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Abstract 

Relapsed disease and infection continue to be the leading causes of treatment 

failure following allogeneic haematopoietic stem cell transplantation (allo-HSCT).  

The pathophysiology, common to both, is impaired donor T cell immune 

reconstitution and/or T cell exhaustion.  Therapeutic strategies aimed at improving 

donor T cell immune reconstitution and preventing T cell exhaustion are required 

in order to improve patient outcomes.  The research presented provides evidence 

that acute graft-versus-host-disease (aGVHD) impairs T cell recovery and function 

by damaging the stromal architecture of secondary lymphoid organs. 

Radio-resistant host non-haematopoietic antigen presenting cells (APCs) are 

emerging as key players in dictating tissue-specific cytotoxic T lymphocyte (CTL) 

responses and initiating aGVHD.  The fibroblastic reticular cell (FRC) is a subset 

that plays a central role in every stage of the T cell life cycle in the periphery and is 

necessary for the generation of protective anti-pathogen immunity.  Normally, 

these cells proliferate and repair the peripheral lymph node following viral damage 

or hypoxia, by initiating a ‘reorganisational programme’ through interaction with 

lymphoid tissue inducer (LTi)-like cells, in a mechanism akin to that which occurs 

during embryogenesis.  I show that both the FRC and LTi-like cell populations are 

targeted by the allogeneic T cell response in aGVHD.  Disruption of the FRC-LTi 

axis results in profound damage to the lymph node structure and persistent 

hypoplasia of peripheral T cell niches.  FRCs are targeted by naïve donor T cells 

in a CD8+ T cell-dependent model of aGVHD, through a mechanism that requires 

cognate interactions between FRCs and T cells.  In contrast to viral infection, 

lymph nodes in aGVHD are unable to mount a reorganisational programme 

involving LTi-like cell influx and proliferation.  Sustained damage to the FRC 

network impairs T cell homing to lymph nodes, T cell survival and the capacity to 

mount a response to 3rd party antigen.  These data indicate that future research 

should focus upon efforts to protect the FRC-LTi axis following transplantation.  
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Impact Statement 

The unacceptable delayed morbidity and mortality from late opportunistic 

infections and the high risk for disease relapse represent major obstacles to the 

successful implementation of allo-HSCT. There is therefore an unmet need to 

identify the mechanisms leading to the failure of T cell immune functions following 

allo-HSCT and to devise strategies to preserve and restore immune competence. 

Peripheral lymph nodes are strategic hubs where pathogens and immune cells 

converge and activation of innate and adaptive immunity occurs.  Defects in lymph 

node formation in humans leads to increased susceptibility to infection despite 

normal T and B cell numbers and function (1) highlighting the critical role of the 

peripheral T cell architectural ‘niche’ as a platform for immune reconstitution. 

The research presented, demonstrates and describes how peripheral lymph nodes 

are also targeted and permanently destroyed in aGVHD following allo-HSCT.  I 

have identified a novel mechanism that explains T cell failure following allo-HSCT 

that is independent of tumour editing and T cell exhaustion.  Furthermore, this 

research establishes that loss of the stromal niche critically aborts a 

‘reorganisational programme’ that normally repairs the lymph node following viral 

infection and identifies candidate defective pathways, which could be targeted to 

repair the lymph node niche.  

Current clinical post-transplantation strategies, such as delayed lymphocyte 

infusion (DLI) and chimeric antigen receptor (CAR)-T cell therapy, are designed 

to directly augment T cell expansion, and are often associated with significant 

toxicity.  The demonstration of profound lymph node aGVHD has important 

implications and far-reaching consequences as these strategies may in fact 

be of limited value, if the host environment is not able to provide the 

necessary platform for T cell regeneration.  Collectively, these results highlight 

the need for targeted therapies focused on protecting the peripheral T cell 

niche, in order to improve T cell immune functions following allo-HSCT. 
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Chapter 1 Introduction 

1.1 Allogeneic Haematopoietic Stem Cell Transplantation  

Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is a commonly 

used treatment in the clinic for a variety of congenital and acquired haematological 

and non-haematological conditions, whereby the dysfunctional haematopoietic 

system of a patient is ablated with chemotherapy and/or total body irradiation (TBI) 

and reconstituted with haematopoietic stem cells from a suitable healthy donor, 

administered by intravenous injection.  Furthermore, in the treatment of 

haematological malignancies, this strategy allows delivery of high doses of 

myeloablative anti-cancer therapy while harnessing the potent, immune-mediated, 

anti-neoplastic graft-versus-leukaemia (GVL) effect, whereby the host’s residual 

haematopoietic and tumour-specific antigens are recognised as foreign and killed 

by the lymphocytes contained in the donor graft.  The alloreactive donor 

lymphocytes are necessary to facilitate engraftment, contribute to immune 

reconstitution and mediate the powerful therapeutic GVL effect.  Unfortunately, this 

alloreactive immune response can pathogenically target healthy, non-

haematopoietic host tissues, mediating a life-threatening graft-versus-host disease 

(GVHD).  

Despite improvements in allo-HSCT practices and reductions in transplant-related 

mortality (TRM), one-third of patients will die of causes not related to disease 

relapse, with infection and GVHD constituting the main causes of morbidity and 

mortality (2).  To date, efforts to separate GVHD from GVL have been unsuccessful 

and in clinical practice the achievement of a well-balanced equilibrium between 

GVHD and GVL remains a major challenge.   Long-term mortality from 

opportunistic infections remains unacceptably high and effective strategies to 

improve immune reconstitution post allo-HSCT are urgently needed.  Furthermore, 

the presence of aGVHD itself has been inversely associated with the capacity to 

reconstitute immune competence.   

1.1.1 Historical Review 

The development of bone marrow transplantation stems from pioneering research 

following World War II.   The development of atomic weapons and the devastating 
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effects of ionising radiation led the US government to allocate substantial funds to 

counter the effects of high-dose radiation exposure in humans, in particular bone 

marrow failure after the detonation of nuclear weapons in Japan.  This surge in 

research led to the landmark observations by Jacobsen and colleagues in 1949, 

that the lethal effects of ionising radiation in mice could be prevented by shielding 

their spleens with lead (3) and rescued by the intraperitoneal injection of 

splenocytes from healthy donors immediately after radiation exposure (4).  Van 

Bekkum et al. subsequently showed that intravenous bone marrow cells could 

effectively repopulate bone marrow spaces (5).  By the late 1950’s it was accepted 

that a cellular component, now known as the pluripotent haematopoietic stem cell, 

was capable of reconstituting an entire haematopoietic system (6, 7). 

Studies in murine BMT models continued to shed light on the biology of bone 

marrow transplantation.  Conditioning with cyclophosphamide was sufficient for 

allogeneic engraftment (8). Successfully engrafted allogeneic bone marrow cells 

could induce an aggressive reaction against the host causing a wasting syndrome 

“secondary syndrome”, now recognised as GVHD (9).  Genetic factors controlled 

the severity of the immune reaction of donor cells against the host (10) and GVHD 

could be prevented or ameliorated through immunosuppression with  methotrexate 
(11). 

However, transferring the knowledge obtained from the experimental animal 

models to humans was met with many challenges.  First attempted by E Donnall 

Thomas in the United States in 1956, five adult patients with end stage 

malignancies were transplanted with allo-HSCT.  All of the patients died a short 

time later, either from allograft failure or disease relapse (12).  Thereafter Thomas 

and colleagues treated two patients with acute lymphoblastic leukaemia (ALL) with 

total body irradiation (TBI) and transplantation with syngeneic bone marrow (13).  

Although both patients died with relapsed disease a number of months later, these 

were the first reported cases of patients showing prompt clinical and 

haematological recovery upon allo-HSCT following a lethal dose of radiation, 

validating the observations made in mice.  Initial enthusiasm was tempered by the 

observation that no patients survived this treatment (14), succumbing either to fatal 

“secondary syndrome” developing shortly after successful engraftment of donor 

haematopoietic system (15) or to early complications associated with bone marrow 

34



aplasia (e.g. bleeding, severe infections).  Van Bekkum reflected that these trials 

failed because “the clinical applications were undertaken too soon, most of them 

before even the minimum basic knowledge to bridge the gap between mouse and 

patient had been obtained” (16). 

Further research was subsequently conducted in dogs as it was predicted that the 

wide genetic diversity of out-bred dogs would be a much more suitable animal 

model for preclinical studies (17).  Although the existence of murine 

histocompatibility systems had already been documented in the mid-1950s (18) it 

was only in 1968 that Epstein et al demonstrated that leukocyte antigen 

compatibility between donor and recipient was absolutely required for the success 

of allogeneic transplantation (19).  Moreover, disparities involving minor 

histocompatibility antigens (miHA) were found to be equally capable of eliciting 

GVHD (20).  On the other hand, mutual graft-versus-host tolerance was 

documented to be established after 3 to 6 months of methotrexate treatment, 

suggesting that suspension of immunosuppressive therapy would be possible 

thereafter (21).  The encouraging results in preclinical models, together with the 

discovery of the Human Leukocyte Antigen (HLA) system by J. Dausset (22) and J. 

J. Van Rood (23), which permitted selection of HLA identical donors, inspired 

further trials of allo-HSCT between matched human siblings.  Additionally, 

improvements in supportive care (in particular blood component transfusions, 

antibiotic/antifungal/antiviral therapy, vascular access and parenteral nutrition) led 

to a reduction in pancytopaenia associated complications and permitted the 

development of new high dose conditioning regimens (24). 

In the late 1960s, Gatti et al., Bach et al. and de Koning et al. reported the first 

three successful cases of allo-HSCT in patients with severe combined 

immunodeficiency using HLA-matched sibling donors (25-27), with a long term 

survival of over 25 years (28).  In the following years, the Seattle Marrow Transplant 

Team described their results with leukaemia and aplastic anaemia patients 

transplanted after failure of conventional therapy, showing some long-term 

disease-free survival, although at the cost of high transplant-related mortality (29, 

30).  Consequently, allo-HSCT was reserved for patients with immunoglobulin 

deficiencies, severe aplastic anaemia or refractory advanced leukaemia/lymphoma 

who had a HLA-matched sibling donor.  This practice continued for over a decade 
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until 1977 when Thomas et al. showed that heavily pre-treated patients at 

transplantation had a significantly lower survival (30), suggesting that higher 

success rates would be achieved if transplantation occurred earlier in the course 

of the disease, when tumour burden is less and patients are fitter.  Combining 

methotrextate with a calcineurin inhibitor was also found to significantly reduce the 

incidence of GVHD (21, 31, 32).  Furthermore, evidence was emerging that the 

tumour was controlled not just by the cytotoxicity of the conditioning regimen but 

also by the effects of the donor immune system directed against malignant host 

stem cells and thus the link between GVL and GVHD was recognised (33-35).  

As the understanding of transplant biology grew, allo-HSCT gradually began to be 

viewed as a valid treatment option. Alternative myeloablative conditioning 

regimens, that obviated the need for irradiation, were developed including the 

combination of high dose busulphan (BU) and cyclophosphamide (36), making allo-

HSCT possible in centres without access to TBI.   Recognition that GVL was key 

to successful allo-HSCT, shifted the focus from traditional myeloablative 

preparative regimens towards reduced intensity conditioning (RIC), extending the 

application of allo-HSCT to older and frailer patients (37, 38).  An international 

network of donor registries was established (39), providing a readily accessible 

source tissue-typed volunteer bone marrow donors, extending the applicability of 

allo-HSCT to patients without a HLA-matched sibling donor.  Advancements in 

immunogenetics led to the replacement of serological HLA typing by high 

resolution molecular techniques (i.e., unambiguous typing of the antigen-binding 

site of HLA alleles formed by the α1/α2 domains, encoded by exons 2 and 3 for 

HLA class I and the α1 domain encoded by exon 2 for HLA class II, including 

exclusion of non-expressed variants) (40, 41), resulting in vastly improved outcomes 

for unrelated transplant recipients, that approach those for HLA-identical sibling 

transplant recipients, at least in young patients (42). The identification of the 

glycoprotein CD34 as a marker of haematopoietic progenitor cells and the 

development of centrifuge technology for bulk blood leukocyte collection provided 

the means to isolate stem cells from the peripheral blood (43) and from umbilical 

cord blood (44) as alternative stem cell sources.   

For his work in the field of transplantation, E Donnall Thomas went on to receive 

the Nobel Prize for physiology and medicine in 1990 and the field has continued to 
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advance rapidly, with the number of allogeneic procedures increasing nearly 30% 

in the past decade in the US and in Europe.  Improvements in the safety of HSCT 

and in particular the reductions in the toxicity of the conditioning regimes used 

prior to transplant have extended the application of transplants to non-malignant 

conditions like bone marrow failure syndromes, sickle cell disease, anaemias, 

genetic immunodeficiencies and some inherited metabolic diseases. 

In recent years, research has focused on developing new strategies for increasing 

disease free survival.  However, achieving a separation between GVHD and GVL, 

while preserving immune reconstitution and preventing disease relapse, has 

proved challenging.  Despite intense activity in experimental modelling, only 

modest improvements in clinical outcome are being realised. For example, graft T 

cell depletion is associated with a lower incidence of both acute and chronic 

GVHD but at the cost of a delayed immune reconstitution with an increased risk of 

infectious complications and higher disease relapse rates (45, 46).  Moreover, 

adoptive immunotherapy through subsequent donor lymphocyte infusion (DLI), 

although effective in boosting immune reconstitution and treating leukaemia 

relapses, still carries the risk of triggering GVHD (47).  Other approaches under 

investigation include manipulation of the graft to reduce its alloreactive T cell 

component, either by eliminating activated T cells (48), selecting for memory T cells 
(49, 50), inducing donor T cells for host-type alloantigens (51) or selecting for 

regulatory T cells (52), using vaccinations against tumour-associated antigens (53, 

54), immunotoxin-based therapy (55) and targeted adoptive cellular immunotherapy 
(56) (Figure 1-1). 
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Figure 1-1.  Timeline showing the main milestones in haematopoietic stem cell transplantation, 1957-2016.  BMT, bone marrow transplantation; CAR, 
chimeric antigen receptor; DOT, Vδ1+ cells; GVAX, vaccine comprised of cancer cells genetically modified to secrete granulocyte-macrophage colony-stimulating 
factor; GVHD, graft-versus-host disease; GVT, graft-versus-tumour; HLA, human leukocyte antigen; HSCT, haematopoietic stem cell transplantation; PBSC, 
peripheral blood stem cells.

Adapted with permission from Appelbaum FR. N Engl J Med 2007, 357:1472-1475; copyright Massachusetts Medical Society.
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1.1.2 Principles of allogeneic HSCT 

Patients that are chosen for HSCT undergo preparative cytoreductive conditioning 

with chemotherapy and/or TBI.  This treatment reduces the tumour burden in the 

case of cancer treatment, suppresses the recipient’s immune system to prevent 

rejection of the donor graft and ablates the recipient’s haematopoietic system in 

order to create space in the stem cell niche for the donor stem cells to engraft.  

The preparative conditioning regimen can be applied at different intensities, 

resulting in either reduction or full ablation of the host’s haematopoietic system.  

The use of reduced intensity regimens (RIC) instead of fully myeloablative 

conditioning (MAC) was a major advance in allo-HSCT.  The principle of RIC is to 

treat with an intensity that is high enough to prevent graft rejection but induce less 

tissue injury.  The introduction of RIC regimens has extended the use of allogeneic 

transplantation to older, frailer patients and those with comorbidities (37, 38) for 

whom a myeloablative regimen would be too toxic, although the low transplant-

related mortality associated with RIC regimens may be offset by higher relapse 

rates (57, 58).  Transplant conditioning is followed by transfer of HSCs from a HLA-

matched, healthy donor.  HSCs can be harvested from donor bone marrow (BM), 

granulocyte colony-stimulating factor (G-CSF)-mobilised HSCs in the peripheral 

blood (PB) or umbilical cord blood (UCB). 

The HLA system is the major histocompatibility barrier in stem cell transplantation 

and the degree of HLA matching between donor and recipient is key to the 

successful clinical outcome following allo-HSCT.  Overcoming this barrier is a 

major achievement of modern medicine.  Alloantigens are expressed in three 

major sites in HSCT recipients: APCs, GVHD target epithelium and leukaemia 

cells.  Alloantigen expression on APCs is essential for the induction of GVHD (59) 

and an optimal GVL response occurs when alloantigens are expressed on both 

host APCs and leukaemia cells (60).  Differences in the highly polymorphic Class I 

and Class II HLA glycoproteins, responsible for antigen presentation, are directly 

related to the severity and frequency of GVHD (61, 62).  The human leucocyte 

antigen (HLA) complex is the human version of the major histocompatibility 

complex (MHC), which consists of more than 200 genes located close together on 

chromosome 6.  The cell surface HLA proteins present antigenic peptides to the T 
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cell receptor (TCR) on T cells, allowing the immune system to distinguish self from 

non-self.  They can be divided into Class I proteins (A, B and C), responsible for 

the presentation of endogenous antigens and expressed on almost all nucleated 

cells and Class II proteins (DRB1, DQB1 and DPB1), responsible for the 

presentation of exogenous antigens and predominantly expressed on 

haematopoietic cells (B cells and antigen presenting cells (APC) such as 

macrophages and dendritic cells).  According to European standards, donors are 

typically matched at HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQB1 (referred 

to as 10/10 match).  Early studies indicated that HLA-DPB1 matching was 

associated with an increased risk of disease relapse (63) and for this reason HLA-

DPB1 has not routinely been included in typing and matching strategies.  Although 

it is now possible to group HLA-DPB1 alleles according to their immunogenicity 

into low, intermediate and high groups (64), most transplant centres do not routinely 

include HLA-DPB1 matching.  Furthermore, due to low linkage between HLA-

DR/DQ and HLA-DP, approximately 80% of the retrospectively typed 

donor/recipient pairs are HLA-DPB1-mismatched at one or even two alleles (65).  

However ∼ 40% of recipients of HLA-matched grafts from sibling donors will still 

develop GVHD (61).  In this setting the GVHD and the GVL effect are driven by 

genetic differences between the donor and recipient genes, that are outside the 

HLA loci, encoding proteins that are referred to as minor histocompatibility 

antigens (miHA).  The miHA are inherited independently of the MHC region (66) 

and the disparities in miHA between donor and recipient can vary substantially.  It 

is estimated that the frequency of donor T cells specific for miHA antigens is 

between 1 in 105 and 1 in 106 (67), yet these cells are still sufficient to provide the 

critical GVL effect and also capable of causing severe aGVHD.   

Minor histocompatibility antigens are polymorphic peptides consisting of 9-12 

amino acids and can be derived from either autosomal chromosomes or the Y 

chromosome.  After binding to the antigen recognition site of either Class I or 

Class II HLA molecules present on the cell surface, miHA can be recognised by T 

lymphocytes.  Thus the occurrence of miHA depends on the presence of specific 

HLA antigens, which is called MHC restriction.  
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Unlike Class I HLA, which is ubiquitously expressed by all nucleated cells, the 

distribution of miHA is highly variable and can be either broadly expressed in most 

tissues or restricted to haematopoietic cells.  Minor histocompatibility antigens 

derived from the Y chromosome tend to have a broad expression pattern and are 

found in most tissues including those commonly targeted by GVHD such as the 

skin, gut and liver.  Other miHA, such as autosomal HA-1, HA-2 and ACC-1 

protein, have a restricted expression pattern and are restricted to haematopoietic 

cells, including leukaemia cells (68).  This can have a profound effect on their 

relative ability to induce GVHD and/or GVL.  Disparities of miHA may result from 

polymorphism of amino acids, gene deletions, or several intracellular mechanisms 
(68).  For example, the Smcy gene derived from the Y-chromosome differs from its 

homologue Smcx on the X-chromosome by more than 200 residues whereas the 

HA-1 and HA-2 allelic pairs differ by only a single amino acid residue.  These 

polymorphisms also affect the immunogenicity of a peptide.  For example, it is well 

established that male recipients of HLA-matched female grafts are at a greater risk 

for developing GVHD than male recipients of HLA-matched male grafts (69).  

However, these patients are also at a lower risk of disease relapse (70).  The 

continued expression of miHA on non-haematopoietic cells has been reported to 

result in alloreactive T cell exhaustion and impaired GVL effects (71).  On the other 

hand, there is enthusiasm for identifying haematopoietic-restricted miHA as a tool 

to augment GVL while diminishing GVHD (72, 73).  Thus the identification of 

haematopoietic-restricted miHA is highly desirable and a number, such as HA-1, 

HA-2, LRH-1 and ACC-2 have been identified (74). 

Host alloantigens can be presented to donor T cells by host APCs (direct 

presentation) or cross-presented by donor APC after uptake of particulate host 

material (indirect presentation) (75).  CD8+ but not CD4+ T cells require cognate 

interactions with target tissues to mediate GVHD across only miHA antigens, 

whereas both CD4+ and CD8+ T cells require direct leukaemic contact to mediate 

GVL (76).  CD4+ T cells can induce target tissue damage independent of cognate 

antigen TCR-MHC interaction.  

After myeloablative conditioning and allo-HSCT, the APC environment undergoes 

dramatic distortion.  Radio- or chemosensitive APC and precursor populations 

derived from the host are lost within the first few days after transplant.  The void in 
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host APC numbers is filled by differentiated APCs contained within the donor graft 

or by differentiation from donor progenitor cells.  The kinetics of the switch to 

donor APC populations is primarily dependent on the mode of conditioning, the 

site and the presence or absence of donor T cells in the graft.  After myeloablative 

conditioning this process can be very rapid, as indicated by data from animal 

models (77) and clinical studies (78).  In contrast, and as expected, the extent and/or 

rate of switching are decreased after reduced intensity conditioning (78, 79).   

APCs can be divided into haematopoietic (dendritic cells (DCs), macrophages, B 

cells and basophils) and non-haematopoietic (stromal cells in the lymphoid tissue 

and mesenchmyal cells such as fibroblasts, myofibroblasts and pericytes found in 

the gut).  Longstanding dogma has held that recipient DCs are the APCs 

responsible for GVHD based on their ability to initiate disease when transferred 

into DC-deficient recipients (80) and their transient persistence and activation after 

TBI (77).  However, in patients receiving myeloablative conditioning, host 

haematopoietic APCs and precursor populations are in fact lost within the first few 

days after transplantation, and it is the haematopoietic APCs of donor origin that 

are likely to predominate in relevant lymphoid organs at the time of engraftment 

and onset of aGVHD. 

Donor APCs transferred directly with the graft or developing from haematopoietic 

progenitor cells do not contribute to the initiation of the GVHD response but they 

may drive further tissue injury by cross-presentation of host antigens.  Thus, in 

experiments in which donor APCs are selectively prevented from cross-presenting 

host antigens, GVHD still occurs, but its incidence and severity are sharply 

diminished (81).  Donor APCs that produce and present interleukin (IL)-15 through 

IL-15 receptor α on their cell surface may also be required for perpetuating tissue 

injury (82).   

The distinct roles of host and donor APCs that have emerged in these model 

systems are likely to reflect the fact that in the very early phase after 

transplantation, too few donor APCs have differentiated sufficiently to process and 

present host antigens effectively.  Subsequently, many studies have attempted to 

identify the critical host APC subset responsible for the initiation of aGVHD, 

predicated on the notion that deletion of that subset may prevent the response.   
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A seminal study by Shlomchik et al demonstrated that host APCs are necessary 

and sufficient for the initiation of lethal aGVHD within MHC Class I (59).  In this 

model, despite the capacity for cross-presentation by donor APCs, no GVHD was 

observed in mice lacking Class I on host APCs, indicating that cross-priming is not 

sufficient to initiate acute GVHD (59). Subsequent studies confirmed the same held 

true for MHC Class II (83, 84).   

Furthering our understanding of the key early cellular and molecular events that 

drive donor T cell-mediated GVHD, a new generation of transgenic mice, in which 

CD11c+ cells can be conditionally deleted, has demonstrated that recipient DCs 

are not required to initiate MHC Class II-dependent GVHD and may actually 

regulate disease with the induction of T cell apoptosis (84-86).  Furthermore, 

recipient plasmacytoid DCs, B cells, macrophages and Langerhans cells also 

appear to be redundant in isolation for the initiation of lethal aGVHD and capable 

of regulating disease (83, 85, 87-90).  

More recently, tissue-resident, non-haematopoietic APCs have been recognised to 

be sufficient in initiating GVHD in this setting (84).  In response to inflammatory 

signals such as IFN-γ or TBI, these cells can upregulate their expression of MHC 

Class II and co-stimulatory molecules such as CD40, CD80 and CD86 and are 

capable of priming potent T cell responses to exogenous antigens (84).  Fibroblasts 

have been shown to be capable of inducing cytotoxic T lymphocyte responses (91-

93) as have epithelial cells, once induced to express MHC Class II by inflammation 
(94-96).  This concept is supported by preclinical studies whereby allogeneic non-

haematopoietic APC, rather than APCs of haematopoietic origin, were required for 

aGVHD lethality (97).   

In summary, while donor and host haematopoietic APCs may contribute to GVHD, 

it is the host non-haematopoietic APC population that is sufficient for GVHD 

induction (84).  Understanding the nature of, and mechanisms by which, recipient 

non-haematopoietic APCs function to prime and/or perpetuate GVHD, may be an 

important key to separating GVHD and GVL in the future.  For this reason, I was 

particularly interested in further researching the role of host non-haematopoietic 

APCs, in particular fibroblastic reticular cells (FRCs) in the setting of GVHD.    
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1.1.3 The obstacles to successful outcome following HSCT  

In an ideal allo-HSCT, three main objectives would be achieved: (i) cure of the 

underlying disease, (ii) absence of transplant-related morbidity and mortality 

(TRM), and (iii) full restoration of immune competence.  Yet, more than 50 years 

on since the introduction of allo-HSCT, relapse, infections and GVHD continue to 

be the leading causes of mortality.  In all three scenarios host immune 

reconstitution is impaired.  Despite progress in our understanding of the biology of 

T cell depletion, therapies aimed at accelerating T cell regeneration remain limited 

and are still in clinical development (98).  

