningitis ACWY

Eligible Paediatric Age
Groups (12). Intranasal.
14 years of age, i.m.

Subunit

N/A

Meningitis ACWY

14 years of age, i.m.

Subunit

N/A

65 years of age, i.m.

Influenza virus surface antigens (haemagglutinin
and neuraminidase) from 3 strains (combination
varies seasonally)
Inactivated split influenza virions from 4 different
strains (combination varies seasonally)

Inactivated/Subunit

MF-59

Pneumococcal Pneumonia
(23 serotypes)
Influenza

Inactivated

None

Influenza

Influenza virus surface antigens (haemagglutinin
and neuraminidase) from 4 strains (combination
varies seasonally)
Inactivated split influenza virions from 3 different
strains (combination varies seasonally) – high dose

Inactivated/Subunit

None

Influenza

Children aged 6 months
to 2 years and Adults
aged 18-64, i.m. (1,18)
Adults aged 18-64, i.m.

Inactivated

None

Influenza

≥65 years of age, i.m.

Live Attenuated Varicella Zoster Virus

Live Attenuated

None

Shingles

70 years old, i.m. or s/c

Bacillus Calmette Guerin (Live-attenuated
Mycobacterium Bovis)

Live Attenuated

None

Tuberculosis

At birth if TB incidence
≥40/100,000 or infant
with a
parent/grandparent
from high incidence
country, i.d.

≥65 years of age, i.m.

Non-routine vaccines
BCG SSI (22)
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Engerix B (23)

Recombinant Hepatitis B Surface Antigen

Subunit

None

Hepatitis B

HBvaxPRO (24)

Recombinant Hepatitis B Surface Antigen

Subunit

Hepatitis B

Boostrix IPV (25)

Diphtheria toxoid
Tetanus toxoid

Subunit
Subunit

Bordetella Pertussis antigens (filamentous
haemagglutinin, pertactin),

Subunit

Inactivated poliovirus (3 strains)
Diphtheria toxoid
Tetanus toxoid
Bordetella Pertussis antigens (filamentous
haemagglutinin, pertactin, fimbriae types 2 and 3)
Inactivated poliovirus (3 strains)
Inactivated Hepatitis A Virus

Inactivated
Subunit
Subunit
Subunit

Adsorbed on
amorphous
aluminium
hydroxyphosphate
sulfate
adsorbed on
aluminium hydroxide,
hydrated (Al(OH)3)
and aluminium
phosphate (AlPO4)
None
Adsorbed on
Aluminium Phosphate

Adsorbed on
hydrated aluminium
hydroxide

Repevax (26)

Avaxim (27)

Inactivated
Inactivated

Babies Born to HBVinfected mothers. Given
at birth, 4 weeks and 12
months old. i.m.
Babies Born to HBVinfected mothers. Given
at birth, 4 weeks and 12
months old. i.m.

Pertussis

Pregnant women, i.m.

Pertussis

Pregnant women, i.m.

Hepatitis A

Chronic liver conditions,
haemophilia, booster
required, i.m. or s/c
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