The reconstitution of different immune cell subsets after allo-HSCT occurs at 

different time points.  Innate immunity, encompassing monocytes, granulocytes, 

and NK cells, normally recovers in the first weeks to months after allo-HSCT (99, 

100).  In contrast, restoration of adaptive cellular (T cell compartment) and humoral 

(B cell compartment) immunity occurs over a longer period of at least 1-2 years.  

However, it is the slow T cell reconstitution, which is regarded as being the main 

contributing factor responsible for deleterious infections with latent viruses or fungi, 

occurrence of GVHD and relapse (101).  Alternative donor transplantation using 

umbilical cord blood (102) and related haploidentical grafts (103) are associated with a 

more prolonged immunodeficiency state and immunosuppressive therapies used 

to control GVHD further delay lymphocyte reconstitution (104, 105).   
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Figure 1-2.  Causes of early (A) and late (B) deaths following HLA-matched sibling 
allo-HSCT.  Adapted with permission from D’Souza A, Fretham C. Current Uses and 
Outcomes of Hematopoietic Cell Transplantation (HCT): CIBMTR Summary Slides, 2017.
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Relapse 

Despite the long-term persistence of miHA antigen-specific memory CD8+ T cells 

specific for the tumour, the most common reason for early treatment failure is 

disease relapse, with the cumulative risk at 4 years varying from 19%-64% 

according to disease risk score (106).  A major focus of our research group is to 

identify mechanisms underpinning failure of anti-tumour T cell responses and to 

design translatable strategies to rescue function (107-112).  One potential mechanism 

that we, and others, have reported is that chronic or excessive TCR stimulation by 

alloantigen in mice eventually induces donor CD8+ T cell exhaustion, which can be 

rescued by treatment with anti-PD-L1 (71, 109). 

Infection 

Historically, the contribution of infectious complications in the post allo-HSCT 

setting has often been underestimated, when reported as part of the larger, non-

specific variable, transplant-related mortality.  However, consistently, since 2013, 

the Center for International Blood and Marrow Transplant Research (CIBMTR) has 

reported that more deaths occur as a result of infection than of GVHD following 

allo-HSCT.  Indeed, in recipients of either HLA-matched sibling or matched-

unrelated donor (MUD) HSCT, infection is now the leading cause of non-relapse-

related mortality both in the early (<100 days) and late (>100 days) post transplant 

settings (2) (Figure 1-2).  In a cohort of 1388 individuals who lived 2 years or more 

after allo-HSCT performed in childhood, the risk of relapse-related mortality 

plateaued over time with only 25% of late deaths caused by primary disease.  

Instead, infection was the commonest cause of late mortality, with transplant 

recipients having a continued elevated risk of premature death compared with the 

general population at 25 years after allo-HSCT (113).   

Some major improvements in infectious complications have been associated with 

changes in transplantation conditioning regimens that reduce toxicity, such as RIC 

transplantation, and the application of more aggressive screening and prophylaxis 

strategies using drugs, molecular testing and radiology to detect and prevent early 

bacterial infections, HSV, CMV and pre-engraftment candida infections (114).  

However, these changes have effectively altered the predicted epidemiology of 

post-transplant infection, with risks now occurring later after engraftment.   

46



Various types of organisms, including bacterial (encapsulated organisms and 

those secondary to impaired antibody responses), viral (herpesviruses e.g. CMV 

and varicella zoster virus, respiratory viruses e.g. influenza and adenovirus and 

polyomaviruses e.g. BK and John Cunningham (JC) virus) and fungal (filamentous 

fungi e.g. aspergillus and mucormycoses, and yeasts e.g. pneumocystis jirovecii), 

can cause late infections.  The timing of late infections is unpredictable, making 

standardised screening and vaccination strategies complicated.  Late infections 

often present greater diagnostic challenges, as they often manifest with unusual 

clinical syndromes and long-term prophylaxis strategies are often limited by drug 

toxicities.  For example, S. pneumoniae typically occurs late, with a median day of 

diagnosis of 443 days in one study (115) and can cause the rapid development of 

pneumonia and/or meningitis. Allo-HSCT recipients also have a high risk of 

varicella zoster virus (VZV) reactivation late after transplantation, especially in the 

setting of GVHD, when it can cause potentially fatal hepatitis and 

meningoencephalitis, even the absence of skin lesions (116).  CMV reactivation is 

common following allo-HSCT, however the use of antiviral therapy and prolonged 

T cell engraftment has delayed CMV-specific protective immunity so that late 

infection is now the norm.  In one study, late CMV disease developed in 17.8% of 

patients at a median of 169 days after HCT (range, 96-784), with gastrointestinal 

tract disease, retinitis and meningoencephalitis described more frequently during 

this late period (117, 118).  Severe disease caused by disseminated adenovirus is a 

major concern post allo-HSCT.  It can mimic GVHD, with fever, diarrhoea, 

hepatitis and rash and is associated with poor T cell reconstitution and GVHD.  

Antiviral drugs have poor efficacy and pre-emptive screening prevents 

disseminated disease in only a handful of people (119).  Although the risks for upper 

respiratory infections caused by episodic viruses in HSCT patients are equivalent 

to those of the population as a whole, these patients have an increased 

susceptibility to developing lower respiratory tract disease, including bronchiolitis, 

pneumonitis, resultant lung damage and secondary bacterial infections. Thus, the 

mortality associated with viruses such as influenza, RSV and parainfluenza are 

high in this population and infection control strategies are complicated by 

prolonged viral shedding in transplant recipients (120-122).   
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Graft-versus-host disease 

GVHD is a life-threatening complication of allo-HSCT.  GVHD is an immune 

rejection of normal host tissues, mediated by allogeneic donor lymphocytes. In the 

acute form it primarily affects the skin (erythroderma), gut (diarrhoea with or 

without haematochezia), liver (cholestasis), lungs, bone marrow and thymus (61).  

Chronic GVHD (cGVHD) has been classically defined as GVHD occurring after the 

first 100 days post allo-HSCT.  However, it is not the time of onset but its 

characteristic clinical presentation, resembling a systemic sclerosis-like illness, 

coupled with specific diagnostic criteria and, when available, tissue pathology that 

separates aGVHD from cGVHD.  Chronic GVHD also affects multiple organs, 

most frequently the skin (dermatosclerosis), mouth (xerostomia), eyes 

(xerophthalmia), vagina (scarring and stenosis), oesophagus (strictures), lung 

(bronchiolitis obliterans) and musculoskeletal system (fasciitis and joint stiffness).  

The pathophysiology underlying acute versus chronic GVHD is quite distinct.  

Acute GVHD is a distortion of the normal inflammatory cellular responses involving 

alloreactive donor T cell mediated cytotoxic damage to the recipients tissues via 

cell-surface and secreted factors (123), whereas chronic GVHD is mainly 

characterised by end-organ fibrosis and its features resemble those of well-

organised autoimmune vascular diseases, suggesting a similar pathophysiology 
(124).  There is cumulative evidence that GVHD should be viewed as a continuum 

process (125). The mechanisms underpinning the transition from acute to chronic 

GVHD are poorly understood and exploring how the biology of acute GVHD, an 

alloreactive disease, becomes chronic GVHD, an autoimmune disease, is a major 

research focus of our lab.   

The incidence of aGVHD after allo-HSCT can vary significantly from 10% to 80%, 

depending on a number of risk factors.  Risk factors increasing the likelihood of 

GVHD include HLA-disparity, sex mismatch between donor and recipient (F→M), 

increasing age of recipient (>40), recipient CMV status, stem cell source 

(PBSC>BM>cord blood) and the conditioning regimen (high intensity>reduced 

intensity) (126).  The severity of acute GVHD is measured by the extent of organ 

involvement and is graded as follows: grade I (mild); grade II (moderate); grade III 

(severe); and grade IV (very severe).  The grade of aGVHD has been shown to 
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correlate with overall survival.  Five-year survival for grade III acute GVHD is 25% 

with a long-term survival of only 5% for grade IV disease (127, 128).  Critically, 15-

20% of HSCT recipients will develop severe GVHD that is refractory to therapy 

and die (129, 130). Chronic GVHD occurs in 30-65% of allo-HSCT recipients with a 5 

year mortality rate of 30-50% due predominantly to immune dysregulation and 

infections (129).  Current treatment strategies rely on prolonged, non-specific T cell 

immunosuppression (61, 131).  However, since both the beneficial GVL and the 

deleterious GVHD are based on T cell immunity, this strategy inhibits both effects 

equally.  Thus, globally penalising the immune system critically impairs the GVL 

response and hampers immune reconstitution, leading to increased risk of disease 

relapse and infectious complications.  

In summary, the obstacles to successful outcome following allo-HSCT are each 

manifestations of impaired immune function.   There is therefore an unmet need to 

identify the mechanisms leading to the profound and often irreversible 

immunodeficiency state post allo-HSCT and to devise strategies to preserve and 

restore immune-competence, which will not only result in a reduction in delayed 

deaths due to infection, but also reduce the risk of disease relapse. 

1.2 Post transplant immune reconstitution: a key challenge 

Following cytoreductive treatment and allo-HSCT, two complimentary pathways 

restore innate and adaptive immune competency: (i) a thymic-independent 

pathway termed ‘homeostatic peripheral expansion’, involving residual host-

derived haematopoietic cells and mature cells present in the donor graft, 

undergoing clonal expansion in peripheral host tissues secondary to homeostatic 

and alloantigenic stimuli; and (ii) a thymic-dependent pathway that recapitulates 

ontogeny in a functionally intact thymus (132).   

In contrast to thymic production of T cells, homeostatic peripheral expansion 

generates a T cell pool with quantitative and qualitative deficiencies, resulting in 

impaired functional immunity and a T cell repertoire that is restricted by the TCR 

specificities contained in the graft and by antigens that drive this process (133). 

Thymus-independent T cell immunity is largely transient and characterised by 

clonal exhaustion of cells caused by extensive replication and increased sensitivity 

to apoptosis (134-136).   
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Therefore robust reconstitution of T cell immunity post allo-HSCT critically 

depends upon the de novo production of new naïve T cells from the thymus with 

the broad TCR repertoire necessary for control of pathogens and malignancy.  The 

competence of thymus-dependent immune reconstitution depends on the correct 

functions of all components involved in T cell production and selection: the quality 

of the grafted stem cells, the availability of competent bone marrow stromal 

niches, the regular migration of T lymphoid progenitors to the thymus, the efficient 

commitment of the blood-borne haematopoietic cells to a T cell fate, the 

subsequent orderly progression of thymocyte maturation and selection, the 

proficient export of mature thymocytes to the periphery and the availability of 

suitable peripheral stromal niches to lodge exported T cells.   

However, even despite lymphocyte reconstitution, immune competency is often 

severely delayed and may never be achieved by many patients after allo-HSCT, 

particularly in the setting of GVHD.   It remains an unanswered question how an 

anti-host allogeneic T cell response that is of a limited duration can induce such 

long-lasting and often permanent disturbances in the differentiation and 

homeostasis of donor-derived T cells.  Some of the contributing factors are 

discussed below. 

1.2.1 Loss of Peripheral T cell niches in GVHD 

Dulude et al (137) showed that the mere absence of a thymus did not result in the 

severe level of lymphoid hypoplasia found in GVHD.  They showed that the 

majority of T cells found in mice with GVHD with normal thymic function did not 

derive from the expansion of grafted post-thymic T cells, but rather from the donor 

haematopoietic stem cells that differentiated in the GVHD+ thymus and not in 

extrathymic sites because their numbers were decreased eightfold in athymic 

GVHD+ recipients.  Furthermore, even though the thymus is damaged in GVHD, 

with a fourfold lower total number of recent thymic emigrants (RTEs), it has the 

ability to maintain a Vβ profile that is similar to that of age-matched controls (137,

138).  Moreover, T cells from mice with GVHD expanded normally when they were 

adoptively transferred into thymectomised syngeneic or allogeneic secondary 

hosts without GVHD, whereas, adoptive transfer of post-thymic T cells, that had 

differentiated in a normal GVHD negative thymus and possessed normal 
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proliferation potential, could not correct the T cell lymphopaenia in recipient mice 

with GVHD (137). 

They concluded that reduced thymic output in mice with GVHD cannot be held 

solely responsible for peripheral T cell hypoplasia and that the reduced size of the 

post-thymic compartment in GVHD is not due to an intrinsic T cell defect but rather 

due to an extrinsic microenvironmental abnormality, which they proposed was a 

decreased number of functional peripheral T cell niches in GVHD.  Other studies 

support this hypothesis (139, 140), showing that aGVHD, even when subclinical, 

constrains the expansion of mature T cells by destruction of peripheral T cell 

niches and this mechanism critically contributes to the multifactorial pathogenesis 

of poor immune reconstitution following allo-HSCT.   

In humans, morphological changes in the lymph nodes were observed in 

transplanted patients more than 30 years ago.  In human autopsy studies, lymph 

nodes from patients who have undergone allo-HSCT show multiple abnormalities, 

including loss of cellularity in the cortex and paracortex, disruption to high 

endothelial venules (HEV) and reduced follicle formation (141, 142), clearly identifying 

the secondary lymphoid organs as a target of GVHD.   

1.2.2 Age 

Performing allo-HSCT in older patients introduces unique problems.  With 

advancing age, the thymus is progressively replaced by fat.  Reduction in thymic T 

cell output, as a consequence of physiological involution of the thymus with age, 

has been suggested to be an important cause of delayed T cell reconstitution after 

allo-HSCT in adults.  The older the patient, the more the T cell recovery stems 

from expansion of memory T cells in the graft.  The reduced output of naïve T 

cells, caused by thymic involution, is further compounded by an ageing secondary 

lymphoid tissue environment, that is no longer able to fully support homeostasis of 

naïve T cells (143).   

Alterations in the CD8+ T cell compartment are some of the best-characterised, 

age-related changes in the immune system (144).  CD8+ T cells are age sensitive by 

at least two partially independent mechanisms: fragile homeostatic control and 

gene expression instability in a large set of regulatory cell surface molecules.  
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These cells have a particular propensity for oligoclonal expansion of CD8+ memory 

T cells with age such that the CD8+ T cell repertoire becomes increasingly skewed 

towards previously encountered antigens, particularly those derived from 

cytomegalovirus (145, 146).  Oligoclonal expansion of the CD8+ T cell population 

starts around the sixth decade of life, which results in skewing of the T cell 

repertoire and an increased expansion of terminally differentiated memory CD8+ T 

cells occupying the peripheral niches (147).  Therefore the few naïve T cells that are 

produced in the thymus of elderly individuals might not be able to take up 

residence in peripheral tissues because of a lack of space, contributing further to 

the inability to renew the immune repertoire after transplant. 

Lymph node fibrosis also increases with age (148-151).  Hadamitzky et al (148) 

reviewed the histoarchitectural changes in the superficial inguinal lymph nodes 

obtained from 41 deceased patients between 17 and 98 years of age and found an 

increase in connective tissue replacing normal lymphoid structure within the lymph 

nodes of elderly patients and that this was frequently associated with a reduction 

in lymphocytes (148).  FRCs (150) and FDCs (149) have both been shown to decline 

numerically and exhibit disorganised network formation in aged mice, with a 

potential to impair interactions with T and B cells.  Serum levels of TGF-β are 

increased with ageing in both mice and humans (152) and may be related to the 

age-associated increases in T-regulatory cells (153, 154).  IL-6, often referred to as 

the “gerontologists cytokine” is normally present in low levels in the blood but is 

increased in ageing and in subjects with markers of frailty and chronic disease, 

where it correlates with mortality (155-160).  Interestingly, despite elevated serum IL-6 

levels, IL-6 is absent in the fibrotic lymph nodes of aged mice (157).    

Becklund et al (150) showed that T cells from aged lymph nodes can undergo 

normal homeostatic proliferation following adoptive transfer to young, irradiated 

hosts, indicating that the age-dependent reduction in the number of naïve T cells is 

not due to a T cell intrinsic factor but primarily due to the aged host environment 
(150).  They showed that the reduction in FRC numbers and disrupted reticular 

network in aged lymph nodes was associated with reduced CCL19 mRNA levels 

and impaired homing of naïve T cells to the peripheral lymph nodes, while the 

entry into the mesenteric lymph nodes and spleen was less affected (150).  

Furthermore, they demonstrated that IL-7 signalling, but not expression, is 
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impaired in aged mice and that treating mice with exogenous IL-7 fails to increase 

the in vitro or in vivo homeostatic proliferation of naïve donor T cells (150).   

Thompson et al (151) treated aged mice with either keratinocyte growth factor or sex 

steroid ablation, both of which have been shown to transiently increase the size 

and cellularity of the old thymus.  This resulted in robust rejuvenation of thymic 

size and cellularity and an increase in recent thymic emigrants (RTEs) in the blood 

but not in the fibrotic lymph nodes of both mice and nonhuman primates, 

suggesting that the SLO defects that occur with ageing can negate potential 

benefits in immune defence offered by strategies aimed solely at thymic 

rejuvenation. 

In summary, increasing age of the allo-HSCT recipient contributes to the severity 

of immune-compromise after transplantation.  The literature supports that 

involution of peripheral lymph nodes, rather than thymic involution, may play the 

dominant role in this process.  Furthermore, the SLO features seen in aged lymph 

nodes, including loss of FRCs, fibrosis and alterations in lymphocyte homeostasis 

are also seen in GVHD.  It is possible that lymph node GVHD represents an 

acceleration of the normal ageing process and that similar molecular mechanisms 

may be responsible (Figure 1-3). 
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The effect of GVHD on the peripheral lymph node: parallels with ageing
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Figure 1-3.  Effects of aGVHD on the secondary lymphoid organ microenvironment and 
lymphocyte production: parallels with ageing.  Several events contribute to the decrease in 
number and function of adaptive immune cells that occurs in the setting of aGVHD following 
allo-HSCT.  T cell generation is decreased as a result of thymic damage caused by conditioning 
chemotherapy and/or radiotherapy and aGVHD.  Decreased numbers of haematopoietic 
progenitors are produced due to aGVHD damage to the bone marrow niche.  Fewer naïve T 
and B cells are exported to the periphery.  Oligoclonal expansion of the CD8+ T cell population 
results in skewing of the T cell repertoire and an increased number of terminally differentiated 
memory CD8+ T cells in peripheral niches.  Allogeneic T cells damage peripheral lymph nodes 
causing loss of FRCs and fibrosis, reducing the number of functional peripheral T cell niches.

Adapted and redrawn with permission from Dorshkind K.  The ageing immune system: is it ever 
too old to become young again?  Nat Rev Immunol. 2009 Jan; 9(1):57-62. Copyright © 2009, 
Springer Nature.
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1.2.3 Conditioning  

Both MAC and RIC regimens damage the thymus (161, 162).  Almeida et al (135) 

showed that in mice with a 100-fold reduction in the single positive (SP) thymus 

cells i.e. 1% of the normal number, there was a three-fold reduction in the 

activated/memory cells, while the naïve CD4+ and CD8+ compartments decreased 

12- and 23- fold respectively, highlighting that the lymphopaenic environment 

favours the replenishment of an activated/memory T cell pool.  In my experiments I 

aim to investigate how TBI conditioning alters not only T cell phenotype and 

function but also how this conditioning regimen impacts stromal subpopulations in 

the peripheral lymph nodes.   

1.2.4 GVHD 

Whereas much of the innate immune system, including monocytes, granulocytes 

and natural killer (NK) cells, is restored within a few weeks of allo-HSCT, the 

regeneration of the adaptive immune system takes months (B cells) to years (T 

cells) to be completed and may never be achieved in the setting of GVHD.  The 

immune deficiency found in GVHD mainly involves T cells, and is characterised by 

a severe lymphoid atrophy and inadequate responses to both recall antigens and 

new epitopes (163-166).   

GVHD affects both thymic-dependent and thymic-independent T cell immune 

reconstitution.  GVHD induces thymic dysplasia associated with thymic involution, 

depletion of cortical and medullary thymocytes, epithelial cell destruction, and loss 

of Hassall’s bodies, which collectively result in T cell lymphopaenia and failure of 

negative selection of potentially autoreactive T cells (167-171).  The 

immunosuppressive drugs used to treat GVHD not only suppress the immune 

system globally, but also directly affect thymic function, with steroids and 

ciclosporin known to cause apoptosis of thymocytes and lymphocytes in vitro and 

in experimental murine models.  Furthermore, GVHD also deleteriously affects the 

expansion of mature T cells transferred in the donor marrow graft (137).  This has 

been attributed, in part, to the propensity of these cells to have a shortened 

survival in the periphery (136, 172, 173) and to undergo activation-induced cell death 
(174), suggesting that an intrinsic T cell defect may be responsible for T cell 
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lymphopaenia.  However, this theory has been challenged in the face of increasing 

evidence to suggest that loss of peripheral T cell niches, rather than an intrinsic T 

cell defect, may be primarily responsible for impaired T cell responses (137, 140).  

GVHD is caused by naïve donor T cells, which have never before been activated 

by antigen and require specific stimulatory signals to be aroused from their 

somnolent state (129).  The ability to awaken naïve T cells belongs to the realm of 

antigen presenting cells.  In the next section I will discuss how non-haematopoietic 

APCs, in particular FRCs, may play an important role in the pathophysiology and 

progression of GVHD. 
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1.3 Graft-versus-host disease and fibroblastic reticular cells  

1.3.1 Pathophysiology of GVHD 

The precise pathophysiology of acute GVHD involves a complex cascade of 

humoral and cellular interactions between donor and host cells that remains 

incompletely understood.  Most of the current knowledge of the biology of GVHD is 

derived from observations made in animal models of the disease.  Early studies 

established that the development of GVHD required: (1) an immunologically 

competent graft containing mature T cells; (2) inability of the recipient to reject the 

transplanted cells; and (3) expression of tissue antigens by the recipient absent in 

the transplant donor (175-177).  It is still useful to consider the development of GVHD 

as a three-step process in a model first proposed by Ferrara and Reddy (61, 178-180). 

1. Priming of the immune response 

Tissue injury is caused by the primary disease, prior chemo-radiotherapy and 

infectious complications and is further exacerbated by the HSCT conditioning 

regimen (179).  Endogenous danger signals, known as damage associated 

molecular patterns (DAMPs) and pathogen-associated molecular patterns 

(PAMPs) are released from damaged and dying tissue cells leading to the 

secretion of pro-inflammatory cytokines such as TNF-α, IL-1 and IL-6 in a process 

called the ‘cytokine storm’ (181-183).  This mediates profound changes to the tissue 

microenvironment causing an increase in the expression of adhesion molecules, 

co-stimulatory molecules and antigens presented by MHC, as well as the 

development of chemokine gradients that promote the infiltration of immune 

effectors.  Non-haematopoietic host APCs, in particular FRCs, may play an 

important role in priming of the GVHD immune response.   

Medullary thymic epithelial cells (mTECs) are particularly sensitive to immune 

injury in GVHD (184).  These stromal cells display peripheral tissue-restricted 

antigens (PTAs) through a process that requires the transcription factor, 

Autoimmune Regulator (AIRE) and are normally required for the negative selection 

of self-reactive thymocytes (185).  Loss of mTECs in mice with aGVHD therefore 

allows escape of autoreactive T cells into the periphery (186).  Lymph node FRCs 
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also express PTAs and can induce potent antigen-specific T cell tolerance under 

steady-state and inflammatory conditions through direct presentation to naïve 

CD8+ T cells (187-189).  FRCs display PTAs through a mechanism involving the 

AIRE-like transcription factor, deformed epidermal autoregulatory factor 1 

homologue (DEAF1) (188).  Like mTECs, FRCs are also lost in aGVHD (190).  A ‘two-

hit’ hypothesis for the development of cGVHD has been proposed, whereby the 

loss of central tolerance (‘hit one’) is followed by a second insult to peripheral 

tolerance mechanisms (‘hit two’), creating conditions favouring unchecked T cell 

autoreactivity and inflammation (186, 191).   A better understanding of how such 

peripheral regulatory mechanisms fail in GVHD will be critical to preventing the 

emergence of autoimmunity and chronic tissue injury and is a major focus of the 

research in our laboratory.  

FRCs also exhibit several other immunoregulatory functions, including the 

activation of T lymphocytes (192).  In response to inflammatory signals such as IFN-

γ or TBI, FRCs can upregulate their expression of MHC Class II and co-stimulatory 

molecules such as CD40, CD80 and CD86 and are capable of priming potent T 

cell responses to exogenous antigens (84).  FRC expression of immunostimulatory 

molecules is augmented in response to signals from activated T cells, with FRC-

derived IL-6, in particular, enhancing the production of IL-2 and TNF in activated 

CD8+ T cells (193).  IL-6 is of particular interest with respect to GVHD biology since 

it occupies a unique position at the crossroads, where the fate of naïve T cells to 

become either regulatory cells or proinflammatory T cells, is determined.  In the 

presence of IL-6 and TGF-β, naïve T cells differentiate into TH17 cells, whereas in 

its absence these same cells are induced to become Tregs (194).  Thus, IL-6 

appears to have a pivotal role in directing the immune response toward an 

inflammatory phenotype and away from a regulatory response.  Inhibition of IL-6 

has been shown to increase the number of regulatory T cells in a murine model of 

GVHD in the colon, liver and lung, leading to an attenuation of disease severity 
(195).  The potential importance of IL-6 in GVHD is also supported by clinical 

studies that have shown that patients with elevated plasma levels of IL-6 (196, 197) 

as well as those with a recipient or donor IL-6 genotype that results in increased 

IL-6 production (198, 199) have an increased incidence and severity of GVHD.   

Furthermore, on May 24th, 2019, Ruxolitinib, a small molecule inhibitor of Janus 

kinase (JAK) 1 and JAK2, became the first Food and Drug Administration (FDA)-

58



approved treatment for steroid refractory aGVHD.  This drug has been shown to 

significantly reduce serum levels of IL-6 in patients with GVHD and has efficacy in 

the treatment of both aGVHD and cGVHD (200). 

Further revising the prevailing paradigm of FRCs as negative regulators of 

immune response (201-203), Chung et al (204) showed that non-haematopoietic 

stromal cells were the essential source of Notch ligands during in vivo priming of 

alloreactive T cells in a mouse model of aGVHD and that GVHD could be 

prevented by selective inactivation of Delta-like ligand 1 and Delta-like ligand 4 in 

subsets of fibroblastic reticular cells that were derived from Ccl19-expressing host 

cells (204).    

Fibroblasts in the tumour microenvironment (TME) are increasingly recognised as 

active participants in tumour progression and a similar crosstalk occurs between 

cancer-associated fibroblasts (CAFs) and T cells (205).  A direct effect of CAFs on T 

cell function was demonstrated in an in vitro study that utilised fibroblasts and 

tumour-infiltrating T lymphocytes (TILs) isolated from human lung tumours: CAF-

derived IL-6 enhanced the production of IFN-γ and IL-17A in activated 

lymphocytes and activated TILs were shown to induce the expression of ICAM-1 

and COX-2 in normal lung fibroblasts (205).  These activated fibroblasts then 

induced a reduction in the expression of T cell activation/co-stimulation markers 

(CD69, LFA-1, CD3 and CD28) providing further evidence that fibroblasts are able 

to modulate effector functions of T cells recruited into sites of inflammation (206).  In 

human and mouse breast tumours, the direct immunosuppressive capacity of 

CAFs was attributed to a distinct subpopulation of fibroblasts expressing fibroblast 

activation protein (FAP) and Podoplanin (PDPN).  These FAP+PDPN+ CAFs 

expressed a TGF-β and fibrosis-related gene signature and were shown to 

suppress T cell proliferation in a nitric oxide-dependent manner (207).  This function 

is reminiscent of the immune suppressive function of FRCs in the lymph nodes, 

where FRCs under inflammatory conditions, can acquire immunosuppressive 

potential and attenuate T cell expansion by producing nitric oxide (201-203).  

However, only a proportion of FRCs expressed NOS2 in vivo during T cell priming, 

suggesting that FRCs may exhibit functional heterogeneity during T cell priming 

and/or the existence of distinct FRC subsets residing in discrete microdomains 

that differentially affect T cells during their activation and differentiation.  
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In summary, these findings highlight an important role for non-haematopoietic 

APCs as critical partners of donor allogeneic T cells at the outset of GVHD.  Early 

interactions between donor T cells and non-haematopoietic stromal cells, in 

concert with inflammatory signals from the microenvironment can provide essential 

instructive signals to induce T cell alloreactivity.  Thus specialised stromal niches 

have a key role in the context of alloimmunity.  Further work is required to 

determine whether the dominant role of non-haematopoietic cells after allo-HSCT 

is to promote rather than to restrain alloimmune reactivity.  Irradiation of all-HSCT 

recipients upregulates the expression of several surface markers on stromal cells, 

changes their morphology and results in profound remodelling of the SLO 

microanatomy within the first few days of transplantation (204).  Thus it is possible 

that the highly inflammatory environment that ensues after irradiation, in 

combination with the nature and availability of antigen, could account for the 

extreme proinflammatory functions of fibroblastic stromal cells in the allo-HSCT 

setting.  

2. The activation, differentiation and migration of alloreactive donor T cells 

The generation of inflammation in peripheral tissues has two main effects. (i) It 

activates recipient APCs, enhancing their ability to prime T cells in secondary 

lymphoid tissues to proliferate and differentiate into effector cells over a period of 2 

to 3 days (208), a process characterised by gain of cytolytic function and ability to 

secrete cytokines, such as IL-1, IL-3, Il-7, GM-CSF, TNF-α and IFN-γ.  (ii) It 

subsequently provides alloreactive primed T cells with the chemokine gradient and 

co-stimulation to migrate into the tissues and mediate their cytotoxic effects (209), a 

process that involves changes in vascular permeability and requires specific 

selectin-ligand, chemokine-receptor and integrin-ligand interactions (210).  

3. Target organ tissue apoptosis by effector T cells 

GVHD target organ damage is the result of a complex immune response in which 

CTL, NK cells and inflammatory cytokines induce antigen-dependent and 

independent cell death.  FRCs in SLOs have been shown to an early target of 

GVHD-mediated attack in major and minor MHC-mismatched animal models (190).  

Furthermore, mice developed fibrotic lymph nodes and suffered an irreversible 
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(>100 days) loss of the lymph node microenvironment, including loss of high 

endothelial venules, T and B cellularity, and systemic humoral immunity (190), 

highlighting the close structure-function relationship of SLO microenvironments in 

orchestrating the antimicrobial immune response.  As previously discussed, lymph 

nodes from patients who have undergone allo-HSCT show multiple abnormalities, 

including loss of cellularity in the cortex and paracortex, disruption to high 

endothelial venules and reduced follicle formation in autopsy studies (141, 142). 

In the setting of infection, the structural integrity of SLOs may be challenged by the 

direct cytopathic effect of microorganisms or by immunopathological processes 

during acute and chronic immune responses (211).  For example, cytomegalovirus 

infection results in downregulation of CCL19 expression (212) and LCMV infection 

leads to downregulation of CCL21 expression (211, 213), resulting in breakdown of 

the FRC network and leading to temporary immunosuppression against a 

secondary infection (213, 214).  In such cases, counter-regulatory mechanisms 

operate to restore the integrity of the SLO microanatomy and to secure 

immunocompetence (213). However, in other clinical scenarios, such as HIV 

infection and certain cancers, a chronic, fibrotic process occurs in lymph nodes 

resulting in permanent loss of immune surveillance. 

Fibrosis is a scarring process, characterised by excess deposition of collagenous 

and non-collagenous extracellular matrix (ECM) due to the accumulation, 

proliferation and activation of fibroblasts.  Lymph node fibrosis is a cardinal feature 

of HIV infection, where loss of FRCs impairs homeostatic mechanisms required for 

T-cell survival and limits immune reconstitution with antiretroviral therapy (ART) 
(215).  In HIV infection, collagen deposition in the lymph nodes is significantly 

correlated with loss of FRCs and inversely correlated with the size of the CD4+ T 

cell population within the T cell compartment of LNs in HIV-infected patients (216).  

Secreted collagen accumulates around FRCs, restricting T cell access to their 

survival factor IL-7 on the FRC network, resulting in apoptosis and depletion of T 

cells, which in turn removes a major source of lymphotoxin-β, a survival factor 

FRCs, thus perpetuating a vicious cycle of depletion of T cells and the FRC 

network, resulting in profound impairment of host immune function (217). 
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HIV infection results in increased expression of TGF-β1 in regulatory T cells 

responding to immune activation, along with increased expression of its cognate 

receptor in spatially proximate fibroblasts, which chronically activates the TGF-β1 

signalling pathway resulting in progressive LN fibrosis (217).  Increased plasma 

levels of IL-6 occur in HIV infection (218) are associated with disease progression 
(219) and the development of opportunistic infections (220).  Shive et al (221) showed 

that despite higher serum IL-6 levels, levels of IL-6 produced spontaneously by 

lymph node histocultures from HIV-infected patients were significantly lower than 

levels produced by the uninfected or ex vivo infected histocultures and speculated 

that this may represent a depletion of the IL-6 producing cells in the chronically 

infected lymph node.   

The hallmark of HIV infection, depletion of CD4+ T cells, has been largely 

attributed to direct mechanisms of infection and cell death from viral replication or 

killing by virus-specific CTLs, and to indirect mechanisms such as increased 

apoptosis accompanying chronic immune activation associated with HIV 

infections.  It is thus puzzling that if these were the sole mechanisms responsible 

for CD4+ T cell depletion, why 20% of HIV infected patients have no significant 

increase in their peripheral blood CD4 count after initiation of ART, since treatment 

can suppress viral replication to undetectable levels and normalise much of the 

chronic immune activation associated with infection (222, 223).  The preferential 

depletion of naïve T cells in blood and lymph nodes, where they mainly reside, 

also makes it difficult to attribute depletion simply to direct mechanisms of viral 

infection or indirect mechanisms of activation-induced cell death (AICD), since (1) 

naïve CD4+ T cells are resistant to HIV infection and (2) AICD should primarily 

affect the activated effector and memory populations (224-226).  Furthermore, the 

similar extent of depletion of not only naïve CD4+ T cells but also naïve CD8+ T 

cells that are not usually infected by HIV (227, 228), suggests that there is a general 

mechanism impacting naïve T cell populations unrelated to direct infection.  Zeng 

et al proposed a ‘damaged lymphoid tissue niche’ hypothesis in which collagen 

deposition disrupts the FRC network on which naïve T cells migrate and gain 

access to survival factors such as IL-7.  They showed that in the SIV-rhesus 

macaque animal model (217) and in humans (229) that the critical disruption in 

lymphoid tissue architecture caused by collagen deposition and decreased access 

of T cells to survival factor IL-7 “posted” on the FRC network was in fact 
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associated with increased apoptosis and depletion of both naïve CD4+ and CD8+ T 

cells.  They showed that this mechanism is a cooperative and cumulative vicious 

cycle in which the mutual interdependencies for survival of naïve T cells on IL-7, 

and the FRC network on lymphotoxin-beta supplied by the T cells, perpetuates 

depletion of both T cells and the FRC network (217, 229).  Although complementing 

ART with IL-7 treatment in both SIV and HIV infection significantly increases the 

circulating naïve CD4+ and CD8+ T cell number, there is an immediate decline 

after termination of therapy, suggesting that complementing IL-7 only provides 

transient survival benefit for naïve CD4+ and CD8+ T cells (230-232), and strongly 

argues for the development of therapeutic interventions to provide long-term 

survival benefit for naïve T cells through, preservation or restoration of the FRC 

network, where naïve cells can directly access IL-7.  

Kityo et al (233) showed that lymph node fibrosis is not limited to HIV infection.  

They studied the lymph nodes of individuals from Kampala, Uganda before and 

after yellow fever vaccination and found fibrosis in lymph nodes similar to that 

seen in HIV infection and that a blunted antibody response to yellow fever 

vaccination correlated with the degree of fibrosis and loss of T cells (233).  

Furthermore, these lymph nodes showed loss of FRCs and Ugandan participants 

had significantly higher levels of TGF-β and the proinflammatory cytokine IL-6, 

compared with subjects from the US (233).  This study further highlights the role of 

inflammation in shaping lymph node anatomy and function.   

In the TME, one of the hallmarks of CAFs is the excessive production and 

deposition of ECM components leading to the formation of scar-like tissue, 

resulting in biomechanical and biochemical changes that facilitate tumour growth, 

invasion and metastasis (234, 235).  One of the key modulators of the TME is the 

multifunctional cytokine, transforming growth factor β (TGF-β).  TGF-β induces 

CAF activation and fibroblast-to-myofibroblast transition with consequent 

linearisation of collagen fibres and stiffening of the ECM.  In turn, activated CAFs 

induce TGF-β signalling to perpetually maintain the activated state (236, 237).  For 

example, TGF-β produced by Hairy Cell Leukaemia (HCL) cells, has been shown 

to enhance the production and deposition of reticulin and collagen fibres by bone 

marrow fibroblasts in vitro, with the concentration of active TGF-β correlating with 

the extent of bone marrow fibrosis and infiltration with HCL cells (238).  In classical 
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Hodgkin Lymphoma (cHL), the malignant Hodgkin and Reed-Sternberg (HRS) 

cells account for only 1% of the tumour tissue, which is predominantly composed 

of a reactive cell infiltrate (lymphocytes, fibroblasts and cells of the innate immune 

system) (239).  Typically, HRS cells are surrounded by a ‘rosette’ of T cells with 

impaired function, which impedes a direct interaction with other cells and facilitates 

the establishment of tumour-supportive environment.  In Western Europe, the 

nodular sclerosing subtype of HL is the most frequently encountered.  In this 

subtype, a proliferation of fibroblasts is observed, leading to sclerosing bands that 

confine nodular compartments (240).  IL-7 is released from HRS cells, which 

triggers IL-6 production in fibroblasts (241).  HRS cells also release IL-13, TNF-α 

and TGF-β thereby promoting fibroblast proliferation (242).  Using ingenuity pathway 

analysis (IPA), Dörsam et al (243) showed that the NF-κB signalling pathway plays 

a central role in the alteration of fibroblasts to an activated CAF phenotype, 

leading to changes in the secretome of fibroblasts.      

In summary, a wealth of literature supports that FRCs may play an important role 

not only in priming but also in progression of the immune response in GVHD.  

Their loss in this setting and the ensuing disruption in the structural integrity of the 

SLOs with progressive fibrosis may be an important contributing factor to the 

longstanding immuneparesis that occurs following allo-HSCT.  A similar process is 

described in other clinical settings suggesting that the molecular pathways 

involved may be related.  In the next section I will review the development, 

structure and cellular composition of the peripheral lymph node in greater detail, 

as a foundation to inform the research questions developed in this project. 
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1.4 The peripheral lymph node 

The peripheral lymph nodes are secondary lymphoid organs (SLO), with a highly 

organised structure and are located at the points where the lymphatic vessels 

converge.  From an evolutionary perspective, lymph nodes are a relatively late 

addition to the immune system and emerged with the appearance of mammals
(244).  They function as the key intersection hubs of the lymphatic and blood 

vascular system to control immune cell trafficking and to optimise encounters of 

specialised lymphocyte subsets, thereby securing immune surveillance of distinct 

parts of the mammalian body and confining local inflammatory reactions (245, 246).  

1.4.1 Peripheral lymph node development 

The formation of lymph nodes in mice kept under specific pathogen-free (SPF) 

conditions is fairly constant, leading to the establishment of 22 pLNs in distinct 

locations (247).  The mechanisms governing the spatial and temporal organisation 

of the different lymph nodes is poorly understood, however, crosstalk between two 

central players has been shown to be required for the development of secondary 

lymphoid tissues during mouse embryogenesis: stromal lymphoid tissue organiser 

(LTo) cells and haematopoietic lymphoid tissue inducer (LTi) cells (Table 1-1).  LTi 

cells are a subset of group 3 innate lymphoid cells (ILC3), derived from 

CD45+CD117midIL-7Rα+CD3-CD4+ progenitor cells, which can be isolated from 

fetal livers (248, 249) and adult bone marrow (250, 251) (Figure 1-4).  This common 

progenitor can give rise to B cells, T cells, NK cells, dendritic cells and LTi cells
(249). For LTi differentiation, the helix-loop-helix protein inhibitor of DNA binding 

(ID2) induces E2A-encoded proteins to prevent differentiation towards B cell 

lineage (252).  Expression of the transcription factor RORγt is required for final LTi 

cell differentiation (253, 254).  In contrast, less is known about the origin of the 

mesenchymal LTo cells.  

The current model describing lymph node formation has been derived from 

analysis of gene-deficient mice that fail to form lymph nodes (254-256).  In LTo cells, 

signal integration through the lymphotoxin-β receptor (LTβR) and the receptor 

activator of NF-κB (RANK) occurs.  These are crucial pathways, given that mice 

lacking these genes are devoid of lymph nodes (255, 256).  Similarly, LTi cells have 
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been deemed essential for the development of lymph nodes because mice lacking 

LTi cells fail to form lymph nodes (256, 257).  Furthermore, mice deficient in 

chemokine C-X-C motif ligand 13 (CXCL13) or the receptor C-X-C chemokine 

receptor 5 (CXCR5) have reduced numbers of lymph nodes and mice deficient in 

both CXCR5 and CCR7 have loss of all peripheral lymph nodes (258), suggesting 

that chemokine-driven migration of LTi cells in the embryo is essential for lymph 

node development.  Mesenchymal stromal cells in the lymph node anlage express 

LTβR and RANK/RANKL (259) and activated mesenchymal stromal cells express 

CXCL13 (260) and thus are believed to be the main recipient of LTi cell-derived 

signals (261, 262).  Further activation of mesenchymal LTo cells through the 

canonical and alternative NF-κB pathways is viewed as a crucial pathway leading 

to further production of chemokines that attract T and B cells to the growing lymph 

node anlage, thereby completing the structural foundation of the adult lymph node 
(263).  

Despite progress in delineating some of the molecular details underlying LTo and 

LTi cell interactions, the early events at the inductive sites of lymph nodes remain 

unclear.  Precursors to LTi cells circulate through the body and are recruited to the 

presumptive lymph node site in response to CXCL13 produced by LTo precursors 
(261).  Recent work has shown that retinoic acid from neuronal cells induces 

CXCL13 expression in mesenchymal cells (261), however, it is not known whether it 

is responsible for the development of lymph nodes at all locations.  For example, 

while Cxcl13-/- and Cxcr5-/- embryos fail to form most lymph node anlagen due to 

the inability to recruit LTi cells, mesenteric and cervical lymph nodes are present in 

adult Cxcl13-/- mice and Cxcr5-/- embryos develop rudimentary lymph node anlage 
(263).  Thus the finding that specification of mesenchymal cells can occur even in 

the absence of CXCL13 argues in favour of other signals required for this process.   

Nevertheless, initial clustering of LTi cells in developing lymph nodes does not 

occur in the absence of CXCL13 or its receptor CXCR5 (261), suggesting that 

CXCL13, produced by stromal cells, attracts CXCR5-expressing LTi cells, leading 

to the formation of the first clusters of LTi cells (261).   

Following mesenchymal cell specification and clustering of LTi cells, RANK-

RANKL and LTα1β2/LTβR crosstalk interactions between these populations are 

crucial to ensure full lymph node development, resulting in the activation of the 
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NF-κB family of transcription factors through the classical/canonical (NF-κB1 

p50/RelA) and the alternative/non-canonical pathways (NF-κB2 p52/RelB) (264).  

The importance of these pathways is highlighted by mouse models, with RANK 

and RANKL-deficient animals displaying a complete absence of lymph nodes, 

defects in Peyer’s patches and cryptopatches and abnormalities of the spleen (255, 

265-268) and mice lacking LTβR signalling in LTo cells, as observed in Ltα-/-, Ltβ-/- 

and Rorc-/- mice, resulting in the absence of all lymph nodes (253, 254, 256, 259, 260, 269).  

Relb-/- mice also fail to develop all lymph nodes and Nfkb-/- mice present with 

poorly developed inguinal and popliteal lymph nodes due to impaired expression 

of chemokines, cell adhesion molecules and development of high endothelial 

venules (270, 271).  Similarly, mice carrying a phosphorylation mutant kinase IKKα, 

that is essential for the activation of the NF-κB alternative pathway, have a similar 

lymph node phenotype to the Nfkb2-/- mice (272). 

Next, ligation of either RANKL (273) or IL-7R (274, 275) is sufficient to up regulate 

LTα1β2 on LTi cells.  A popular hypothesis is that the origin of RANKL signalling in 

developing lymph nodes is LTi cells, through trans-signalling as they cluster (273, 

276).  However, an alternative hypothesis is that RANKL signalling is initiated by 

LTo cells.  LTi cells express both RANKL and RANK but their expression of the 

former is 10-fold lower than that of LTo cells (277).   

These interactions mediate further differentiation of LTo cells through LTβR 

triggering to produce more CXCL13, as well as CCL19 and CCL21, and the 

adhesion molecules VCAM-1 and ICAM-1 to retain the haematopoietic cells at the 

place of lymph node development (273) and thus enhancing crosstalk interactions 

between LTi and LTo cells.  The VCAM-1/ICAM-1hi LTo population has 1000-fold 

higher levels of expression of RANKL compared with the VCAM-1/ICAM-1int 

population (260) and is crucial for lymph node formation.  The production of the 

cytokine IL-7 by stromal cells mediates the survival and turnover of LTi cells (274, 

278) and IL-7 deficient mice have severely reduced numbers of ILC populations 
(279).  These events initiate a positive feedback loop that ultimately results in the 

formation of a functional lymph node.  

LTi-like cells persist beyond the embryonic stage, are important effectors of innate 

immunity, and play a central role in tissue homeostasis and remodelling.  LTi-like 
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cells, like all ILCs, have the morphological characteristics of lymphoid cells but 

lack and T and B cell receptors.  ILCs segregate into 3 groups on the basis of their 

expression of the transcription factors T-bet, GATA 3 and RORγt.  Group 3 ILCs all 

express RORγt.  Subsets of ILC3 reside in mucosal lymphoid and non-lymphoid 

tissues where they are characterised by the expression of the natural cytotoxicity 

receptor (NCR) NKp46 in mice and NKp44 in humans.  The LTi-like cells comprise 

a unique subset of ILC3 with a different developmental pathway (280, 281).  LTi-like 

cells are found in the peripheral lymphoid organs and are NCR- and express 

chemokine receptor 6 (CCR6) (Figure 1-4).  Schmutz et al (251) confirmed that adult 

LTi-like cells have bona fide LTi activity and contribute to neoformation of 

secondary and tertiary lymphoid organs (251). In the spleen they also help to 

organise the architecture and optimise immune responses (282, 283).  LTi-like cells 

accumulate in spleens of LCMV infected mice (213), where their absence delays 

repair of LCMV-induced FRC loss.   

Little is known about the identity or fate of LTo-like cells in the setting of aGVHD 

following allo-HSCT.  On the other hand, LTi-like cells have been shown to aid 

thymic regeneration following irradiation and BMT in the absence of aGVHD (162, 

284).  In the setting of aGVHD, a marked reduction in LTi-like cells is observed in 

humans (285) and mice (284, 286, 287) and their loss correlates with aGVHD severity in 

humans (285) and with increased tissue damage in the thymus (288) and gut (286) in 

mice. 
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Figure 1-4.  Development of ILCs and LTo-LTi crosstalk.  (A) ILCs develop from CILPs 
(common innate lymphoid progenitors), which themselves differentiate from CLPs (common 
lymphoid progenitors).  CILPs can differentiate into NK cell precursors (NKP) or into CHILPs 
(common helper innate lymphoid progenitors).  CHILPs give rise to LTiPs (lymphoid tissue 
inducer progenitors) and ILCPs (innate lymphoid cell precursors.  LTiPs differentiate into LTi 
cells and ILCPs differentiate into ILC1, ILC2 or ILC3.  Each stage of differentiation is dependent 
on the expression of the indicated transcription factors: NFIL3 (nuclear factor IL-3 induced), Id2 
(inhibitor of DNA binding 2), TOX (thymocyte selectin-associated high mobility group box 
protein), TCF-1 (T cell factor 1), ETS1 (avian erythroblastosis virus E26 homolog-1), GATA3 
(GATA binding protein 3), PLZF (promyelocytic leukaemia zinc finger), T-bet (T-box 
transcription factor), EOMES (Eomesodermin), RUNX3 (runt-related transcription factor 3), 
RORα (RAR-related orphan receptor α), Bcl11b (B cell lymphoma/leukaemia 11B), Gfi1 
(growth factor independent 1), RORγt (RAR-related orphan receptor γt), and AhR (Aryl 
hydrocarbon receptor).  LTi cells express c-Kit (CD117) and CCR6 but not natural cytotoxicity 
receptors (NCRs).  (B) Upon retinoic acid stimulation, mesenchymal LTo cells in the LN anlage 
secrete the chemokine CXCL13, which attracts LTi cells.  This step is followed by a crosstalk 
between LTo and LTi cells via RANKL-RANK and LTβR-LTα1β2, creating a positive feedback 
loop amplifying the early stages of pLN development.

Adapted and redrawn with permission from Vivier E. Innate lymphoid cells: 10 years on.  Cell. 
2018 Aug 23;174(5):1054-1066.  Copyright © 2018 Elsevier Inc.
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Subset

LTi

LTo

FRC

MRC

FDC

BEC

HEV

LEC

Description and function

Haematopoietic cells originating from fetal liver or adult bone marrow.  Belong to the 
family of innate lymphoid cells (ILCs).  Together with LTo cells, they form the initial 
cluster that gives rise to LNs.  Post-natal LTi-like cells persist and play a central role in 
tissue homeostasis and remodelling.

Differentiate from mesenchymal precursors upon interaction with LTα1β2-expressing 
LTi cells during lymphoid tissue organogenesis.  Through expression of chemokines 
and adhesion molecules, they recruit and retain haematopoietic cells, including LTi 
cells, to the developing LN.  They are thought to give rise to several major stromal cell 
subtypes including FRCs and MRCs.

Mesenchymal stromal cells that densely populate the T cell zone.  They produce and 
then ensheath ECM, forming a fibreoptic-like reticular structure. A 
large, interconnected network of these reticular structures permeate the LN 
parenchyma and facilitate the flow of lymph and transport of small molecules.  FRCs 
are a heterogeneous group of cells that contribute distinct functions based on their 
anatomical location within the LN.  They guide T cell migration through the LN and 
support their interaction with antigen-presenting DCs. They produce survival factors, 
IL-7 and CCL19, for naïve T cells and influence T cell differentiation.  They produce the 
B cell growth factor, B cell-activating factor (BAFF) and the B cell chemoattractant, 
CXCL13 and control the boundary of the primary B cell follicles.  They present 
peripheral tissue antigens to induce tolerance against self. They support HEV integrity 
through interaction with CLEC-2 expressing cells and control HEV proliferation through 
VEGF secretion in a LTβR-dependent manner . 

Mesenchymal stromal cells are found under the subcapsular sinus of the LN where 
they co-localise with LTi cells.  They are directly descended from the fetal LTo and are 
capable of differentiating into FDCs.  MRCs constitutively produce CXCL13 and 
maintain many of the characteristics of LTo cells.  The precise immunological function 
of these cells remains unclear but given the precursor-progeny relationship, they may 
have a role in maintaining lymphoid organisation or in restoring lymphoid tissue 
architecture after insult.

Endothelial cells that line the afferent and efferent lymphatic vessels, the medullary 
sinuses, and both the ceiling and floor of the LN subcapsular sinus.

A specialised subset of BECs that lines the post-capillary venules within the paracortex 
of the LN.  They actively regulate the ingress of circulating lymphocytes from the blood-
stream into the LN parenchyma.  They express peripheral lymph node addressin 
(PNAd) and in the absence of LTβR signalling, they downregulate PNAd expression 
and lose the ability to support lymphocye homing.  The basal lamina of the HEV is 
composed of thick, overlapping layers of pericytes, FRCs and ECM, forming a 
prominent perivascular sheath.  FRCs support HEV integrity through interaction with 
CLEC-2-expressing cells.  In the absence of CLEC-2-PDPN signalling, HEV integrity is 
compromised and bleeding occurs within the LN. 

Endothelial cells that line the blood vessels within the LN.  

Mesenchymal stromal cells present in the B cell area of the LN cortex.  They capture 
incoming antigen and subsequently present it to B cells present in the follicle.

Table 1-1.  Cellular subsets important for lymph node formation and homeostasis.

LTi, lymphoid tissue inducer cells; LTo, lymphoid tissue organiser cells; FRC, fibroblastic 
reticular cells; DCs, dendritic cells; MRC, marginal reticular cells; FDC, follicular dendritic cells; 
BEC, blood endothelial cells; HEV, high endothelial venules; LEC, lymphatic endothelial cells; 
LN, lymph node; ECM, extracellular matrix; PDPN, podoplanin. 
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1.4.2 Peripheral lymph node structure 

The lymph node consists of a capsule containing an outer cortex and an inner 

medulla.  The cortex can be subdivided into different areas.  The outer part 

consists of the B cells organised in primary or secondary follicles, which contain 

the germinal centres, where B cell proliferation occurs during an immune 

response.  The inner paracortical area consists mainly of T cells and DCs.  

Macrophages and plasma cells are present in the medulla and make up the inner 

medullary cords.  A dense network of reticular fibres maintains this 

compartmentalised structure of functionally different microenvironments.  Immune 

cells enter the lymph nodes through afferent lymphatic vessels into the 

subcapsular sinus or through high endothelial venules (HEVs) in the lymph node 

paracortex (289) and exit through efferent lymphatic vessels (Figure 1-5). 

The normal cellular composition of peripheral lymph nodes can be divided into a 

haematopoietic and a non-haematopoietic compartment, depending on the 

presence or absence of CD45 on the cell surface, respectively. The CD45 

negative compartment contains LNSCs constituting ∼ 1% of lymph node cellularity 
(290).  In single cell suspensions, the stromal cell subsets can be identified by the 

differential expression of the glycoprotein podoplanin PDPN (gp38) and the 

adhesion molecule CD31 (PECAM-1) within the CD45- compartment (290).  The 

Immgen consortium has reported the gene expression profiles for the four 

populations identified by this gating strategy in lymph nodes: two mesenchymal 

stromal cell and two endothelial cell subsets: PDPN+CD31- fibroblastic reticular 

cells (FRCs), PDPN-CD31- double-negative cells (DNCs), PDPN+CD31+ lymphatic 

endothelial cells (LECs), and PDPN-CD31+ blood endothelial cells (BECs, 

including specialised high endothelial venules, HEVs), respectively (291).   

However, this categorisation underestimates the complexity and heterogeneity of 

lymph node stromal populations and obscures niche-restricted stromal functions.  

Indeed T-zone reticular cells, marginal reticular cells, follicular dendritic cells and 

medullary reticular cells all fall within the FRC subset.  Moreover, using single-cell 

RNA sequencing, Rodda et al (292) identified nine different peripheral lymph node 

non-endothelial stromal cell subsets partitioned into the FRC and DNC populations 

and these were associated with eight specific niches within the lymph node. 
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The study by Rodda et al (292) also suggests that significant plasticity may exist 

between stromal subsets.  For example, the Cxcl9+ T-zone reticular cell subset 

may represent an activated subset of Ccl19hi reticular cells that can tolerise T 

cells, rather than representing a discrete specialised subset (292).   Interestingly, 

Koning et al (293) used different nestin transgenic mice to show that the progeny of 

nestin+ cells make up most stromal cells within lymph nodes, not only 

mesenchymal stromal cells but also endothelial cells.  This is further evidence of 

the differentiation and plasticity capabilities of different stromal subsets.  Dividing 

stromal cells into mesenchymal and endothelial cells based on differential 

expression of PDPN and CD31 fails to take these capabilities into account an 

expansion in one population may represent proliferation or alternatively the 

convergence of another population and thus results of experiments based on this 

gating strategy need to be interpreted with caution.   

Multiple complimentary modalities are clearly necessary to fully understand the 

complex processes occurring in peripheral lymph nodes.   It is anticipated that 

future advances in high-powered intravital imaging techniques, development of 

new genetic tools for specific targeting of stromal cell subsets and improved single 

cell RNA capture technology will guide the selection of specific markers and 

unique transcription factors for additional fate-mapping to address the 

developmental relationship between niche-associated subsets and expand and 

refine our understanding of subset heterogeneity, plasticity and niche localisation.  

Notwithstanding the caveats discussed, much of the analyses performed in my 

experiments are based on single cell differential expression of the glycoprotein 

podoplanin PDPN (gp38) and the adhesion molecule CD31 (PECAM-1) within the 

CD45- compartment, differentiating the non-haematopoietic lymph node stromal 

compartment into LECs, BECs, DNCs and FRCs, which is in keeping with much of 

the published literature to date (290). 

Lymphatic endothelial cells (LECs) 

Lymphatic endothelial cells (LECs) line the afferent and efferent lymphatic vessels 

and facilitate entry of antigen-bearing DCs and soluble antigens into the lymph 

nodes (294) and control lymphocyte egress (295). 
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Blood endothelial cells (BECs) 

Blood endothelial cells (BECs) line the blood vessels within the lymph node.  A 

specialised subset of BECs lines the HEVs, which are specialised blood vessels 

that extract naïve and memory lymphocytes from the bloodstream, regardless of 

antigen receptor specificity, and deliver them into the pLN under homeostatic 

conditions (296).  BECs and HEVs proliferate extensively during immune responses, 

likely reflecting the need to increase blood flow to the growing lymph node (297).   

In adult mice, expression of peripheral node addressin (PNAd), a ligand for 

CD62L, is a defining feature of HEVs, since it is not normally expressed by other 

types of blood vessels inside or outside of lymphoid organs (298).  LTβR signalling 

is required to maintain PNAd expression on HEVs.  In the absence of LTβR 

signalling, HEVs downregulate PNAd expression and lose the ability to support 

lymphocyte homing (299).   

An unanswered question is which cells engage LTβR on HEVs to induce and 

maintain PNAd expression.  A study by Moussion and Girard showed that 

subcutaneously administered DCs entering via the afferent lymphatics were able 

to maintain fully differentiated HEVs in CD11c+ mice (300).  However, tissue-derived 

DCs in vivo have not been reported to make contact with HEVs (301-303).  HEVs 

form normally in T cell deficient and B cell deficient mice and HEV architecture is 

similarly unaffected in mice with T- or B- lymphocyte-specific LTα1β2 deficiency
(304).   

It is likely then, that another LTα1β2-expressing cell, such as the LTi, which is 

important for pLN organogenesis and remodelling, may in fact be the HEV-inducer 

cell.  Furthermore, LTi-like cells express C-type lectin-like receptor 2 (CLEC-2) in 

mice and humans (305, 306).  In mice lacking FRC PDPN or platelet-derived CLEC2, 

HEV integrity is compromised and bleeding occurs within the lymph node (307).  

HEVs are encircled by PDPN-expressing FRCs, which direct lymph-borne signals 

to the HEVs as well as help to maintain HEV integrity through interaction with 

CLEC-2-expressing cells and can control HEV proliferation through vascular 

endothelial growth factor (VEGF) secretion, in a LTβR-dependent manner (308). It is 

possible to envision a model whereby, in conjunction with FRCs, LTi-like cells play 
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an important role in maintaining HEV integrity and lymphocyte homing functions, 

by providing CLEC-2 and LTα1β2 signals. 

Marginal reticular cells (MRCs) 

Based on their location, the mesenchymal-derived stromal cells can be subdivided 

into cells that associate with either the T cell zone, fibroblastic reticular cells 

(FRCs) or the B cell zone, the follicular dendritic cells (FDCs) (246, 290).  A third 

subset, comprising marginal reticular cells (MRCs), is situated underneath the 

subcapsular sinus of the lymph nodes, in the area where the lymph enters the 

lymph nodes and macrophages form a dense network for capturing lymph-borne 

antigens.  MRCs express podoplanin, RANKL, VCAM-1, ICAM-1 and MADCAM-1 

and cell lines generated from MRCs produce CXCL13 upon LTβR stimulation (309).  

In the spleen, genetic lineage-tracing has found that splenic FRCs, FDCs and 

MRCs originate from embryonic mesenchymal progenitors of the Nkx2-5+Islet1+ 

lineage, which are capable of supporting ectopic lymphoid-structures and a subset 

of resident spleen stromal cells that proliferate and regenerate the splenic stromal 

microenvironment following resolution of a viral infection (310).  An, as yet 

undefined, multipotent stromal progenitor with similar regenerative capacity is 

likely to also exist in the peripheral lymph nodes.  

Lineage tracing has shown that the MRC subset is directly descended from the 

fetal LTo cell (311) and the development of lymph node FRCs from LTo cells is 

supported by a body of circumstantial evidence, but has yet to be formally proven 
(260).  MRCs have been shown to be capable of differentiating into FDCs (311).  The 

function of the MRCs remains as yet poorly defined.  However, given the 

precursor-progeny relationship, one can envision a role for MRC in either 

maintaining lymphoid organisation or in restoring the lymphoid tissue architecture 

after insult. MRCs also co-localise with LTi-like cells and thus may be fully 

equipped and ideally located to interact with LTi-like cells to repair and remodel 

the lymph node (312, 313). 
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Fibroblastic reticular cells (FRCs) 

Our laboratory is particularly interested in studying the FRC subpopulation.  These 

immunologically specialised cells have been shown to be necessary for the 

generation of protective anti-viral immunity (314, 315).  They comprise the bulk of the 

non-haematopoietic compartment (20-50%) (316) and densely populate the 

paracortical (T cell zone) of the lymph node (317).  FRCs produce and ensheath 

extracellular matrix, forming a specialised 3D reticular network of fibres; this is 

used by lymphocytes and DCs as a scaffold on which to migrate and interact. 

They play a central role in every stage of the T cell life cycle.  The survival and 

homeostasis of naïve T cells that reach the T cell zone is maintained by FRC-

derived chemokines and cytokines (290, 318, 319).  Accordingly, disruption of the FRC 

network during human immunodeficiency virus (HIV)-associated lymph node 

fibrosis significantly correlates with a reduced number of naïve CD4+ T cells in the 

lymph node (216).  Genetic ablation of lymph node FRCs in mouse models alters T 

cell localisation in the paracortex, decreases T cell survival and impairs antigen-

specific T cell priming (314).   

FRCs also support the interactions between antigen-presenting dendritic cells and 

T cells.  Under inflammatory conditions, antigen-loaded migratory DCs arrive in the 

lymph node and present antigen to primed T cells (320).  This trafficking and 

upregulation of co-stimulatory molecules is induced by the ligation between the 

CCR7 receptor on DCs and FRC-derived chemokines CCL19 and CCL21 (321, 322).  

Engagement of DC-expressed CLEC-2 to PDPN on FRCs promotes actin 

polymerization in DCs, which facilitates spreading, protrusion, extension and 

migration along FRC networks (323).  Disruption of this signalling pathway causes 

impaired DC trafficking to and within the lymph node, ultimately leading to reduced 

T cell priming.   

FRCs are themselves APCs.  They have been shown to be capable of inducing T 

cell tolerance by directly presenting self-antigen to mediate deletional tolerance 
(187, 189, 324).  Furthermore, FRC can restrict the expansion of newly activated T cells 
(187, 189, 201-203, 324).  This proliferative restriction applies to CD4+ and CD8+ T cells 

and surprisingly occurs independently of antigen presentation (201-203).   
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There is also increasing evidence that FRCs can influence the differentiation of T 

cells.  A recent study found that the intestinal microenvironment imprints lymph 

node stroma with Treg inducing properties that are ultimately fulfilled via a 

synergistic relationship with DCs (325). FRCs may also regulate T cell differentiation 

by supporting the maintenance of memory precursor effector cells (MPECs) and 

long-lived memory populations.  A recent report by Denton et al (326) showed a 

modest reduction in MPEC percentages following FRC depletion during the late 

phase of an ongoing influenza virus infection without negatively impacting the 

abundance of short lived effector cells.  This selective reduction of MPECs likely 

occurred in response to decreased FRC-derived IL-7, which is known to support 

MPEC formation (327).  IL-7 along with IL-15 are pro-survival factors for both 

CD4+and CD8+ lymph node-homing “central memory” cells (328-332) and therefore, it 

is not surprising that their localisation in resting lymph nodes closely mirrors the 

microanatomical distribution of naïve CD8+ T cells (333), whose survival is also 

supported by FRC-derived IL-7 (290).  Additionally, FRCs were recently shown to 

express IL-15 in vivo (334) adding to their potential role as supporters of memory T 

cell maintenance.  FRCs also produce the B cell growth factor, B cell-activating 

factor (BAFF) and the B cell chemoattractant, CXCL13, and control the boundary 

of the primary B cell follicles (314). 

FRCs have considerable capacity to proliferate in response to infection or lymph 

node inflammation (335-337).  They can respond to viral damage and hypoxia by 

increasing IL-7 expression to promote survival of ILC3, which in turn drives LTβR-

dependent rebuilding of the lymph node, akin to lymph node development during 

embryogenesis (213, 338). 

Our laboratory has been studying these ‘key players’ in the peripheral T cell niche 

in the setting of allo-HSCT and aGVHD.  We, and others have observed that the 

FRC stromal subset is selectively targeted early following allo-HSCT (190).  

Suenaga et al (190) showed that in both major and minor mismatched murine allo-

HSCT models, recipients with CD8+ T cell-mediated aGVHD suffer from severe 

and irreversible (>100 days) damage to the lymph node structure and recipients 

fail to mount humoral responses despite the presence of peripheral T and B cells. 
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Figure 1-5.  Schematic overview of the peripheral lymph node (pLN) architecture and 
cellular composition.  (A) Multi-layered microarchitecture of the pLN.  BF, B cell follicle; IF, 
inter-follicular space; SCS, subcapsular sinus; BEC, blood endothelial cell; LEC, lymphatic 
endothelial cell; FRC, fibroblastic reticular cell; MRC, marginal reticular cell; FDC, follicular 
dendritic cell; HEV, high endothelial venule; ECM, extracellular matrix.  (B) Diagram showing 
the development of HEVs with distinctive cuboidal or ‘high’ morphology, which is the result of 
numerous lymphocytes nested within pockets formed on the abluminal side of the cell.  These 
pockets temporarily ‘hold’ migrating lymphocytes exiting the circulation before they are granted 
access to the pLN.  LTβR-dependent HEV expression of peripheral node addressin (PNAd) is 
necessary to support lymphocyte homing.  The basal lamina of the HEV is composed of thick, 
overlapping layers of pericytes, FRCs and ECM, forming a prominent perivascular sheath.  
FRCs support HEV integrity through interaction with CLEC-2-expressing cells.

Adapted and redrawn with permission from Novkovic M.  Integrative computational modeling of 
the lymph node stromal cell landscape.  Frontiers in Immunology. 2008;9:2428.  Copyright © 
2018 Novkovic, Onder, Cheng, Bocharov and Ludewig.
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1.5 Project rationale  

Graft versus host disease is a serious complication of allo-HSCT that results in a 

profound and often irreversible immunodeficiency state.  Understanding the 

mechanisms that initiate and propagate this disease is necessary in order to 

develop effective strategies to preserve and restore host immune-competence, 

which will not only result in a reduction in delayed deaths due to infection, but also 

reduce the risk of disease relapse. 

My research starts from the premise that impaired T cell recovery and function 

following allo-HSCT might represent a problem of soil (environment) rather than 

seed (lymphocytes).  I reason that aGVHD deprives T cells of ‘niches’ that are 

critical to their survival and function and impairs long-lasting immunity. 

Fibroblastic reticular cells are a subset of non-haematopoietic LNSCs that can act 

as APCs to deliver tolerogenic (187-189, 324) and/or immunostimulatory (193, 204) signals 

to T cells.  In the setting of GVHD they are sufficient for GVHD induction (84) and 

have been shown to be the essential source of Notch ligands during in vivo 

priming of alloreactive T cells in a mouse model (204).  FRCs play a central role in 

every stage of the T cell life cycle.  Genetic ablation of these cells in mouse 

models alters T cell localisation, decreases T cell survival and impairs antigen-

specific T cell priming (314).  They have considerable capacity to proliferate in 

response to infection and inflammation (335-337) and play a critical role in repair of 

the lymph node following viral insult (213).  However, FRCs are targeted by GVHD, 

and their loss in this setting results in irreversible structural damage to peripheral 

lymph nodes and impaired immune responses (190).  I hypothesise that FRCS play 

an important active supporting role in both the aGVHD response and in the 

development of cGVHD 

An important distinction between the GVL/ GVHD response and T cell responses 

to acute infections is that, in the former situation, alloantigen persists following the 

initial primary response and continues to be presented on MHC Class I in non-

haematopoietic cells throughout the lifetime of the transplant recipient, resulting in 

T cell exhaustion and leukaemia relapse (109, 339).   In this respect, the immune 

response occurs under circumstances similar to those that occur in chronic 

infections or solid cancers, where antigen is not cleared and functional antigen-
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specific T cells are also eventually lost (340, 341).  Indeed T cell exhaustion is a 

principal reason for the inability of the host to eliminate the persisting pathogen in 

chronic infections (342-347).   

There are also striking similarities between the damage to the lymph node 

structure that accompanies the loss of FRCs in GVHD and the fibrosis that occurs 

in lymph nodes with advancing age (148-151) and in the setting of chronic HIV 

infection (217, 229).  In ageing and HIV infection there is a reduction in FRC numbers, 

associated with a disorganised stromal network and impaired T cell function (150, 

215).  The same is seen in GVHD (190).  In ageing and HIV infection there is 

activation of TGF-β signalling (152, 217).  Administration of the anti-fibrotic drug 

pirfenidone, a pyridine molecule that inhibits TGF-β signalling pathways, preserved 

lymph node architecture and restored naïve CD4+ T cell populations in SIV-

infected monkeys in combination with antiretroviral therapy (348).  The TGF-β 

pathway is also an important modulator of alloimmunity, with direct consequences 

on GVHD pathophysiology (349).  The TGF-β-related effects can be both beneficial 

and detrimental to the host, underscoring the complexity of TGF-β biology.  

However, Du et al (350) recently demonstrated the importance of this pathway in 

cGVHD by demonstrating that pirfenidone ameliorates murine cGVHD through 

inhibition of TGF-β production.  Treatment with exogenous IL-7 only provides 

transient survival benefit for naïve CD4+ and CD8+ T cells in the treatment of HIV 

infection (230-232) and fails to increase the in vitro or in vivo homeostatic proliferation 

of naïve donor T cells in ageing (150).  In ageing and HIV infection there are 

elevated serum levels of the proinflammatory cytokine, IL-6 (155-160, 218).  The 

importance of IL-6 in GVHD is demonstrated by the finding that patients with 

elevated plasma levels of IL-6 (196, 197) as well as those with a recipient or donor IL-

6 genotype that results in increased IL-6 production (198, 199) have an increased 

incidence and severity of GVHD.  In the presence of IL-6 and TGF-β, naïve T cells 

differentiate into TH17 cells, whereas in its absence these same cells are induced 

to become Tregs (194).  Furthermore, FRCs produce IL-6 and FRC-derived IL-6 has 

been shown to enhance the production of IL-2 and TNF in activated CD8+ T cells 
(193).  Ruxolitinib, a small molecule inhibitor of Janus kinase (JAK) 1 and JAK2, has 

also recently become the first Food and Drug Administration (FDA)-approved 

treatment for steroid refractory aGVHD.  This drug has been shown to significantly 

reduce serum levels of IL-6 in patients with GVHD and has efficacy in the 
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treatment of both aGVHD and cGVHD (200).  It is also interesting to speculate that 

loss of PTA display in peripheral lymph nodes, occurring due to GVHD-mediated 

targeting of the FRCs, may promote autoimmune injury manifesting as cGVHD. 

Given the commonalities across clinical settings it is attractive to hypothesise a 

shared pathophysiology and molecular pathways.  When inflammation becomes 

prolonged and persists, it can become damaging and destructive (351).   There is 

increasing recognition that inflammation is a common molecular pathway that 

underlies in part, the pathogenesis of diverse human disease from infections, to 

immune-mediated disorders and cancer, to ageing itself (351-353).  Excess oxidative 

stress and DNA damage trigger the inflammasome, stimulating NF-κB and the IL-

1β-mediated inflammatory cascade.  Autophagy is slowed, causing damaged cell 

machinery to accumulate and reduce cellular efficiency.  Senescent cells increase 

and the associated ‘senescence-associated secretory phenotype’ SASP produces 

a self-perpetuating intracellular signalling loop and inflammatory cascade involving 

the NF-κB, IL-1α, TGF-β and IL-6 pathway that participates in the pro-

inflammatory milieu and remodelling of the immune system.  It is essential that 

inflammation is tailored to the initiating stress and resolves in a timely and 

controlled way, to avoid pathology associated with chronicity.   Maintaining a 

balanced response by pro-inflammatory and anti-inflammatory cytokines is 

essential to ensure a prompt and integrated return to inflammation resolution and 

immune homeostasis and in preventing the tipping point of the steady state of 

immune homeostasis across into a disease-inducing state.   

Our understanding of the molecular mechanisms underpinning allogeneic 

destruction of peripheral lymph nodes or how the altered microenvironment leads 

to impaired T cell function is limited.  Delineation of the specific defect(s) present 

in the aGVHD environment may open the door to novel approaches designed to 

correct this abnormal milieu and thereby enhance T cell immunity within the 

existing resident T cell population.  This concept is relevant not only in preventing 

relapse but also given that current clinical post-transplantation strategies designed 

to directly augment T cell expansion, such as delayed lymphocyte infusion (DLI) 

and CAR-T cell therapy, are often associated with significant toxicity and may in 

fact be of limited value if the host environment is not able to provide the necessary 

platform for T cell regeneration.  The evidence from other clinical settings such as 
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ageing and HIV infection strongly argue in favour of the need to develop 

therapeutic interventions to provide long-term survival benefit for naïve T cells 

through, preservation or restoration of the FRC network, where naïve cells can 

directly access IL-7.  The same may be true in GVHD.   

Following my review of the literature and the evidence presented in this project, I 

will summarise by proposing a revised model of GVHD that recognises the FRCs 

as key players in the pathophysiology (Figure 7-1 ). 
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1.5.1 Project Aim 

The aim of my research is to address how acute GVHD affects functional 

peripheral T cell niches, to investigate the mechanisms of GVHD-induced lymph 

node destruction, and to explore the mechanism of lymph node organogenesis as 

a model for lymph node repair in the adult, as a strategy to improve post-transplant 

immune deficiency. 

1.5.2 Project Hypotheses: 

My research is based on two main hypotheses: 

1. Damage to the peripheral lymph nodes by acute GVHD results in impaired 

T cell survival and function.  

2. FRCs play an important role in GVHD and their loss prevents repair of the 

lymph node structure 

1.5.3 Project Objectives:  

• Characterise how the aGVHD environment in the peripheral lymph node 

affects the phenotype, function and homing of adoptively transferred naïve 

3rd party OT-I T cells. 

• Investigate and detail the immediate and long-term effects of acute GVHD 

upon individual LNSC subsets. 

• Identify mechanisms underpinning alloreactive T cell injury to peripheral 

lymph nodes. 

• Compare the transcriptional response of FRCs in aGVHD versus other 

inflammatory stimuli. 

• Document the kinetics of LTi-like cells in the peripheral lymph nodes 

following allo-HSCT and their interactions with stroma. 
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• Explore possible therapeutically feasible strategies to protect or repair the 

peripheral lymph nodes in order to provide the necessary platform for T cell 

regeneration following allo-HSCT.   
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Chapter 2 Materials and Methods 

2.1 Animals 

C57BL/6 (B6), B6.SJL (CD45.1), OT-I, 129/Sv, Marilyn, Pfp-/- and Rag1-/- mice 

were purchased from Charles River Laboratories (Margate, UK) and bred in-house 

by UCL Biological Services (Royal Free Hospital, London).  Anti-HY TCR 

transgenic MataHari mice (354) were kindly provided by Jian Chai (Imperial College 

London, UK) and Ccl19-Cre mice were kindly provided by Burkhard Ludewig (St. 

Gallen, Switzerland).  MataHari mice deficient in perforin were produced in the 

following way: MataHari.RAG.KO mice were mated with Pfp-/- mice to generate an 

F1 generation heterozygous at both loci.  These mice were then backcrossed to 

MataHari.RAG.KO mice and the F2 offspring heterozygous at the Pfp locus (+/-), 

homozygous at the Rag locus (-/-) and Vβ8.3 TCR+ were selected and interbred.  

The F3 generation homozygous at both the Pfp locus (-/-) and the Rag locus (-/-) 

and Vβ8.3 TCR+ were selected and interbred.  The F4 generation homozygous at 

both the Pfp locus (-/-) and the Rag locus (-/-) and Vβ8.3 TCR+ were selected and 

bred to maintain the colony.  F3 and F4 generation mice were backcrossed with 

Pfp-/- mice (to remove them from the Rag background) and then the female 

offspring homozygous at the Pfp locus (-/-), heterozygous at the Rag locus (+/-) 

and Vβ8.3 TCR+ were used as a source of donor cells.  Donor mice were aged 8-

16 weeks and recipient mice were aged 8-20 weeks at the time of transplantation.  

2.2 Haematopoietic stem cell transplantation 

Recipient mice were lethally irradiated (11 Gy TBI, split into two fractions, over a 

period of 48 hours, at day -2 and day 0) and reconstituted 4 hours later with 5 x106 

TCD bone marrow cells.  For the aGVHD model, 1 x 106 CD8+ T cells were 

transferred at day 0, with the addition of 2 x 106 polyclonal CD4+ T cells.  For the 

delayed lymphocyte infusion (DLI) model, transfer of CD8+ T cells was carried out 

at day 7.  Cells were administered by intravenous injection through the tail vein.   
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2.3 Purification of bone marrow and T cell subsets by MACS for adoptive 
transfer  

Isolation of TCD bone marrow and T cells (CD8+ and CD4+) was achieved by 

immunomagnetic negative and positive selection, respectively, using Manual 

MACS® Cell Separation Technology (QuadroMACS Separator, LD or LS columns, 

anti-CD8a (Ly-2) MicroBeads, anti-CD4 (L3T4) MicroBeads; Miltenyi, Germany), 

according to the manufacturer’s instructions. Manual MACS® Cell Separation 

Technology was also used to isolate and purify the following T cells used for 

adoptive transfer: (i) naïve OT-I CD8+ T cells (Naïve CD8a+ T ell Isolation Kit, 

Miltenyi Biotec); (ii) CD62L- TEM OT-I T cells (Pan T Cell Isolation Kit and CD62L 

(L-selectin) MicroBeads, Miltenyi Biotec); and (iii) CD34+ RQR8-transduced 

MataHari CD8+ T cells (CD34 MicroBead Kit (human), Miltenyi Biotec).  Purity was 

assessed by FACS staining.   

2.4 Animal Welfare 

Mice were kept in conventional pathogen-free conditions, housed in sterilised, 

individually ventilated cages (IVCs) and fed irradiated chow and acidified UV-

treated water.  Irradiated animals received prophylactic antibiotics (enrofloxacin, 

Baytril®; Bayer, Germany), at a final concentration of 200mg/ml, in the drinking 

water, from day -2 until the end of the experiment.  Animal weights were 

documented at baseline (day 0) and all subsequent measurements were reported 

as percentage changes in body weight compared with baseline. Animal welfare 

was assessed daily by visual inspection and the severity of GVHD was formally 

documented two to three times per week using a validated 6 parameter scoring 

based on clinical assessment of weight loss, posture, activity, fur texture, eye 

opening and the presence of diarrhoea (Table 2-1). Mandatory euthanasia of the 

experimental subjects was performed whenever the weight loss exceeded 20% of 

the baseline body weight or the global GVHD severity score (calculated as the 

sum of the individual characteristic score) was equal or greater than 4.  All 

procedures were conducted in accordance with the United Kingdom Home Office 

Animals (Scientific Procedure) Act of 1986 and were approved and performed 

according to the Animal Welfare and Ethical Review Body of the Comparative 

Biology Unit, Royal Free Hospital and University College London Medical School.   
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Careful experimental design was carried out in accordance with the ARRIVE 

(Animal Research: Reporting of In Vivo Experiments) Guidelines (355) developed as 

part of the NC3Rs initiative.  Power calculations were conducted using G* Power 

Software (356).  The following example is provided. 

Experiment Power Calculation: 

Aim:  To assess the frequency of FRCs in peripheral lymph nodes in the presence 

or absence of aGVHD  

Total number of treatment groups: 2 (Group 1: No GVHD versus Group 2: 

aGVHD) 

Proposed primary analysis:  t test for two independent means 

Sample size justification: The required sample size per group was calculated 

based on a two-sided t-test for two independent means comparing group 1 and 

group 2, assuming equal numbers of animals per group. The minimum clinically 

important difference that would be deemed as important was 5%.  Group means 

and standard deviations were derived from pilot studies. 

• Significance level: 0.05

• Power: 0.8

• Expected attrition: 10%

Required sample size per group: 3 (or 4 to account for expected attrition, 

depending on the time post transplant and animal model) 
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Score 

0 ≤10%

-

-

≥10%

-

-

No hunch

-

Slight hunch,
lost on movement

Significant hunch,
reduced on movement

Severe hunch,
present on movement

Mild reduction,
resists handling

Severe reduction,
no resistance

No spontaneous
movement

-

Normal

-

-

Normal

Angle 0-45°

Angle 45-90°

Angle >90°

- -

-

-

--

Normal

Closed

>0 - ≤25

>25 - ≤50

>50 - ≤75

>75 - ≤100

Absent

Present

0.25

0.5

1

1.5

2

Weight loss Posture Activity Fur texture Eyes (% closed) Diarrhoea

Table 2-1. Assessment of clinical GVHD in transplant recipients
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2.5 Tissue and Organ Harvest 

Blood samples were collected into heparinised eppendorf tubes by venepuncture 

of the lateral tail vein, for interim analysis, or by cardiac puncture under terminal 

anaesthesia, at the end of an experiment. 

Animals were euthanized by exposure to a rising concentration of carbon dioxide 

followed by cervical disloaction.  Organs of interest (blood, bone marrow (tibias 

and femurs), spleen, peripheral lymph nodes (cervical, axillary, brachial, inguinal 

and popliteal), mesenteric lymph nodes and small intestine (from 0.5cm below the 

stomach to 1cm above the caecum)) were harvested and stored in harvest 

medium (PBS, 2% FCS, 1% penicillin-streptomycin; Lonza, UK) on ice.   

2.6 Isolation of murine immune cells 

2.6.1 Blood 

Erythrocytes were removed from whole blood samples by hypotonic lysis with 

distilled water.  Briefly, 100 µl of blood was added to 9 ml of distilled H20 for 10 

seconds before 1 ml of X10 HBSS was added.  Cells were spun and resuspended 

in FACS buffer for counting and immunolabelling.  

2.6.2 Lymph nodes, thymus and spleen 

Preparation of cell suspensions from lymph nodes, thymus and spleen was 

performed according to the laboratory’s protocol, adapted from the procedure 

described in Current Protocols in Immunology (supplement 39) (357).  Briefly, the 

freshly removed organs were mashed and passed through a 40 µm cell strainer, 

for spleen samples, red cells were removed by isotonic lysis with ammonium 

chloride (ACK Lysing Buffer; Lonza, UK).  Cells were resuspended in FACS buffer 

(PBS, 2% FCS, 2 mM EDTA; Lonza, UK) for counting and immunolabelling. 

2.6.3 LNSC isolation 

For analysis of LNSCs, skin draining peripheral lymph nodes (cervical, axillary, 

brachial, inguinal and popliteal) from individual mice were harvested in 5 ml of 

IMDM (2% FCS, 1mM EDTA) solution on ice.  After all lymph nodes were 
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dissected, medium was removed and replaced with 750 µl of freshly made 

enzyme mix comprised of PBS containing 20 µg/ml DNase I (Invitrogen) and 1 

Wünsch unit/ml Liberase (Roche).  Tubes were incubated for 5 minutes at 37°C in 

a water-bath followed by mechanical disruption using a 1ml pipette.  The process 

was repeated once.  Large fragments were allowed to settle and the first 

supernatant samples were collected into 5ml of IMDM (2% FCS, 1mM EDTA) to 

stop the enzyme reaction.  A further 750 µl of fresh digestion mix was added to the 

samples and incubated for 5 minutes at 37°C in a water-bath.  A final mechanical 

disruption was performed and the second supernatant samples were collected and 

added to the collection tubes to combine with the first supernatant samples.  

Samples were then washed and resuspended in FACS buffer (PBS, 1% FBS, 1% 

EDTA).  Cells were transferred to fresh collection tubes on ice through a 70µm 

nylon mesh filter, ready for counting and immunolabelling. 

2.6.4 Bone marrow 

Isolation of bone marrow cells was accomplished using a bone crushing 

technique.  This method is economical and provides comparable total marrow cell 

counts to the bone flushing technique but with significantly greater enrichment for 

haematopoietic progenitors, which may reflect the cortical localisation of 

progenitors (358).  Tibias, femurs and iliac crests were dissected, cleaned of all 

muscle and connective tissue and transferred to a sterile mortar containing 1mL 

PBS per 3 bones.  Using the pestle, the bones were crushed into bone fragments, 

releasing the marrow within.  The supernatant was collected from the mortar and 

filtered into a 50mL conical tube using a 40µm cell strainer.  The remaining bone 

fragments were rinsed and the process was repeated until the bones were a fine 

powder, adding the supernatant to the same conical tube using the same 40µm 

cell strainer each time. The combined supernatant was spun and filtered x 2 

through a 40µm strainer and cells were resuspended in FACS buffer for counting 

and immunolabelling. 

2.6.5 Small intestine 

Isolation of intraepithelial lymphocytes (IEL) and lamina propria (LP) cells from the 

small intestine was performed according to the laboratory’s protocol.  Briefly, the 

entire small intestine was flushed and rinsed with 40ml of ice-cold harvest medium 
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and sectioned into 0.5 cm pieces, following removal of residual fat tissue and 

Peyer’s patches, and placed on ice.  The intestinal pieces were incubated with 

detaching medium (HBSS, 5% FCS, 1% penicillin-streptomycin, 5 mM EDTA; 

Lonza, UK) at 37°C with shaking at 200 rpm for 20 minutes.  The supernatant, 

containing the IEL, was discarded.  The tissue pieces were transferred to a new 

tube containing fresh detaching medium and the incubation/collection procedure 

was repeat 2 more times.  The tissue pieces were transferred to a C-Tube 

containing digestion solution (collagenase IV (30 µl of 0.01%) and DNase I (3 µl of 

0.001%) and further dissociation carried in a gentleMACSTM Dissociator (Miltenyi 

Biotec), using the optimised programme according to the manufacturer’s 

instructions.  The tissue pieces were then incubated at 37°C with shaking at 200 

rpm for 20 minutes before addition of 2-3mls of PBS (2% FCS) and mashing 

through a 70 µm cell strainer.  The cell suspension was then enriched for 

lymphocytes by density centrifugation with Ficoll-PaqueTM Plus and interphase 

cells were collected and resuspended in FACS buffer for counting and 

immunolabelling 

2.7 Treatments 

2.7.1 Immunisation 

Mice were immunised once by subcutaneous injection at the base of the tail with 

Incomplete Freund’s Adjuvant (Sigma) in a 1:1 ratio with 200 µM SIINFEKL 

peptide antigen (ThinkPeptides®) mixed in PBS to a total volume of 100µl. 

2.7.2 In vivo depletion of allogeneic CD8+ T cells 

Male B6 recipients of female B6 TCDBM+T were treated with a single injection of 

1.44 mg of anti-CD8α depleting antibody (Bio X Cell, West Lebanon, NH, USA), 

delivered via intraperitoneal injection, 2 weeks post transplant.  Efficacy of 

allogeneic CD8+ T cell depletion in the peripheral blood was assessed at 2 and 5 

weeks later. 

2.7.3 In vivo depletion of allogeneic RQR8–transduced CD8+ T cells 

RQR8 is a 136 amino acid combined marker-suicide gene composed of two CD20 

binding mimotopes flanking a single CD34 epitope on the CD8 stalk.  This 
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construct enables isolation of purified transduced cells using Manual MACS® Cell 

Separation Technology (CD34 MicroBead Kit (human), Miltenyi Biotec) (359).  

RQR8-transduced allogeneic MataHari CD8+T cells were isolated using this 

technique and adoptively transferred in the M→F MataHari transplant model.  The 

allogeneic response was aborted at 2 weeks following transplant by treating 

recipients with 200 µg of murinised anti-CD20 monoclonal antibody (a kind gift 

from Dr. Calum Forrest, a Postdoctoral researcher in our lab), delivered via intra 

peritoneal injection, to deplete the RQR8 transduced MataHari CD8+ T cells.  

Efficacy of ongoing allogeneic CD8+ T cell depletion in the peripheral blood was 

assessed weekly. 

2.7.4 In vivo depletion of FRCs 

Ccl19-Cre.iDTR mice were treated with 3 x 500 ng diphtheria toxin (DT), delivered 

via intraperitoneal injection on alternate days. Absolute number and frequency of 

FRCs was assessed 72 hours later. 

2.7.5 In vivo IL-7 augmentation 

IL-7/anti-IL-7 complexes have been shown to display 50-100-fold higher biological 

activity than free IL-7 (360).  Male B6 recipients of female B6 TCDBM+T were 

treated with six injections of 1 µg recombinant mouse IL-7 (Peprotech) and 5 µg 

anti-IL-7 mAb M5 (Bio X Cell, West Lebanon, NH, USA), delivered via 

intraperitoneal injection, three times per week for 2 weeks post transplant. 

2.7.6 In vivo IL-7 blockade 

Female B6 syngeneic HSCT recipients were treated with anti-IL-7Rα mAb (Clone 

A7R34, Bio X Cell, west Lebanon, NH, USA), which inhibits binding of cytokine to 

the IL-7Rα chain (361).  Mice received six injections containing a mix of 0.3mg anti-

IL-7R mAb, delivered via intraperitoneal injection, three times per week for 2 

weeks post-transplant.  

2.7.7 In vivo depletion of host ILCs 

Thy1.2+ Rag-/- male mice were reconstituted with female Thy1.1+ T cells (1 x 106 

Thy1.1+CD45.1+ MataHari CD8+ T cells and 2 x 106 Thy1.1+CD45.2+ polyclonal 
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CD4+ T cells) along with female B6 TCDBM.  To eliminate host ILCs, mice 

received five injections of 500 µg anti-Thy1.2 mAb (Bio X Cell, West Lebanon, NH, 

USA), delivered via intraperitoneal injection, on alternate days (day -2 to day +6) 

peri-transplant.   

2.7.8 In vivo cytotoxicity assay 

Female C57BL/6 (CD45.1) splenocytes were used as targets.  They were divided 

into two populations and stained with either 5µM (CFSEhi) or 0.5µM (CFSElow) 

carboxyfluorescein succinimidyl ester (CFSE) (Life Technologies).  The CFSEhi 

cells remained unpulsed and the CFSElow cells were pulsed with 1µM SIINFEKL 

peptide by incubating at 37°C for 30 minutes.  Once mixed at equal rations (5 x 

105 of each), cells were injected i.v. into mice (CD45.2).  At 18 hours post 

injection, recipients were sacrificed, splenocyte single cell suspensions were 

prepared, and lysis of target cells was assessed by FACS staining.  The 

percentage killing was calculated as follows: 100-([(% peptide pulsed in infected/% 

unpulsed in infected)/(% peptide pulsed in uninfected/% unpulsed in uninfected)] x 

100). 

2.7.9 Short-term migration assay 

107 OT-I splenocytes were injected intravenously into groups of allogeneic bone 

marrow transplant recipients in the absence (male B6 recipients of female B6 

TCDBM alone) or presence (male B6 recipients of female TCDBM+MataHari CD8+ 

T cells) of aGVHD, on day 7 and day 21 post transplant.  At 90 minutes, blood, 

lymph nodes, spleens were recovered and analysed by FACS.  The number and 

frequency of OT-I T cells present in different organs was determined by 

expression of the OT-I TCRs, Vα2 and Vβ5, on CD8+CD45.1+Thy1.2+ T cells. 

2.8 Cell counting  

The total cell concentration of the cell suspensions was determined using a 

CASY®1 Model TT cell counter and analyser (Schärfe-System, Germany).  The 

absolute number of specific cell populations was determined by flow cytometry 

using CountBrightTM Absolute Counting Beads (Life Technologies, USA), 

according to the manufacturer’s instructions. 
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2.9 Immunolabelling 

Cells were plated at a concentration of 1 x 106 cells per well in a 96 well conical 

bottom plate and incubated with anti-FcγRIII/II (2.4 G2) monoclonal antibody at 

4°C for 10 minutes to block Fc receptors and then stained for 30 minutes in the 

dark at 4°C in 100 µl of FACS buffer containing fluorochrome-conjugated 

monoclonal antibodies (Table 2-2).  For intracellular staining, samples were 

subsequently washed twice with FACS buffer, fixed in 200 µl of Foxp3 

Fixation/Permeabilization working solution (eBioscience) for 40 minutes at 4°C in 

the dark, washed twice with Permeabilization Buffer (eBioscience), and stained for 

30 minutes in the dark at 4°C in 100 µl of Permeabilization Buffer (eBioscience) 

containing fluorochrome-conjugated monoclonal antibodies (Table 2-2).   
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Table 2-2. Key antibodies

 

Antibody

CD3

CD4

CD8a

CD44

Clone Source

B20.1

MR9-4

eBioscience

Biolegend

HIS51
53-2.1

TM-β1

A7R34

eBioscience
BD Biosciences

BD Biosciences

2B8MH BD Biosciences

429 (MVCAM.A) Biolegend

Jo2 BD Biosciences

eBioscience

29-2L17 Biolegend

J43 BD Biosciences

SF1-1.1
M5/114.15.2

1B3.3

RR4-7

BD Biosciences

MECA-367 Biolegend

SolA15 eBioscience

XMG1.2 BD Biosciences

eBio8.1.1 eBioscience

BM8 eBioscience

eBioscience

AL-21

1A8

BD Biosciences

BD Biosciences

BD Biosciences

MP6-XT22 BD Biosciences

Q31-378 BD Biosciences

29A1.4 eBiosciences

CD90.1 (Thy1.1) 
CD90.2 (Thy1.2)

CD95 (Fas)

CD106 (VCAM-1) 

CD117

CD122

CD196 (CCR6) 

CD127

CD279 (PD-1)

F4/80

PDPN

IFN-γ

Ki67

LY6C

LY6G

MADCAM-1

MHC Class I (H-2Kd) 
MHC Class II (I-A/I-E)

NK1.1

NKp46

RORγt

TNF-α

Vβ8.3 TCR

Vβ6 TCR

Vα2 TCR

Vβ5 TCR

PK136 eBioscience

eBioscience

145-2C11

GK1.5

53-6.7

IM7

BD Biosciences

eBioscience

Bcl-2 3F11 BD Biosciences

Biotin anti-mouse CD178 (FasL) MFL3 Biolegend

Biolegend

CD19

CD31

1D3

MEC13.3

BD Biosciences

Biolegend

CD34 (Q8) QBEND/10 ABD Serotec

eBioscience

CD45
CD45.1
CD45.2

CD62L

30-F11
A20
104

MEL-14

Biolegend
BD Biosciences
BD Biosciences

BD Biosciences

CD54 (ICAM-1) YN1/1.7.4 Biolegend

CD45R (B220) RA3-6B2 BD Biosciences
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2.10 CellTraceTM Violet (CTV) labelling and detection 

CellTraceTM Violet (CTV) was purchased from ThermoFisher.  A stock solution 

was prepared by adding 20 µl of dimethyl sulfoxide (DMSO) to one vial of 5 mM 

CTV.  Each mL of cell suspension (containing 5 x106 naïve OT-I CD8+ T cells) was 

stained by the addition of 1 µl of CTV stock solution in DMSO for a final 

concentration of 5 µM.  The cells were incubated for 20 minutes at 37°C, protected 

from light.  The cells were then washed and resuspended in PBS for adoptive 

transfer.  Efficacy of CTV staining was confirmed by flow cytometry.  Recipient 

mice were injected with 5 x106 MACS-sorted, CTV-labelled OT-I CD8+ T cells, 

delivered intravenously via tail vein.  The following day mice were immunised with 

Incomplete Freund’s Adjuvant (IFA) mixed with either SIINFEKL peptide 

(IFA/SIINFEKL) or PBS (IFA/PBS) by subcutaneous injection at the base of the 

tail.  After 48 hours, spleens and lymph nodes were harvested and analysed for 

CTV by flow cytometry. 

2.11 Peptide stimulation and intracellular detection of cytokines 

For detection of cytokine production following ex-vivo peptide stimulation, round 

bottom 96 well plates (Corning, USA) were used with a final volume of 200 µl per 

well.  Splenocytes and lymphocytes were isolated and cells were plated at a 

concentration of 1 x 106 cells per well (100µl).  The OVA-derived peptide, 

SIINFEKL (5 µM or 40 nM, ThinkPeptides®), or Uty HY peptide (WMHHNMDLI, 5 

µM, Peprotech), or PMA/Ionomycin were added (50 µl of 4x working 

concentration) and cells were cultured at 37°C for 4 hours.  Two hours prior to the 

end of the incubation, brefeldin A (50 µl of 4x working concentration)  (Sigma, UK) 

was added.  Samples were then washed twice, resuspended in FACS buffer, 

transferred to 96 well conical bottom plates and immunolabelling carried out as 

described above.  For dead cell exclusion in unfixed cells, 2 µl of propidium iodide 

(LifeTechnologies, USA) was added to the unfixed samples prior to analysis.  For 

dead cell exclusion in fixed samples, cells were stained with Fixable Viability Stain 

V450 (BD Biosciences) prior to fixation. 
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2.12 Detection of Apoptosis 

For detection of early apoptosis, FITC Annexin V Apoptosis Detection Kit I (BD 

Biosciences) was used according to the manufacturer’s protocol.  Briefly, cells 

were plated at a concentration of 1 x 106 cells per well (100 µl) in a 96 well conical 

bottom plate and washed twice with PBS and once with Annexin V Binding Buffer 

(BD Biosciences) and then incubated with anti-FcγRIII/II (2.4 G2) monoclonal 

antibody at 4°C for 10 minutes to block Fc receptors.  Cells were then stained for 

15 minutes in the dark, at room temperature, in 100 µl of Annexin V Binding Buffer 

(BD Biosciences) containing fluorochrome-conjugated monoclonal antibodies and 

5 µl of FITC Annexin V (BD Biosciences).  Cells were then washed twice in 

Annexin V Binding Buffer (BD Biosciences), resuspended in 200 µl of Annexin V 

Binding Buffer (BD Biosciences), 2 µl of propidium iodide (LifeTechnologies, USA) 

was added, and the samples were immediately analysed by flow cytometry. 

2.13 Flow cytometry 

Multicolour flow cytometry data acquisition was done with BD LSRFortessa and 

BD LSR II cell analysers equipped with BD FACSDiva v6.2 software (BD 

Biosciences, Germany).  Fluorescence activated cell sorting was performed on a 

BD FACSAria equipped with BD FACSDiva v5.0.3 software (BD Biosciences, 

Germany).  All samples were maintained at 4°C for the duration of the sort.  Sort 

purity was accessed for all samples and only those with a purity ≥ 95% were used 

for RNA extraction.  Cells were sorted directly into Buffer RLT (Qiagen, USA) with 

1% β-mercaptoethanol (Sigma, UK), disrupted through vortexing at 3200 rpm for 1 

min, and immediately stored at -80°C until further processing.  

Sort purity was assessed for all samples and only those with purity ≥ 95% were 

used for RNA extraction.  Cells were sorted directly into Buffer RLT (Qiagen, USA) 

with 1% β-mercaptoethanol (Sigma, UK), disrupted through vortexing at 3200 rpm 

for 1 minute and immediately stored at -80°C until further processing. 

Flow cytometry data were analysed with FlowJo X v10 (TreeStar, Inc, USA).  Data 

are displayed on log and biexponential displays. 
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2.14 Retroviral transfection and transduction 

A transfection mix containing the RQR8 suicide construct (359), Fugene-HD 

transfection reagent (Roche), Opti-MEM serum free medium and PhoenixTM Eco 

DNA was added to PhoenixTM Eco cells.  Supernatant medium is harvested and 

pooled at 72 and 96 hours.  Splenocytes from female B6 MataHari mice were 

harvested 24 hours prior to transduction and activated with 2 µg/ml concanavalin-

A (Sigma) and 1 ng/ml human Il-7 (R&D Systems).  The viral supernatant from the 

PhoenixTM Eco cells was used to resuspend the activated MataHari splenocytes 

in Retronectin-coated (Takara) non-tissue culture treated plates.  Transduction 

plates were spun at 2000rpm for 90 minutes at 32°C and cells were then cultured 

with T cell medium and 10 units/ml IL-2 (Roche) on the day of transduction.  

Medium was refreshed and further IL-2 added on the following day and cells were 

checked for transduction efficiency at 72 hours post transduction. 

2.15 Sample preparation for gene expression 

RNA was extracted using the RNeasy Micro Kit (Qiagen, USA) following the 

manufacturer’s protocol.  RNA yield, quantity and integrity were evaluated using 

the RNA 6000 Pico LabChip kit on an Agilent Bioanalyser (Agilent Technologies, 

USA).  For microarray studies, the Ovation Pico WTA System V2 kit (NuGEN, 

USA) was used to prepare amplified cDNA from total RNA for fragmentation and 

labelling using the Encore Biotin Module kit (NuGEN, USA), according to kit 

instructions, and then hybridised onto GeneChip Mouse Gene 2.0 ST arrays 

(Affeymetrix, USA).  For RNAseq studies, RNA samples were amplified using the 

SMART-Seq®v4 Ultra® Low Input RNA kit.  Paired-end sequencing libraries were 

prepared from the amplified cDNA according to the Nextera® XT DNA library prep 

protocol, and sequenced using an Illumina NextSeq 500 (Illumina, USA) (38 base-

paired reads).  Microarray and RNAseq studies were performed in collaboration 

with UCL Genomics. 

2.16 Microarray Analysis 

2.16.1 Data acquisition and processing 

Hybridised arrays were scanned with a GeneChip 3000 7G scanner 

(Affeymmetrix, USA) and the image data processed to generate .cel files.  
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Expression Console Software, version 1.4.1 (Affeymetrix, USA) was used to 

generate quality control statistics for each sample and the internal reproducibility 

was assessed by calculating the Pearson correlation coefficient for the pairs of 

biological replicates.  Samples with r <0.9 were considered outliers and were 

excluded from the analysis.  The Gregory et al., 2017, (accession GSE84284) and 

Malhotra et al., 2012, (accession GSE15907) data sets were downloaded from the 

Gene Expression Omnibus repository (362), and all samples referring to stromal 

cells isolated from brachial lymph nodes (GSE84284; BEC: CD45- PDPN- CD31+, 

LEC: CD45- PDPN+ CD31+, FRC: CD45- PDPN+ CD31- CD21/35-) and cutaneous 

lymph nodes (GSE15907; BEC: CD45- PDPN- CD31+, LEC: CD45- PDPN+ CD31+, 

FRC: CD45- PDPN+ CD31- CD140a+, DN: CD45- PDPN- CD31- CD44-) were 

selected for analysis.  Raw sample expression signals were background 

subtracted, quantile normalised, and the probe level data were summarised using 

the Robust Multi-array Average algorithm (363, 364) implemented in the oligo 

BioConductor R package (365).  The ComBat algorithm (366) from the ‘sva’ 

BioConductor R package (367) was employed to adjust for batch effects.  

Transcripts identified through multiple probes were collapsed based on maximum 

expression values using the CollapseDataset module of GenePattern software 

(Broad Institute) (368).   

2.16.2 FRC transcriptional signature identification 

Weighted gene co-expression network analysis (WGCNA) was employed to 

identify a unique transcriptional signature characteristic of FRCs. WGCNA is a 

systems biology methodology used for describing the correlation patterns among 

genes across a data set, and finding clusters of highly correlated genes believed 

to constitute coherent and biologically meaningful transcriptional units. Briefly, the 

‘WGCNA’ R package was used to perform scale-free network topology analysis 

and create a signed hybrid weighted correlation network of the expression data, 

based on the adjacency matrix calculated from the pairwise comparison of all 

genes, using the Pearson correlation coefficient and a soft thresholding power 

β=8, as previously described (369, 370). The topological overlap was calculated as a 

measure of network interconnectedness, and genes were grouped by average 

linkage hierarchical clustering on the basis of the topological overlap dissimilarity 

(1 - topological overlap). Module eigengenes were calculated using a dynamic 

tree-cutting algorithm and merging threshold function at 0.25. The modules 
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identified were correlated to the sample traits using a binary vector representation 

of the study groups, and those displaying a positive correlation with FRC samples 

(Pearson correlation coefficient > 0) were considered to represent the 

transcriptional signature of FRCs 

2.16.3 Differential gene expression 

The limma BioConductor R package (371) was used to perform analyses of gene 

differential expression, using an empirical Bayes moderated t-statistic (372), with a 

cut-off of 0.05, corrected for multiple hypothesis testing using Benjamini-Hochberg 

procedure and an absolute fold change cut-off of >2.0.  

2.16.4 Gene set enrichment analysis (GSEA)  

Gene Set Enrichment Analysis was performed as previously described (373) using 

GSEA software (374) with the curated gene sets (C2) from the KEGG pathway 

database (Kyoto Encyclopedia of Genes and Genomes), the gene sets derived 

from the REACTOME database collected in the Molecular Signatures Database 

(MSigDB v5.1), and the gene sets derived from the modules identified by WGCNA 

in the FRC data set and the Gregory et al., 2017, (accession GSE84284) and 

Malhotra et al., 2012, (accession GSE15907) data sets, downloaded from the 

Gene Expression Omnibus repository (362). 

2.16.5 Gene ontology (GO) overrepresentation analysis 

The Web-based Gene Set Analysis Toolkit (WebGestalt) (375, 376), a suite of tools 

for functional enrichment analysis, was used to identify overrepresented GO 

annotation categories and translate gene lists into functional profiles.  Enrichment 

of GO terms and associated p-values were calculated based on hypergeometric 

distribution statistics, adjusting the false discovery rate (FDR) using the Benjamini-

Hochberg procedure. 

2.17 RNA-seq analysis 

FASTQ Toolkit, version 1.0.0 (BaseSpace, Illumina) (377), was used for adapter 

trimming of the reads in order to eliminate poor quality bases occurring at the ends 

of reads which could lead to erroneous read alignment. Alignment and mapping of 
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all libraries were performed using TopHat Alignment, version 1.0.0 (BaseSpace, 

Illumina) and Cufflinks Assembly & DE, version 2.0.0, selecting Homo sapiens 

hg38 RefSeq gene annotations. Gene expression levels (expressed in Reads Per 

Kilobase per Million, RPKM) were calculated using the Cufflinks Assembly & DE, 

version 2.0.0 (BaseSpace, Illumina), employing a geometric library normalisation 

method and a fragment bias correction algorithm, which re-scales gene counts to 

correct for differences in both library sizes and gene length.  Differential gene 

expression analysis between groups was performed using the ‘DESeq2’ R 

package (378). 

2.18 Samples relationship visualisation 

Multivariate statistical analysis methods implemented in the ‘stats’ R package (379), 

in particular principal components analysis and multidimensional scaling, were 

applied to perform dimensionality reduction of the datasets and visualisation of the 

samples relationships.  Additional heat maps were produced using the matrix 

visualisation and analysis platform GENE-E (Broad Institute, USA) (380).  

Visualisation of the modules network of gene connections was accomplished with 

the Cytoscape v3.4 software (381). 

2.19 Statistical Analysis 

Apart from microarray and RNAseq data, which were analysed with the 

aforementioned programmes and methodologies, statistical analysis was 

performed using GraphPad Prism v6.0b for Mac OsX (GraphPad Software, USA).  

The nonparametric unpaired Mann Whitney U test was used for two-group 

comparisons and the Kruskal Wallis one-way ANOVA with Dunn’s post test for 

multiple comparisons (unless otherwise stated).  Data were expressed as mean ± 

SD, with a p-value of less than 0.05 taken to indicate a significant difference 

between groups; *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001.  Each symbol on a 

graph reflects one replicate.  Sample sizes, n, are indicated in the figure legends.    
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Chapter 3 Loss of peripheral T cell niches in aGVHD impairs 
CD8+ T cell homeostasis 

3.1 Introduction 

Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is followed by a 

prolonged period of profound immunodeficiency, which is associated with a high 

incidence of infection and malignant disease relapse (382-386).  The mechanisms 

underlying the loss of alloreactive CD8+ T cell function and failure to provide 

effective and durable immunesurveillance are not fully known.   

One proposal is that activation-induced apoptosis of alloreactive T cells via the 

Fas/Fas-L pathway may deplete the repertoire of activated T cells (134, 174).  

However, studies monitoring GVHD-specific T cell clones indicate that host-

reactive T cells are continuously present after allogeneic transplant (387-390) and are 

implicated in the pathogenesis of chronic GVHD (391-393).   

A second explanation is that the continuous exposure to cognate antigen 

expression by non-haematopoietic cells may result in deletion, anergy and 

replicative senescence of alloreactive T cells (71, 346).  Our laboratory, and others, 

have reported that chronic TCR stimulation by alloantigen on non-haematopoietic 

cells induces apoptosis of donor CD8+ T cells and eventually leads to cytotoxic 

effector dysfunction and reduced GVL activity.  This effect can be partially rescued 

by treatment with anti-PD-L1 (71, 109, 394), thus paving the way for clinical studies 

using checkpoint blockade, for patients relapsing following allogeneic HSCT (395).  

However, there is increasing evidence that “exhausted” T cells are not inert.  In 

nearly all cases, exhausted T cells have some level of residual function and this 

residual function, or as yet unappreciated properties in the GVHD setting, may be 

important in vivo (396-400).   Indeed, while PD-1 is often portrayed as a marker for 

exhaustion, recent evidence indicates that PD-1 actually protects T cells against 

overwhelming stimulation and that an absence of PD-1 leads to enhanced T cell 

dysfunction in persisting infection, with the accumulation of more cytotoxic but 

terminally differentiated cells (401). Thus, T cell “exhaustion” likely represents a 

distinct state of T cell differentiation, with considerable clinical relevance.   
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A third possibility is that the microenvironmental milieu of T cell niches rather than 

an intrinsic T cell defect is responsible for impaired immune reconstitution in 

aGVHD (137, 140).  GVHD typically results in impaired T-cell reconstitution 

characterised by lymphopaenia, repertoire skewing (137).  One of the major causes 

of inadequate T cell reconstitution is that T cell survival and expansion in the 

periphery are impaired (136, 172, 173).  A significant literature exists to support that the 

qualitative reduction in T cell numbers is not due to an intrinsic T cell defect but 

rather to the environmental milieu that deleteriously affects T cell expansion (137, 

139, 140).   

Dulude and colleagues (137) showed that the mere absence of a thymus did not 

result in the severe level of lymphoid hypoplasia found in GVHD. They 

demonstrated that T cells from mice with GVHD expanded normally when they 

were adoptively transferred into thymectomised syngeneic or allogeneic secondary 

hosts without GVHD, whereas, adoptive transfer of post-thymic T cells, that had 

differentiated in a normal GVHD negative thymus and possessed normal 

proliferation potential, could not correct the T cell lymphopaenia in recipient mice 

with GVHD (137).  They concluded that reduced thymic output in mice with GVHD 

cannot be held solely responsible for peripheral T cell hypoplasia and that the 

reduced size of the post-thymic compartment in GVHD is not due to an intrinsic T 

cell defect but rather due to an extrinsic microenvironmental abnormality, which 

they proposed was a decreased number of functional peripheral T cell niches in 

GVHD.   

Hirano et al (139) showed that a subclinical graft-versus host reaction was sufficient 

to reduce the cellularity of lymph nodes but not of the thymus or spleen and that 

this reduced cellularity could not be rescued following a second TCDBM 

transplant, demonstrating that the impaired reconstitution of the lymph nodes in 

aGVHD is attributable to a defect in T cell homing (139).  This study also 

demonstrated that peripheral lymph nodes are more sensitive to GVHD than the 

thymus or spleen (139). 

Gorski et al (140) lethally irradiated AKR/J mice and transplanted them with Rag-1 

BM (so that T-cell expansion was only due to transferred T cells without any 

potential contribution from the bone marrow).  They showed that T cells harvested 
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from mice with GVHD remain capable of significant expansion, normalisation of 

CD4/CD8 ratios, repertoire expansion and are functionally competent to respond 

to third-party alloantigens, when they are removed from the GVHD environment 

and adoptively transferred to secondary hosts (140).  Naïve T cells require self-

peptide/MHC signals for survival (331, 402), whereas memory T cells do not (403, 404), 

although the lack of MHC ligands may affect memory T cell function.  Gorski et al 
(140) hypothesised that destruction of lymphoid niches by GVHD results in 

reductions in the numbers of class I- and class II-expressing cells in the periphery, 

thereby inhibiting T:MHC contacts necessary for survival.  

The importance of the peripheral T cell niche in constraining the expansion of T 

cells is also supported by a wealth of literature in other clinical settings including 

ageing and infection.  Becklund et al (150) showed that T cells from aged lymph 

nodes can undergo normal homeostatic proliferation following adoptive transfer to 

young, irradiated hosts, indicating that the age-dependent reduction in the number 

of naïve T cells is not due to a T cell intrinsic factor but primarily due to the aged 

host environment (150).  In this setting, they showed impaired homing of naïve T 

cells to the peripheral lymph nodes, while the entry into the mesenteric lymph 

nodes and spleen was less affected (150).  In HIV infection, collagen deposition in 

the lymph nodes is significantly correlated with loss of FRCs and inversely 

correlated with the size of the CD4+ T cell population within the T cell compartment 

of LNs in HIV-infected patients (216) resulting in profound impairment of host 

immune function (217). 

As mentioned above, previous work in our lab, using a partially-MHC mismatched 

DLI allo-BMT model, found that non-haematopoietic alloantigen expression 

severely disrupts long-lasting immunity by critically impairing the early imprinting of 

CD8+ memory differentiation and driving exhaustion of surviving CD8+ T cells via 

direct recognition (109).  Given my hypothesis that damage to the peripheral lymph 

nodes with loss of FRCs in aGVHD leads to impaired T cell survival function, my 

aim in this chapter is to evaluate how loss of peripheral T cell niches contributes to 

the multifactorial pathogenesis of poor immune reconstitution.  I aim to further 

refine this hypothesis by showing that niche factors are sufficient to impair CD8+ T 

cell homeostasis and function, through mechanisms that are independent of CD8+ 

T cell exhaustion, using clinically relevant murine models of allo-HSCT. 
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Acute graft-versus-host disease (aGVHD), even when subclinical, constrains the 

expansion of mature T cells by destruction of the peripheral T cell niches (137, 139, 

140).  Delineating the aetiology for the impairment in peripheral T cell reconstitution 

has clinical implications, given that strategies designed to directly augment T cell 

expansion or function may be of limited value if the host environment is not able to 

support T cell homeostasis. 

3.2 Characterisation of the MataHari single minor histocompatibility 
transplant model 

Over the last 50 years mouse models of bone marrow transplant have provided a 

critical links between GVHD and GVL pathophysiology, to guide clinical practice.  

Current murine models of BMT can be broadly grouped into those in which GVHD 

is directed to MHC (class I, class II, or both) or to isolated miHA alone.  Several 

well-characterised mouse models of both aGVHD and cGVHD have been 

established such as the full MHC class I mismatch C57BL/6 to BALB/c (405) or 

C3H/HeJ to C57BL/6 (406) for aGVHD and B10.D2 to BALB/c for cGVHD.  

Incorporating transgenic strains into these models of GVHD has proven to be 

incredibly useful, enabling investigators to detect the fundamental immunological 

mechanisms that underpin the pathogenesis of aGVHD in vivo.  For example, 

murine models that have a mutant MHC Class I, e.g., B6.C-H2bm1 (bm1), or 

mutant MHC Class II, e.g., B6.C-H2bm12 (bm12), have been critical in our 

understanding the interaction of T cells with recipient and donor APCs (407).  MHC 

matched, minor H antigen mismatched models of GVHD reflect what occurs in the 

clinic.  One of the limitations of such models is that it is difficult to know which 

alloantigen the donor T cells are responding to.  To address this, many models 

now use transgenic T cells that have a TCR with a defined specificity, usually to a 

single peptide epitope.  This reduces the effect of bystander T cell activation as a 

result of the conditioning regimen and allows the response to specific antigen to be 

closely tacked in vivo.  For example, using TCR transgenic T cells, the role of 

antigen affinity during aGVHD was characterised using 2C TCR transgenic T cells 
(408).  These models have also been used to induce organ specific GVHD, for 

example, the transfer of OT-1 CD8+ T cells, which bear a TCR specific for 

ovalbumin peptide, into K14-mOVA transgenic mice, where keratinocytes 

constitutively express ovalbumin (OVA) peptide, induces skin specific GVHD (409).  
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Using this evolved literature it is possible therefore to ask very specific 

experimental questions in the setting of GVHD. 

Broadly expressed miHAs have been shown to play a significant role in the GVL 

response.  These antigens are peptides presented in conjunction with HLA class I 

and II molecules and are derived from endogenous proteins encoded by 

polymorphic genes inherited independently from HLA (66).  The first set of miHAs to 

be identified were those encoded by genes on the Y chromosome (410-412).  HY 

antigens have been identified as key mediators of both GVHD (413) and GVL (414, 

415).  In the allogeneic HSCT setting, male patients receiving female donor 

haematopoietic allografts experience both a higher severity of GVHD and more 

effective GVL responses than recipients of sex-matched allografts as a result of 

recognition of Y-chromosome–encoded miHAs by the female donor T cells (70).  

The GVL effects are often accompanied, even in an HLA-identical sibling, by 

deleterious alloreactivity against normal host tissue, manifesting as GVHD (416-418).   

Mirroring this clinically relevant sex mismatch, I used an MHC-matched, miHA-

mismatched F→M transplant model, the MataHari T cell model (354, 419).  Other 

advantages of this model are that the engraftment kinetics, the clinical GVHD 

symptoms and their severity, and the histological abnormalities correlate well with 

the pathophysiology of GVHD in humans.  This model has been extensively 

characterised by Dr. Thomas Conlon, a former PhD student in our lab, as part of 

his PhD project (420).  

Briefly, in this model, the donor-recipient mismatch is restricted to a single, 

gender-specific, ubiquitously expressed antigen, the male UTY peptide.  GVHD 

pathology is mediated by a monoclonal population of CD8+ T cells (MataHari T 

cells) bearing the anti-HY MataHari transgenic TCR, a monospecific, H-2b-

restricted TCR, that recognizes exclusively the WMHHNMDLI Uty peptide from the 

Hy gene, a Y-linked, ubiquitously transcribed gene presented in the context of H-

2Db MHC class I (H-2Db/Uty) (354, 421).  

A mixture of 1 x106 MataHari CD8+ T cells (CD45.1+Thy1.1+Vβ8.3+) are 

transferred together with 5 x106 TCDBM cells from wild-type C57BL/6 females to 

lethally irradiated (11Gy in 2 split does), wild-type male C57BL/6 recipients.  
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Models of CD8+ T cell-mediated GVHD have shown that CD4+ T “help” can 

enhance the severity of GVHD therefore an additional 2 x106 polyclonal CD4+ T 

cells from wild-type C57BL/6 female donors are added for this purpose (108, 422).  

Since HY antigen is a ubiquitously expressed male-specific antigen, expressed by 

almost all mammalian male cells except red blood cells (Matzinger and Wade, 

unpublished data (423)), the acute GVHD immune reaction only develops in male 

recipients and not in female recipients, who act as syngeneic controls in these 

experiments (Figure 3-1).  In this model, transplanted male recipients develop 

moderate systemic aGVHD as measured by clinical scoring and rapid MataHari T 

cell infiltration of lymphoid organs and peripheral tissues including the skin, lung, 

small intestine and liver.  Clinical signs of aGVHD are evident in male recipients of 

MataHari T cells from day ∼ 4-5 following transplant and peak between days 7-14.  

However, severity of the disease requiring euthanasia is low and by week 3-4, the 

majority of male recipients have re-established their baseline weights.  In contrast, 

no aGVHD is detected in transplanted female recipients, who lack the cognate 

antigen for MataHari T cells, or in male recipients receiving only TCD BM cells. 

Transfer of donor T cells immediately following recipient conditioning heightens the 

risk of GVHD as a result of the pro-inflammatory milieu (182, 183, 424). Both 

experimental and clinical data have demonstrated that delaying transfer of donor T 

cells following conditioning can deliver effective GVL responses while limiting the 

risk of GVHD (425-427).  This approach of delayed donor leukocyte infusion (DLI) is 

widely applied in the clinic, particularly following non-MA transplant protocols (428).  

In a modification to the murine transplant model described above, where the 

allogeneic MataHari CD8+ T cell transfer is delayed and the CD4+ T cell “help” is 

omitted, a milder systemic aGVHD is induced, as measured by clinical severity 

scores.  In mice, minor H antigen mismatches alone are insufficient to prime a 

quantifiable CD8+ T cell response under conditions in which DLI is given after 4 

weeks (426, 429) thus most protocols transfer cells at 1-3 weeks after BMT (426, 430).  

In my DLI experiments, MataHari T cells were transferred at 1 week after BMT. 
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Figure 3-1. A delayed lymphocyte infusion (DLI) allo-HSCT model with H-Y mismatch 
induduces GVHD.  (A) Male or female C57BL/6 recipient mice (CD45.2+Thy1.2+) were lethally 
irradiated and transplanted with 5x106 T cell-depleted female TCDBM cells (CD45.2+Thy1.2+).  
One week later recipient mice received 1x106   MataHari CD8+ T cells (CD45.1+Thy1.1+).  In this 
model acute GVHD is induced in male recipients but not in female syngeneic controls. 
(B) Kinetics of  MataHari T cell infiltration of the GVHD target organs. Coutesy of Dr Thomas 
Conlan.
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3.3 Expansion and persistence of anti-host-specific CD8+ T cells following 
allogeneic HSCT 

Previous work in our lab, using a partially-MHC mismatched DLI transplant model, 

found that non-haematopoietic alloantigen expression severely disrupted the 

formation of CD8+ T cell memory at two distinct levels that operate in the early and 

late phases of the response.  First, initial and direct encounters between donor 

CD8+ T cells and non-haematopoietic cells blocked the programming of memory 

precursors essential for establishing recall immunity.  Second, surviving CD8+ T 

cells became functionally exhausted with heightened expression of the co-

inhibitory receptor programmed death-1 (PD-1) (109).  

Using the MataHari T cell model, I found many similarities. In the partially-MHC 

mismatched transplant model, transferred allogeneic CD8+ T cells increased 

rapidly in the spleen, peaking at day 12 and contracting thereafter.  However, even 

at 60 days following transfer, there were still substantial numbers of allogeneic 

donor T cells in recipient secondary lymphoid organs (approximately 5-10% of 

peak values) suggesting that the T cell repertoire still contained significant 

numbers of alloantigen-primed CD8+ T cells.    A similar pattern of allogeneic CD8+ 

MataHari T cell expansion occurs in the miHA-mismatch model, with similar 

numbers of total allogeneic CD8+ T cells and sustained persistence of a 

substantial number of allogeneic CD8+ T cells in both the spleen and lymph nodes 

(approximately 5% of peak values) at 70 days following DLI (Figure 3-2, A). 

Interestingly, the total numbers of MataHari CD8+ T cells persisting long-term was 

similar in male (aGVHD) mice and female syngeneic control mice (no aGVHD).   

However, the phenotype of these MataHari T cells was significantly different.  In 

the setting of aGVHD, MataHari T cells uniformly acquire a CD62LloCD44hi effector 

memory phenotype.  In contrast, in the setting of no aGVHD, the majority of 

MataHari T cells retain a CD44lo phenotype, with loss of CD62L expression in a 

proportion (Figure 3-2, B & C). 
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Figure 3-2. Minor H antigen-specific CD8+ T cells recognising 
ubiquitously expressed host antigens acquire a CD62LloCD44hi 

effector memory phenotype.  MataHari Thy1.1+ CD8+ T cells (1x106) 
were transferred 1 week after lethal irradiation of B6 male or female 
recipient mice and reconstitution with female B6 TCDBM.  (A) Kinetic 
of absolute numbers of MataHari CD8+ T cells recovered from the 
spleen and pLN in the presence (male recipients) or absence (female 
recipients) of aGVHD.  (B) Summary data of CD44 expression in the 
presence or absence of aGVHD in the spleen (left) and pLN (right). 
Each dot represents one replicate. Data are representative of 8 
independent experiments, presented as mean ± SD, *p<0.05 
**p<0.005, Mann-Whitney U test. MFI, median fluorescence 
intensity. (C) Representative flow cytometry contour plots 
depicting the surface expression of CD62L and CD44 on 
MataHari T cells (identified as CD8+Thy1.1+CD45.1+) in the 
absence or presence of aGVHD from the spleen (left) and pLN 
(right) at week 10 post DLI.  The numbers shown in each 
quadrant represent frequencies (% of the respective populations).  
(D) Representative flow cytometry contour plot depicting the surface 
expression of CD62L and CD44 on naïve MataHari T cells.
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3.4 Allogeneic CD8+ T cells are more susceptible to apoptosis in aGVHD    

Translocated phosphatidylserine (PS) is a hallmark of apoptosis.  Soon after 

initiating apoptosis, cells translocate the membrane PS from the inner face of the 

plasma membrane to the cell surface.  Once on the cell surface, PS can be easily 

detected by staining with a fluorescent conjugate of Annexin V, a protein that has 

a high affinity for PS.  At 4 weeks following DLI, mice with aGVHD have a higher 

proportion of MataHari T cells in early apoptosis compared with syngeneic controls 

as demonstrated by higher expression of Annexin V in both the spleen and the 

lymph nodes (Figure 3-3, A). 

3.5 Allogeneic CD8+ T cells acquire a PD-1hiCD127lo “exhausted” 
phenotype in aGVHD 

PD-1 is a negative regulator of activated T cells and regulates T cell exhaustion 

during chronic infections (341, 342, 394).  PD-1 interacts with at least 2 ligands: PD 

ligand-1 (PD-L1) and PD-L2 (431).  In particular the PD-1/PD-L1 pathway has been 

proposed as one of the most important mechanisms of T cell exhaustion and 

tolerance induction against infectious agents and tumours (394, 432-434).  In keeping 

with the partially MHC-mismatched model (109), the MataHari T cells in the setting 

of aGVHD expressed a PD-1hiCD127lo phenotype in both the spleen and lymph 

nodes (Figure 3-3, B-C), typical of the signature observed in models of effector T 

cell dysfunction following chronic antigen exposure (394).  

Ly6C is a low-molecular weight glycosylphosphatidylinositol (GPI) -anchored cell 

surface protein.  At present, no ligand for this molecule has been identified, and 

its in vivo function remains unknown. However, its expression is increased on Ag-

experienced T cells, predominantly those with a CD62LhiCD44hi “central memory” 

phenotype (435, 436) and in T cells undergoing LIP (437), while “exhausted” CD8+ T 

cells typically have low expression of LY6C (346).  LY6C expression is also 

associated with homing to secondary lymph nodes (438-440).  In these experiments, 

a significant LY6Chi population of MataHari CD8+ T cells was found in syngeneic 

controls (Figure 3-3, C) indicating that these cells were undergoing LIP.  In 

contrast, all MataHari CD8+ T cells in the setting of aGVHD had a low expression 

of LY6C, as is typically seen in “exhausted” CD8+ T cells (346). 
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Taken together, these data show that allogeneic MataHari CD8+ T cells in the 

setting of aGVHD undergo significantly greater levels of apoptosis compared with 

syngeneic controls.  They do not undergo a normal pattern of LIP but rather 

acquire a CD44hiCD127loPD-1hiLY6Clo “exhausted” phenotype.   
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Figure 3-3. In aGVHD MataHari T cells undergo high rates of apoptosis and acquire a 
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3.6 Spleen-derived allogeneic CD8+ T cells lose proliferative capacity and 
effector function in aGVHD  

In addition to these phenotypic differences, I also observed significant differences 

in the function of MataHari CD8+ T cells in mice with aGVHD compared with 

syngeneic controls.  Up to 5 weeks following DLI, MataHari CD8+ T cells isolated 

from the spleens of mice with aGVHD trended towards higher proliferation rates 

compared with those of syngeneic controls, as measured by intracellular Ki67 

expression (Figure 3-4, A).  They retained the ability to produce IFN-γ and TNF-α 

following ex vivo TCR stimulation and similarly following ex vivo stimulation with 

PMA/ionomycin.  In fact, they produced significantly greater amounts of these 

cytokines compared with syngeneic controls at this time point (Figure 3-4, B-C). 

However, beyond 5 weeks following DLI, MataHari CD8+ T cells, both in mice with 

aGVHD and no aGVHD, showed a progressive loss of proliferative capacity to 

levels, similar to those of the naïve donor BM-derived CD8+ T cells isolated at this 

time point (Figure 3-4, A) (Figure 3-5, A).  Splenic MataHari CD8+ T cells isolated 

from mice with aGVHD now showed a significant reduction in their capacity to 

produce IFN-γ following ex vivo TCR stimulation and PMA/ionomycin stimulation 

compared with syngeneic controls and a similar trend was seen for TNF-α 

production (Figure 3-4, B-C) (Figure 3-5, B-C).  Improvements in the quality of the 

PMA/ionomycin restimulation technique over time may explain the apparent 

increasing trend in cytokine production.  Notwithstanding this, the comparisons 

between the two groups at individual time points remain relevant.   

Taken together these data show that there is a progressive loss of proliferative 

function and relative deficiency of cytokine generating capacity in spleen-derived 

MataHari CD8+ T cells in the setting of aGVHD.  Together, with the PD-1high 

phenotype observed, the relative loss of function is consistent with exhaustion. 
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Figure 3-4.  In aGVHD transient cytokine generation by MataHari T cells is followed by 
loss of effector function in the spleen but not in the pLN.  (A) Summary data showing the 
percentage of Ki67 positive MataHari T cells (identified as CD8+Thy1.1+CD45.1+) isolated from 
the spleen (left) and pLN (right) of recipient mice in the absence or presence of aGVHD at 
defined time points folllwing DLI.  Splenocytes and pLN cells were re-stimulated for 4 hours 
with PMA/ionomycin and the production of IFN-γ (B) and TNF-α (C) by MataHari T cells was 
measured by intracellular cytokine staining and flow cytometry.  Summary data depicts the 
percentage of MataHari T cells isolated from the spleen (left) and pLN (right) secreting IFN-γ 
(B) and TNF-α (C), in the absence or presence of aGVHD, at the stated time points post DLI 
(data are representative of 1-2 independent experiments with n=1-5 per time point, presented 
as mean ±SD, *p<0.05 **p<0.05, Mann Whitney U test. 
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3.7 Peripheral lymph node-derived allogeneic CD8+ T cell retain 
proliferative capacity and effector function in aGVHD 

The MataHari CD8+ T cell dysfunction in the spleen was not recapitulated in the 

peripheral lymph nodes, despite the MataHari CD8+ T cells at both sites having 

similarly “exhausted” phenotypes.  In contrast to the spleen, MataHari CD8+ T cells 

in the lymph nodes of mice with aGVHD continue to show increased proliferation 

at 10 weeks post DLI compared with syngeneic controls (Figure 3-4, A) (Figure 

3-5, A).  Contrary to the their counterparts, isolated from the spleen, MataHari

CD8+ T cells isolated from the lymph nodes of mice with aGVHD at 10 weeks

following DLI have not lost their capacity to produce IFN-γ or TNF-α following ex

vivo TCR stimulation and PMA/ionomycin stimulation but rather continue to

produce higher amounts of these cytokines compared with syngeneic controls

(Figure 3-4, B-C) (Figure 3-5, B-C).  Fluorescence minus one (FMO) controls were

used to set the gates in these experiments.  For intracellular staining isotype

controls would have been preferable.   Nevertheless, there are clear distinctions

between the results seen in the aGVHD versus the no aGVHD settings.

Taken together these data highlight potential site-specific differences in the 

function of MataHari CD8+ T cells between different SLOs in the setting of aGVHD 

and raises the possibility that microenvironmental differences between the spleen 

and the lymph nodes may influence the disparities seen in CD8+ T cell function at 

these sites.   
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3.8 Characterisation of the naïve OT-I CD8+ T cell transfer model 

In order to better determine how the peripheral T cell niche specifically affects T 

cell homeostasis and function in aGVHD, it was necessary to remove the 

confounding factors of impaired thymopoieis and LIP in mice with aGVHD 

compared with syngeneic controls.  It was also necessary to control for the 

confounding issue of chronic or excessive TCR stimulation by alloantigen in 

aGVHD.  To achieve this, I transferred 3 x106 MACS-sorted naïve Rag 1-/- OT-I T 

cells (transgenic T cells with a TCR specific for Class I restricted peptide derived 

from ovalbumin) to transplant recipient mice three weeks following DLI.  These 

naïve, 3rd party CD8+ T cells recognise the OVA antigen, not present in this 

system, thus are not stimulated by alloantigen.  They have matured in a normal 

thymus and are not influenced by any confounding influences that impaired thymic 

output might have on naïve donor BM-derived T cells in the setting of aGVHD.  I 

chose to transfer these cells 3 weeks following DLI, which is 4 weeks following 

TCDBM transplantation, as T cell reconstitution has plateaued at this time point, 

thus removing the cofounding factor that differences in LIP may play on peripheral 

T cell reconstitution.  

I then determined the fate of these 3rd party naïve T cells in the spleen and lymph 

nodes of male mice with aGVHD and female syngeneic control mice with no 

aGVHD over time (Figure 3-6, A).  For these experiments, I had the option of using 

OT-I T cells with different congenic markers: either CD45.1+Thy1.2+ or 

CD45.2+Thy1.2+, which allowed me to differentiate these cells from MataHari T 

cells (CD45.1+Thy1.1+) by staining for two congenic markers, CD45.1 and Thy1.1 

(Figure 3-6, B and C respectively).  This led to an important observation.  If 

CD45.1+Thy1.2+ OT-I T cells were identified using a gating strategy where lack of 

Thy1.1 staining was used to differentiate from Thy1.1+ MataHari T cells, they had 

a CD62LloCD44hi “effector” phenotype in male mice with aGVHD similar to 

MataHari T cells (Figure 3-7, A).  This phenotype was not seen in female 

syngeneic control mice with no aGVHD where OT-I T cells retained a 

CD62LhiCD44lo “naïve” phenotype.  If, however, CD45.2+Thy1.2+ OT-I T cells were 

identified using the gating strategy shown in Figure 3-7, B (including Vα2+ as 

another marker of OT-I cells) they had a CD62LhiCD44lo “naïve” phenotype in both 

male and female recipients (Figure 3-7, B).  Using this second gating strategy, 

there was an unknown population of cells falling in the CD45.1+Thy1.1- quadrant 
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(Figure 3-7, B).  The frequency of this population was significantly higher in male 

mice with aGVHD compared with female syngeneic mice with no aGVHD.  Further 

analysis of this population revealed that this represented a population of MataHari 

CD8+ T cells that had down-regulated their expression of Thy1.1 (Figure 3-7, C).  

This down-regulation occurred predominantly in the setting of aGVHD.   

This was an important finding, as results from experiments using the former gating 

strategy would have suggested, incorrectly, that there were significant phenotypic 

differences in naïve 3rd party CD8+ T cells in following adoptive transfer to an 

aGVHD setting. This finding underlines the importance of using as many markers 

as possible to accurately identify cells of interest in this setting. 
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with CD45.1+Thy1.2+ OT-I T cells identified by flow cytometry using the gating strategy shown in (B) and 
CD45.2+Thy1.2+ OT-I T cells identified using the gating strategy shown in (C).  The fate of the transferred 
3rd party naïve CD8+ T cells was characteristed by their absolute number, phenotype and function in the 
spleen and pLN recovered from recipients at the documented time points following transfer.
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Figure 3-7. MataHari T cells lose Thy1.1 expression in aGVHD. Gating strategy for identification of adoptively transferred naïve 3rd party CD8+ OT-I T cells 
with (A) CD45.1+Thy1.2+ or (B) CD45.2+Thy1.2+ congenic markers. Flow cytometry contour plots showing that OT-I T cells identified as CD8+CD45.1+Thy1.1- have a 
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falling within the CD45.1+Thy1.1- gate reveals a population of Vβ8.3+ MataHari CD8+ T cells that have lost Thy1.1 expression (C).
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3.9 Significantly fewer adoptively transferred naïve OT-I CD8+ T cells are 
recovered from SLO in aGVHD 

Using the second gating strategy outlined above I found a striking difference in 

OT-I recovery even at day +1 following adoptive transfer.  At day +1 the absolute 

numbers of naïve OT-I CD8+ T cells recovered from the spleens of mice with 

aGVHD were 10-fold less than those recovered from female syngeneic controls.  

The absolute numbers of OT-I T cells progressively declined over time in both 

groups, with a 10-fold difference in total OT-I T cells between the groups being 

maintained (Figure 3-8, A).  In mice with no aGVHD CD8+ OT-I T cells underwent 

a slow gradual loss.  In contrast, a rapid loss of the majority of the OT-I occurred in 

mice with aGVHD.   

In my experiment, a similar, but more profound pattern was observed in the lymph 

nodes, where 100-fold less OT-I T cells were recovered in the setting of aGVHD 

compared with syngeneic controls (Figure 3-8, A).  The basal proliferation rates of 

these naïve OT-I T cells was lower in the spleens and lymph nodes of mice with 

aGVHD at all time points (Figure 3-8, B).  These findings show that there is lower 

persistence and proliferation of naïve T cells in the absence of antigen and also 

highlight that the allogeneic environment alone, does not induce increased 

proliferation of naïve T cells, in the absence of antigen.   

The kinetics of donor T cell recovery and loss in this experiment mirrors that seen 

in aged mice (150).  Becklund et al (150) injected non-irradiated young and aged B6 

mice with CFSE-labelled lymphocytes from young B6 mice and measured the 

recovery of CFSEhi (undivided) naïve donor T cells in host lymph nodes and 

spleen at various time points.  They showed a similar dramatic and accelerated 

decrease in T cell recovery in aged hosts, indicating that naïve T cells fail to 

receive survival signals in the aged environment (150).  An alternative explanation 

for the reduced OT-I T cell recovery could be that other tissues, such as the 

inflamed liver, lung or bone marrow in the setting of GVHD may be acting as a 

‘sink’ for these cells. 

The adoptively transferred naïve 3rd party OT-I T cells maintained their 

CD62LhiCD44lo “naïve” phenotype in both the spleen and the lymph nodes at all 

time points in both the aGVHD and in the no aGVHD settings (Figure 3-9, A).  It 
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must be remembered that the OT-I CD8+ phenotype in the aGVHD setting reflects 

that of a very small proportion (1%) of cells that homed to the peripheral lymph 

node.  

Taken together these data showed, that when thymopoiesis and LIP are controlled 

for by adoptive transfer of 3rd party naïve CD8+ T cells to lymphoreplete transplant 

recipients, that significantly fewer cells are recovered from the secondary lymphoid 

organs of mice with aGVHD compared with syngeneic controls.  This deficit is 

more striking in the lymph nodes than the spleen.  Although these cells retain their 

“naïve” phenotype and decay at a similar rate in both settings, they proliferate at 

lower rates in the spleen and lymph nodes in the aGVHD environment. 
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Figure 3-8.  Recovery and proliferation of 3rd party naïve CD8+ OT-I T cells from SLOs 
is significantly reduced in aGVHD.  Summary data showing absolute numbers (A) and % of 
Ki67 positive (B) OT-I T cells (identified as CD8+CD45.1-Thy1.1-Vα2+) recovered from the 
spleen (left) and pLN (right) in the absence or presence of aGVHD at various time 
points following transfer (data are representative of 1-2 independent experiments, n=1-4 
replicates per time point, presented as mean±SD, *p<0.05 **p<0.005 ***p<0.0005 
****p<0.0001, 2-way ANOVA test.
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Figure 3-9.  Adoptively transferred  naïve 3rd party OT-I T cells maintain a CD62LhiCD44lo 
phenotype in SLOs in aGVHD.  (A) Representative flow cytometry contour plots depicting the 
surface expression of CD62L and CD44 on OT-I T cells (identified as 
CD8+CD45.1-Thy1.1-Vα2+) in the spleen (left) and pLN (right) in the absence or presence of 
aGVHD at day 7 (top row) and day 42 (bottom row) following OT-I transfer.  The numbers 
shown in each quadrant represent frequencies (% of the respective populations).  Data are 
representative of findings reproduced in 3 independent experiments, n=6 replicates per time 
point. 
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3.10 Characterisation of OT-I Immunisation Model 

In order to assess for functional differences between OT-I T cells in the aGVHD 

and no aGVHD settings, I carried out a series of immunisation experiments.  OVA 

257-264 (SIINFEKL) is a class I (Kb)-restricted peptide epitope of ovalbumin 

(OVA), presented by the class I MHC molecule, H-2Kb (441).  It has been 

demonstrated that SIINFEKL peptide can be used to prime a strong cytolytic 

response in OT-I cells (442).  Incomplete Freund’s adjuvant (IFA) is routinely used 

adjuvant to boost immunisations.  It is prepared from non-metabolisable oils 

(paraffin oil and mannide monooleate) and is used to create a water-in-oil 

emulsion of antigen.   

Firstly I tested the efficacy of this immunisation strategy in wild-type C57BL/6 

mice.  I injected mice with 5 x106 MACS-sorted, CellTraceTM Violet-labelled OT-I T 

cells intravenously via tail vein.  The following day I immunised mice with 

Incomplete Freund’s Adjuvant (IFA) mixed with either SIINFEKL peptide 

(IFA/SIINFEKL) or PBS (IFA/PBS) by subcutaneous injection at the base of the 

tail.  After 48 hours, I harvested the spleens and lymph nodes from these mice.  

The phenotype of the OT-I T cells was assessed by flow cytometry by gating on 

CD8+CD45.1+Vα2+ cells and assessing their CD62L and CD44 expression and 

proliferation was determined by the dilution of the CellTraceTM Violet of these cells. 

OT-I T cells in mice that had been immunised with IFA alone retained a “naïve” 

CD62Lhi CD44lo phenotype and showed no dilution of CellTraceTM Violet in the 

spleen or lymph nodes.  In contrast, mice that that were immunised with IFA and 

OVA peptide (SIINFEKL) showed an “effector” CD44hi phenotype and had 

undergone a number of rounds of division in both the spleen and lymph nodes 

(Figure 3-10, A-B).  This experiment clearly demonstrated the efficacy of the 

immunisation strategy in wild-type mice and was the immunisation protocol that I 

used in my transplant experiments.  
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Figure 3-10.  An effective immunisation strategy to test the response of OT-I T cells to 
stimulation with the OVA-specific peptide, SIINFEKL.  Wild-type B6 recipient mice were 
injected intravenously via tail-vein with 5x106 MACS-sorted, CellTraceTM Violet (CTV)-labelled 
OT-I T cells (CD8+CD45.1+Thy1.2+).  After 24 hours recipients were immunised with Incomplete 
Freund’s Adjuvant (IFA) in a 1:1 mix with either SIINFEKL peptide (IFA/SIINFEKL) or PBS 
(IFA/PBS) by subcutaneous injection at the base of the tail.  After 48 hours, the spleen and pLN 
were harvested from recipients and the phenotype of the OT-I T cells was assessed by flow 
cytometry by gating on CD8+CD45.1+Vα+ cells.  Representative flow cytometry contour plots, 
histograms and dot plots showing a CD62LhiCD44lo, TN phenotype, with no dilution of CTV in 
the spleen (A) and pLN (B) following immunisation with IFA/PBS (top) and a CD62LloCD44hi, 
TEM phenotype, with CTV dilution in the spleen (A) and pLN (B) following immunisation with 
IFA/SIINFEKL (bottom). 
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3.11 Priming of an OT-I immune response was not impaired in the blood or 
spleen in aGVHD 

One day following adoptive transfer of 3 x 106 OT-I CD8+ T cells to aGVHD or no 

aGVHD mice (3 weeks after DLI), I immunised transplanted recipient mice with 

either relevant peptide (IFA/SIINFEKL) or irrelevant peptide (IFA/PBS) by 

subcutaneous injection at the base of the tail.  I took interval blood samples to 

measure the kinetic of the OT-I response by surface phenotype.  Takedown was 

scheduled at 7 and 14 days after immunisation and experimental readouts of the 

OT-I response included surface phenotype and cytokine production (Figure 3-11, 

A). 

The overall cell numbers in the spleen and lymph nodes isolated from mice with 

aGVHD were lower than those of syngeneic controls, with no significant difference 

in overall cellularity within the groups between those who received immunisation 

with the relevant peptide (IFA/SIINFEKL) and controls who received immunisation 

with irrelevant peptide (IFA/PBS) (Figure 3-12, A-B). 

Measurement of the immune response in the peripheral blood, as measured by 

the acquisition an “effector” CD44hi phenotype by OT-I CD8+ T cells, was only 

seen in recipients of relevant peptide immunisation (IFA/SIINFEKL)   (Figure 3-13, 

A).  The peak of the response in the blood occurred 7 days following immunisation 

with progressive contraction of the response thereafter (Figure 3-13, A).  The 

magnitude of the immune response in the blood, as measured by the frequency of 

CD44hi OT-I T cells, was in fact greater in male hosts with aGVHD, compared with 

female syngeneic controls with no aGVHD at all time points measured, with the 

greatest differences seen at day 7 and day 11 (Figure 3-13, A). 

A similar pattern of immune response was seen in the spleen, with higher total 

numbers of CD44hi OT-I T cells in recipients of relevant peptide immunisation 

(IFA/SIINFEKL) compared with recipients of irrelevant peptide immunisation 

(IFA/PBS) (Figure 3-13, B-C). In keeping with observations in the blood at day 7, 

higher absolute numbers of CD44hi OT-I T cells were found in spleens isolated 

from hosts with aGVHD compared with no aGVHD controls (Figure 3-13, B).  This 

was in spite of the fact that the overall spleen cellularity in the aGVHD setting was 

significantly lower than that of the no aGVHD setting at this time point (Figure 
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3-12, A).  In the spleen at day 14, similar absolute numbers of CD44hi OT-I T cells 

were found in male (aGVHD) and female (no aGVHD) recipients of relevant 

peptide immunisation (IFA/SIINFEKL) (Figure 3-13, B). 

3.12 A reduced and abortive OT-I immune response occurs in the peripheral 
lymph nodes in aGVHD 

The pattern of immune response in the peripheral lymph nodes was different to 

that seen in the blood and spleen.  Although higher total numbers of CD44hi OT-I T 

cells were seen in recipients of relevant peptide immunisation (IFA/SIINFEKL) 

compared with recipients of irrelevant peptide immunisation (IFA/PBS), there was 

no trend towards higher absolute CD44hi OT-I T cell numbers at day 7 in the 

setting of aGVHD, where numbers were similar to those seen in the no aGVHD 

setting (Figure 3-13, B). By day 14 very few CD44hi OT-I T cells were found in 

lymph nodes isolated from mice with aGVHD, whereas significant numbers were 

still seen in lymph nodes isolated from syngeneic controls with no aGVHD (Figure 

3-13, C).  

Taken together, these results show that transplant recipients with aGVHD and no 

aGVHD were equally capable of priming an immune response and that the 

magnitude of the peak response is actually greater in the peripheral blood and 

spleen in the setting of aGVHD compared with no aGVHD.  In direct comparison to 

these sites however, a reduced and abortive immune response occurs in the 

lymph nodes of mice with aGVHD. 
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MataHari DLI Transplant Model: Immunisation Experiments
A

Figure 3-11.  Determining the response of 3rd party naïve OT-I T cells to immunisation in a H-Y mismatch DLI allo-HSCT model of aGVHD.  (A) Acute GVHD 
was induced in 8-12 week old lethally irradiated male B6 recipients (CD45.2+Thy1.2+) by injection of 1x106  MataHari CD8+ T cells (CD45.1+Thy1.1+) as DLI 7 days 
following transfer of 5x106 TCDBM cells (CD45.2+Thy1.2+ or CD45.2+Thy1.1+, depending on experimental set-up) from female B6 donors.  Female syngeneic 
recipients do not develop aGVHD in this model and were used as the control group.  Three weeks following DLI, recipients were injected with 3x106 MACS-sorted 
naïve OT-I CD8+ T cells from female donors (CD45.1+Thy1.2+ or CD45.2+Thy1.2+, depending on experimental set-up).  Recipients were then immunised 
early (day 1) or late (week 6) with IFA/SIINFEKL (controls were immunised with IFA/PBS) and the response of OT-I T cells to immunisation was characterised by 
the kinetic of changes in their surface expression of CD62L and CD44 in the peripheral blood and by surface phenotype and cytokine production in the spleen and 
pLN recovered from recipients at day 7 and day 14 following immunisation.  

                      5x106 TCDBM cells 
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Figure 3-12.  Immunisation with SIINFEKL peptide does not affect the overall cellularity 
of the spleen and pLN, which is lower in male recipients with aGVHD compared with 
female syngeneic controls without disease.  Summary data showing combined scatter plots 
and bar graphs of the absolute cell numbers recovered from the spleen (left) and pLN (right) of 
recipients at day 7 (A) and day 14 (B) following immunisation +/- relevant peptide in the 
absence or presence of aGVHD (data are representative of 3 independent experiments, 
n=3-10 per group, presented as mean±SD, *p<0.05 **p<0.005, ANOVA test). 
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Figure 3-13.  Acute GVHD does not affect the priming of 3rd party OT-I CD8+ T cells, 
however the response is prematurely aborted in pLN.  (A) The frequency of CD44hi OT-I T 
cells (% among total OT-I T cells), as measured by flow cytometry, was used to characterise 
the kinetic of the OT-I T cell response in the peripheral blood at various time points following 
immunisation.  A CD44hi TEM phenotype was seen in recipients of IFA/SIINFEKL peptide 
immunisation (data are respresentative of 8 independent experiments with n=8-15 replicates 
per time point, presented as mean±SD, p-values refer to the comparison of no aGVHD+peptide 
with aGVHD+peptide  *p<0.05 **p<0.005, Kruskal-Wallis ANOVA test.  Summary data 
depicting the absolute numbers of CD44 positive OT-I T cells in the spleen (left) and pLN (right) 
on day 7 (B) and day 14 (C) following immunistaion with higher numbers seen in recipients 
immunised with IFA/SIINFEKL regardless of the absence or presence of aGVHD except for the 
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mean±SD, *p<0.05, Kruskal-Wallis, ANOVA test.

**

*

131



3.13 Expansion of cytokine-producing OT-I CD8+ T cells is robust in aGVHD, 
compared to controls, when immunisation is carried out shortly after 
adoptive transfer of 3rd party CD8+ T cells 

To assess the function of OT-I T cells in response to immunisation, I carried out an 

in vivo cytotoxicity assay on day 7 following immunisation (Figure 3-14) (In vivo 

cytotoxicity assay, Materials and Methods).  Briefly, splenocytes were harvested 

from wild-type, female C57BL/6 donors (CD45.1+).  The splenocytes were divided 

into two groups and differentially labelled with either 0.5µM (CFSElo) or 5µM 

(CFSEhi) CFSE.  The CFSElo cells were pulsed with SIINFEKL and the CFSEhi 

cells remained unpulsed.  These cells were mixed in equal proportions (5 x105 

cells of each) and injected via tail vein into transplant recipient mice (CD45.2+).  

After 18 hours, the mice were sacrificed, splenocyte single cell suspensions were 

prepared and the adoptively transferred target splenocytes were identified by 

FACS by gating on CD45.1+Thy1.2+Vα2- cells.  In vivo specific cytotoxicity was 

measured by the disappearance of the CFSElo, SIINFEKL peptide-pulsed target 

cells relative to the unpulsed, CFSEhi cells.  The results showed that OT-I T cells in 

male mice with aGVHD were equally capable of specific killing of peptide-pulsed 

target splenocytes as controls (Figure 3-14, B). 

At day 7 and day 14 following immunisation, OT-I T cells isolated from the spleens 

of mice with aGVHD produced greater amounts of IFN-γ and TNF-α in vitro in 

response to peptide stimulation and in response to stimulation with 

PMA/ionomycin, compared with syngeneic controls (Figure 3-15, A-B) and had a 

higher proportion of the OT-I T cells in the aGVHD setting were polyfunctional, 

dual positive IFN-γ/TNF-α producing cells.  However, too few cells were recovered 

from the peripheral lymph nodes of aGVHD mice to enable evaluation of cytokine 

function.   

In summary, when early immunisation is carried out shortly after adoptive transfer 

of 3rd party CD8+ T cells, the immune response is intact (or even enhanced) in the 

peripheral blood and spleen.  In sharp contrast, the response detectable in the 

peripheral lymph nodes is poorly sustained. 
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Figure 3-14.  In vivo cytotoxicity of CFSE-labelled, peptide-pulsed target splenocytes in a H-Y mismatch DLI allo-HSCT model of aGVHD.  (A) Three weeks 
following DLI, recipients were injected with 3x106 MACS-sorted naïve OT-I CD8+ T cells from female donors (CD45.1+Thy1.2+Vα2+).  After 24 hours recipients were 
immunised with Incomplete Freund’s Adjuvant (IFA) in a 1:1 mix with either SIINFEKL peptide (IFA/SIINFEKL) or PBS (IFA/PBS) by subcutaneous injection at the 
base of the tail.  After 7 days mice were injected with a 1:1 mixture of target splenocytes (CD45.1+Thy1.2+Vα2-) containing 5x105 cells labelled with 0.5μM CFSE 
(CFSElo) and pulsed with SIINFEKL and 5x105 unpulsed cells labelled with 5μM CFSE (CFSEhi) (B).  After 18 hours, the mice were sacrificed and the adoptively 
transferred target spleocytes were identified by flow cytometry.  In vivo cytotoxicity was measured by the disappearance of the CFSElo, SIINFEKL-peptide pulsed 
target cells relative to the unpulsed, CFSEhi cells.
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Figure 3-15.  Robust and enhanced OT-I immune response in aGVHD 
when immunisation is performed on day +1 following transfer of freshly isolated naïve 
OT-I CD8+ T cells.   Three weeks following DLI, recipients were injected with 3x106 
MACS-sorted naïve OT-I CD8+ T cells from female donors (CD45.1+Thy1.2+Vα2+).  The next 
day mice were immunised with IFA/SIINFEKL and controls were immunised with IFA/PBS.  (A) 
Summary data depicting the percentage of OT-I T cells isolated from the spleen secreting IFN-γ 
(left) and TNF-α (right), in the absence or presence of aGVHD, at day 7 and 14 following 
immunisation.  Data are representative of 1-2 independent experiments with n=2-5 per group, 
presented as mean ±SD, *p<0.05, Mann Whitney U test.   (C) Representative flow cytometry 
contour plots depicting the intracellular production of IFN-γ (left) and TNF-α (right) by OT-I T 
cells recovered from the spleen of immunised mice, with and without aGVHD, following ex vivo 
re-stimulation with PMA/ionomycin on day 7 following immunisation.  
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3.14 Homing of adoptively transferred naïve CD8+ T cells to peripheral lymph 
nodes in impaired in aGVHD 

Given the observation that significantly fewer OT-I T cells are retrieved from the 

secondary lymphoid organs, particularly from the lymph nodes, of mice with 

aGVHD even at day +1 following transfer (Figure 3-8, A), I hypothesised that 

homing of naïve CD8+ T cells to the peripheral T cell niches was impaired the 

aGVHD setting.  In order to test this hypothesis, I adoptively transferred 1x107 

splenocytes from female OT-I donors (CD45.1+Thy1.2+Vα2+Vβ5+) via tail vein 

injection to mice on day +7 and day +21 following allogeneic HSCT.  Naïve, sex 

and aged-matched controls and male mice that had received a TCDBMT (no 

aGVHD) were used as controls in these experiments. After 90 minutes, I 

harvested the blood, spleen, peripheral and mesenteric lymph nodes and 

assessed cell numbers by FACS.  I chose to evaluate homing at 90 minutes based 

on experiments by Cremasco et al (314) that used this time point to show that the 

homing of B cells is impaired in Ccl19-Cre.iDTR mice treated with Diphtheria 

Toxin, which conditionally ablates FRC in these mice.   

At day 7 and day 21 following transplantation there were no significant difference 

in the total cellularity of the spleen, peripheral lymph nodes or mesenteric lymph 

nodes between mice with aGVHD and those with no aGVHD (Figure 3-16, A).  

The absolute numbers of OT-I T cells also did not differ between the groups at day 

+7 (Figure 3-16, B).  However, by day +21 following transplantation, although 

similar numbers of OT-I T cells were isolated from the spleens of mice with 

aGVHD and no aGVHD, remarkably fewer OT-I T cells were retrieved from the 

peripheral lymph nodes and mesenteric lymph nodes in the aGVHD environment 

(Figure 3-16, B & Figure 3-17). 

These results show that homing to lymph nodes is impaired in an established 

aGVHD environment relative to the spleen. These data support findings by Hirano 

et al who showed that a subclinical graft-versus host reaction was sufficient to 

reduce the cellularity of lymph nodes but not of thymus or spleen and that this 

reduced cellularity could not be rescued following a second TCDBM transplant, 

suggesting that impaired reconstitution of the lymph nodes in aGVHD is 

attributable to a defect in T cell homing (139). 
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These findings also parallel those described by Becklund et al in aged mice, where 

naïve T cell homing to peripheral lymph nodes is impaired, while entry into the 

mesenteric lymph nodes and spleen was less affected (150).  
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Figure 3-16.  The aGVHD environment impairs the homing of adoptively transferred 
naïve 3rd party CD8+  OT-I T cells to the LN but not to the spleen.  Acute GVHD was induced 
in 8-12 week old lethally irradiated male B6 recipients (CD45.2+Thy1.2+) by co-injection of T 
cells from female B6 donors (1x106  MataHari CD8+ T cells (CD45.1+Thy1.1+) and  2x106 
polyclonal CD4+ T cells (CD45.2+Thy1.2+) with 5x106 female TCDBM cells (CD45.2+Thy1.2+) 
(TCDBM+T group).  Control groups were recipients without disease, who received TCDBM 
only (TCDBM group) and wild-type naïve, sex and age-matched B6 mice.  At day 7 or day 21 
following transplantation, recipients were injected intravenously with 1x107 splenocytes from 
female OT-I donors.  After 90 minutes, blood, spleen, peripheral lymph nodes (pLN) and 
mesenteric lymph nodes (mLN) were harvested. (A) Bar graphs showing the absolute 
cellularity of the spleen, pLN and mLN at day 7 (left) and day 21 (right) following 
transplantation, in the absence and presence of aGVHD, compared with naïve, age-matched 
controls.  (B) Homing of adoptively transferred T cells was measured by the absolute number 
of OT-I T cells (identified by flow cytometry as CD45.1+Thy1.2+Vα2+Vβ5+) recovered from the 
various sites at 90 minutes following transfer, with bar graphs showing a marked reduction in 
homing of OT-I T cells to the pLN and the mLN, but not to the spleen, in an established aGVHD 
environment (day 21 post transplant). Data are representative of 1 independent experiment, 
with n=2-3 replicates per group, presented as mean±SD.
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Figure 3-17.  Homing of adoptively transferred naïve 3rd party CD8+ OT-I T cells to 
peripheral and mesenteric lymph nodes is impaired in aGVHD.  Flow cytometry plots 
depict Vα2 and Vβ5 staining in CD45.1+ Thy1.2+ cells in the blood, spleen, peripheral lymph 
nodes (pLN) and mesenteric lymph nodes (mLN).  Numbers indicate frequencies of Vα2+Vβ5+ 
donor OT-I T cells.   
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3.15 Discussion 

In this chapter I set out to test the hypothesis that the aGVHD environment alters 

CD8+ T cell homeostasis and function through mechanisms that are independent 

of CD8+ T cell exhaustion using clinically relevant murine models of allo-HSCT.  

My experimental findings provide strong evidence to support this hypothesis.   

My experiments using 3rd party CD8+ T cells show that the niche factors in aGVHD 

are sufficient to impair T cell homeostasis and function.  This defect is more 

striking in the peripheral lymph nodes than in the spleen.   In the setting of 

aGVHD, 3rd party CD8+ T cells (1) showed a relative failure in homing of naïve T 

cells to lymph nodes, (2) demonstrated a reduced proliferative capacity, (3) 

showed a more dramatic decline in their numbers over time and following in vivo 

TCR stimulation and (4) showed an abortive immune response.  These findings 

support the hypothesis that impaired T cell recovery and function following allo-

HSCT might represent a problem of soil (environment) rather than seed 

(lymphocytes) and that aGVHD deprives T cells of ‘niches’ that are critical to their 

survival and function, thereby impairing long-lasting immunity. 

My experimental findings also suggest that peripheral T cell niches can 

differentially alter CD8+ T cell homing and function.  Homing to lymph nodes is 

impaired in an established aGVHD environment relative to the spleen.  These data 

support findings by Hirano et al who showed that a subclinical graft-versus host 

reaction was sufficient to reduce the cellularity of lymph nodes, but not of thymus 

or spleen, and that this reduced cellularity could not be rescued following a second 

TCDBM transplant, suggesting that impaired reconstitution of the lymph nodes in 

aGVHD is attributable to a defect in T cell homing (139).  These findings also 

parallel those described by Becklund et al in aged mice, where naïve T cell 

homing to peripheral lymph nodes is impaired, while entry into the mesenteric 

lymph nodes and spleen was less affected (150).  My findings that allogeneic CD8+ 

T cells become phenotypically and functionally  “exhausted” in the spleen over 

time in the aGVHD setting recapitulates previous experimental findings by our lab 
(109).  However, new findings in in my experiments show that despite having a 

similar “exhausted’ phenotype, MataHari CD8+ T cells within the peripheral lymph 

node environment are not anergic, but instead remain highly proliferative and 

retain their capacity to produce IFN-γ and TNF-α.  Taken together, these findings 
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provide strong evidence that ‘niche’ factors can differentially alter T cell 

homeostasis. 

The findings presented in this chapter support the first of my research hypotheses 

that damage to the lymph nodes by acute GVHD results in impaired T cell survival 

and function.  My second research hypothesis is that FRCs play an important role 

in this process and that their loss prevents repair of the lymph node structure. 

Lymph node FRCs express PTAs and can induce potent antigen-specific T cell 

tolerance under steady-state and inflammatory conditions through direct 

presentation to naïve CD8+ T cells (187-189).  However, FRCs are lost in aGVHD 
(190).  It is possible that loss of PTA display in peripheral lymph nodes, occurring 

due to GVHD-mediated targeting of the FRCs, may be responsible for persistent 

CD8+ T cell-mediated injury seen in peripheral lymph nodes compared with the 

spleen in these experiments.  This hypothesis is being tested in our laboratory.  

Furthermore, the impaired T cell homeostasis described in GVHD shares striking 

similarities with other clinical settings such as ageing (148-151) and HIV infection (217), 

where altered T cell homeostasis is liked with fibrotic damage to the lymph node 

structure that accompanies the loss of FRCs. 

Our understanding of the mechanisms underpinning the pathophysiology of 

GVHD-mediated lymph node destruction is limited and no specific therapeutic 

interventions have achieved routine clinical application. Experiments in my next 

chapter will focus on the microenvironmental changes that occur in peripheral T 

cell niches in the setting of aGVHD, with specific focus on FRCs.
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Chapter 4 Acute GVHD is associated with selective and 
permanent loss of the FRC stromal subset in peripheral lymph 
nodes. 

4.1 Introduction  

GVHD, even when subclinical, constrains the expansion of mature T cells by 

destruction of peripheral T cell niches (137, 139, 140).  In Chapter 3, I showed that 

mild, sublethal aGVHD was sufficient to impair T cell homeostasis and that 

secondary lymphoid niches differentially affect T cell homing and function.  Our 

understanding of the molecular mechanisms underpinning allogeneic destruction 

of peripheral lymph nodes or how the altered microenvironment leads to impaired 

T cell function is limited.  Delineation of the specific defect(s) present in the 

aGVHD environment may open the door to novel approaches designed to correct 

this abnormal milieu and thereby enhance T cell immunity within the existing 

resident T cell population.  

Fibroblastic reticular cells are a subset of non-haematopoietic LNSCs that can act 

as APCs to deliver tolerogenic (187-189, 324) and/or immunostimulatory (193, 204) signals 

to T cells.  In the setting of GVHD they are sufficient for GVHD induction (84) and 

have been shown to be the essential source of Notch ligands during in vivo 

priming of alloreactive T cells in a mouse model (204).  FRCs play a central role in 

every stage of the T cell life cycle.  Genetic ablation of these cells in mouse 

models alters T cell localisation, decreases T cell survival and impairs antigen-

specific T cell priming (314).  They have considerable capacity to proliferate in 

response to infection and inflammation (335-337) and play a critical role in repair of 

the lymph node following viral insult (213).  However, FRCs are targeted by GVHD, 

and their loss in this setting results in irreversible structural damage to peripheral 

lymph nodes and impaired immune responses (190).  Preliminary data generated in 

the host laboratory by Dr. Teresa Manzo identified a selective loss of fibroblastic 

reticular cells (FRCs) in the peripheral lymph nodes in the aGVHD environment 

(unpublished data).  Our laboratory is also testing the hypothesis that loss of FRC 

PTA display in GVHD lymph nodes promotes autoimmune injury. I hypothesise 
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that FRCS play an important active supporting role in GVHD response and that 

their loss prevents repair of the lymph node structure. 

The precise mechanisms leading to the loss of this cell population or the 

consequences of their loss remain unknown.  I hypothesise that FRCs are directly 

targeted by allogeneic T cells.  In this chapter I aim to extensively investigate and 

detail the effect of aGVHD on lymph node stromal cells (LNSCs), with particular 

focus on FRCs.  Specifically, I will use several independent transplant models to 

characterise the effect of different populations of allogeneic T cells on LNSCs, the 

timing of their loss, their capacity to recover and possible clinically applicable 

strategies to prevent or reduce this loss. 

4.2 Identification and characterisation of peripheral lymph node stromal 
subsets 

In single cell suspensions, the stromal cell subsets can be identified by the 

differential expression of the glycoprotein podoplanin, PDPN (gp38) and the 

adhesion molecule CD31 (PECAM-1) within the CD45- compartment (290) (LNSC 

isolation, Materials and Methods).  This combination of cell surface markers 

distinguishes four of the main LNSC subsets: PDPN+CD31- FRCs, PDPN+CD31+ 

LECs, PDPN-CD31+ BECs and PDPN-CD31- double negative cells (DNCs) (290).  

The double negative stromal subset identified using this combination of surface 

markers consists mainly of contractile pericytes (291) and is the only LNSC subset 

to harbour an AIRE (Autoimmune regulator)-expressing cell type (188).  Although 

their location within the lymph node remains poorly characterised, an important 

finding by Chai et al (315) showed that myofibroblastic precursors also lie in the DN 

quadrant.    Another important point to note, is that using this gating strategy, the 

FRC quadrant also contains the MRC cell population (311).  Although exclusive 

markers are not available for the different mesenchymal stromal subsets, FRCs 

can be further identified by the cell surface expression of ICAM-1, VCAM-1 and 

the expression of CCL19, CCL21 and IL-7, whereas MRC, in addition to ICAM-1 

and VCAM-1 also express RANKL and MADCAM-1 and produce CXCL13 (443).  

FDCs express characteristic cell surface molecules such as complement receptor 

1, follicular dendritic cell marker (FDC-M1 and FDC-M2) and produce the 

chemokine CXCL13 and B cell survival factor BAFF (444). 
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As discussed previously, dividing stromal cells into mesenchymal and endothelial 

cells based on differential expression of PDPN and CD31 has significant 

limitations and underestimates the complexity, heterogeneity and plasticity of 

lymph node stromal populations and obscures niche-restricted stromal functions 
(292, 293).  Ideally I would have liked to use other FRC markers, such as CD140a 
(336), and other modalities, such as intravital imaging in my experiments, to better 

understand the subset heterogeneity, plasticity and niche localisation occurring in 

GVHD.  

4.3 Selective and permanent loss of FRCs in the single miHA-mismatched 
MataHari transplant model in aGVHD 

The first model I used was the MHC-matched, miHA-mismatched MataHari CD8+ 

T cell-dependent transplant model of GVHD described in Chapter 3. In this 

C57BL/6 F→M transplant model, aGVHD is induced in male recipients by co-

transfer of anti-HY (HYDb-UTY) T cell receptor (TCR)-transgenic MataHari CD8+ T 

cells.  No aGVHD is induced in either female syngeneic controls or male recipients 

of TCDBM alone.  This model allowed me to examine the effect of different 

severities of CD8+ T cell-induced aGVHD on LNSCs by either (1) transferring 

alloreactive MataHari CD8+ T cells on day 0 with CD4+ T cell “help” to induce 

moderate, sublethal, systemic aGVHD in hosts (MataHari aGVHD Model) (Figure 

4-1, A) or (2) delaying alloreactive MataHari CD8+ T cell transfer until day +7 and 

omitting the CD4+ T cell “help” to induce a mild, sublethal, systemic aGVHD 

(MataHari DLI Model) (Figure 4-1, B).  The decision to perform DLI at day +7 was 

informed by the literature.  In mice, minor H antigen mismatched alone are 

insufficient to prime a quantifiable CD8 response under conditions in which DLI is 

given after 4 weeks (426, 429); thus, most protocols transfer cells at 1-3 weeks after 

allo-HSCT (426, 430, 445, 446).   
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Figure 4-1.  MataHari Transplant Model.  Male or female C57BL/6 recipient mice 
(CD45.2+Thy1.2+) were lethally irradiated and transplanted with 5x106 TCDBM cells 
(CD45.2+Thy1.2+) from female C57BL/6 donors on day 0.  In a model of aGVHD (A), recipient 
mice also received 1x106 MataHari CD8+ T cells (CD45.1+Thy1.1+) and 2x106 C57BL/6 
polyclonal CD4+ T cells (CD45.2+Thy1.2+) on day 0.  In a model of delayed lymphocyte infusion 
(DLI) (B), the transfer of 1x106   MataHari CD8+ T cells (CD45.1+Thy1.1+) was delayed until day 
+7 following transfer of TCDBM.  Using the MataHari Transplant Model, sub-lethal, systemic 
aGVHD is reproducibly induced in male recipients but not in female syngeneic controls.
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Transplant recipient peripheral lymph nodes (cervical, axillary, inguinal) were 

analysed by FACS using the gating strategy outlined in Figure 4-2, A.  Even 

macroscopically, the effect of aGVHD on peripheral lymph nodes became striking 

from ∼2 weeks following transplantation.  Lymph nodes from mice with aGVHD 

were markedly atrophic, hard, deeply pigmented and matted into the associated 

fat pads.  Both flow cytometry and confocal imaging analysis (the latter performed 

in collaboration with Dr. Simone Dertschnig) identified that the PDPN+ FRCs were 

specifically diminished in recipients with aGVHD compared with no aGVHD 

controls (Figure 4-2, B and C).  Consistent with injury to FRCs, Dr. Simone 

Dertschnig showed that transcription of both Il-7 and Ccl19 genes by remaining 

cells was sharply reduced (Figure 4-2, D).   

I repeated experiments at different time points to track the kinetic of aGVHD-

induced damage to peripheral T cell niches following transplantation (Figure 4-3).  

Looking at overall cellularity of secondary lymphoid organs, these experiments 

showed that, in contrast with the aGVHD-induced damage in the spleen, which 

appears to be reversible over time (Figure 4-3, A, left) the damage to the 

peripheral lymph nodes shows no reversibility even at 18 weeks following 

transplant (Figure 4-3, A, right), when overall peripheral lymph node cellularity is 

reduced ∼ 8-fold in mice with aGVHD compared with age-matched, wild-type 

controls.  When individual LNSC numbers in the peripheral lymph nodes are 

analysed, it is evident that there is selective loss of the mesenchymal FRC 

population.  These cells are depleted as early as day 7, are reduced ~ 15-fold by 

day 21 following transplant and show a progressively declining pattern even at 18 

weeks following transplant.  In contrast, the endothelial stromal subsets (BECs 

and LECs) are largely unaffected, although there is a trend towards lower LEC 

numbers also (Figure 4-3, B).   

It is important to note that the numbers of DN cells in aGVHD are also comparable 

with numbers in no aGVHD and naïve age-matched controls (Figure 4-3, B).  It 

has been reported that dying and poorly stained lymphocytes can appear as 

CD45low or negative and so fall into this stromal cell gate, along with true DN cells, 

thus skewing the true proportions of stromal cells.  The numbers of DN cells are 

not increased in aGVHD recipients indicating that such contamination is not 

occurring.  It also goes against the hypothesis that FRCs are still present in 
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aGVHD but have down-regulated their PDPN expression to fall in the DN 

compartment.   

When LNSC frequencies (as opposed to absolute numbers) are considered, the 

strikingly selective loss of FRCs is once again apparent (Figure 4-4). Although not 

represented in absolute numbers, the frequency of BECs is higher in the aGVHD 

setting at all time points.  BECs and HEVs have been shown to proliferate 

extensively during immune responses in a lymphocyte-independent manner (297), 

increasing cell entry and the delivery of oxygen and micronutrients to meet the 

increased metabolic needs of the growing lymph node.  Thus, normal immune 

expansion of BECs is not abrogated in the setting of aGVHD. 
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Figure 4-2.  Identification and characterisation of peripheral lymph node stromal cell 
subsets.  (A) Flow cytometry dot plots depicting the gating strategy used for identifying 
lymph node stromal cells (LNSCs).  Plotting the PDPN versus CD31 expression on 
CD45- cells distinguishes four LNSC subsets: PDPN-CD31+ blood endothelial cells 
(BECs), PDPN+CD31+ lymphatic endothelial cells (LECs), PDPN+CD31- fibroblastic 
reticular cells (FRCs) and PDPN-CD31- double negative cells (DNs).  Numbers 
indicate frequencies for each stromal subpopulation. (B)  Representative flow cytometry dot 
plots comparing the frequency of LNSC subpopulations in allogeneic bone marrow transplant 
recipients on day 7 post-transplantation, in the absence (left) and presence (right) of 
aGVHD.  (C) Confocal microscopy analysis of frozen peripheral lymph node sections 
taken at day 7 post-transplantation. (D) Quantitative RT-PCR analysis of gene 
expression in flow-sorted FRCs on day 7 post-transplantation (n.d. = not 
detectable).
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Figure 4-3.  Acute GVHD results in selective and permanent loss of the FRC stromal 
subset in peripheral lymph nodes in a single miHA  mismatched transplant model. (A) 
Summary data showing the absolute cellularity of the spleen (left) and peripheral lymph nodes 
(pLN) (right) at the documented time points following transplantation in the absence or 
presence of aGVHD. (B) Summary data showing absolute numbers of stromal cell 
subpopulations in pLN of age-matched, untreated controls, recipients with no aGVHD (male B6 
BMT recipients that received T-cell depleted (TCD) female BM alone or female B6 recipients 
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of female TCDBM+Mh CD8+ T cells).  Data are representative of at least 10 
independent experiments with an aggregate of 3-32 replicates per time point, presented as 
mean ± SD, *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001, Mann Whitney U test (A) or ANOVA 
(B).
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Figure 4-4.  Selective and permanent loss of the FRC stromal subset in peripheral lymph 
nodes is proportional to the severity of aGVHD.  (A)  Representative flow cytometry dot 
plots depicting CD31 versus PDPN staining in CD45- cells from pLN in the absence (left) 
or presence (right) of aGVHD.  Frequencies for each stromal subpopulation at various time 
points following transplantation are shown in the table. Data are representative of at 
least 10 independent experiments with an aggregate of 3-32 replicates per time point, 
presented as mean ± SD, *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001, ANOVA.  (B) 
Summary data showing the frequencies of stromal subpopulations in pLN at week 3 
following transplantation in a DLI model of reduced aGVHD severity.  (C)  Combined scatter 
plot and bar graph comparing the absolute numbers of FRCs at 3 weeks following 
transplantation in pLN of recipients with aGVHD transplanted at day 0 compared with 
recipients transplanted at d+7 (DLI).  Data are representative of 3 independent 
experiments, presented as mean ± SD, *p<0.05, Mann Whitney U test.
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4.4 Loss of FRCs in the MataHari model is proportional to the severity of 
aGVHD 

I then compared the effect of less severe aGVHD on LNSCs at 3 weeks following 

allogeneic MataHari CD8+ T cell transfer using the DLI transplant model.   Even 

this mild aGVHD caused a similar, profound, specific loss of FRCs compared with 

the no aGVHD controls (Figure 4-4, B).  However, the FRC numbers were 

significantly higher compared with the aGVHD setting (Figure 4-4, C), illustrating 

that FRC loss is proportional to the severity of aGVHD. 

Taken together, these data show that the FRC stromal subset undergoes selective 

and permanent loss following allo-HSCT.  This loss is proportional to the severity 

of the aGVHD. 

4.5 FRCs fail to undergo repair when the allogeneic response is aborted 

I next hypothesised that lymph nodes have the capacity to undergo repair, if the 

allogeneic response is aborted.  In order to test this hypothesis, using the same 

MataHari transplant model, recipient mice were administered 1.44mg of anti-

mouse CD8α depleting antibody (BioXcell) via intra-peritoneal injection 2 weeks 

following transplantation and the absolute number and frequency of FRCs were 

analysed 2 weeks and 5 weeks thereafter (Figure 4-5, A).  A single injection of this 

monoclonal antibody exhibits effective CD8+ T cell depletion when used in vivo.  

Two weeks following administration, no allogeneic CD8+ MataHari T cells could be 

identified in the blood or spleen (lymph nodes not assessed) in recipients of anti-

CD8α antibody (Figure 4-5, B).  Results at 2 weeks following anti-CD8α depleting 

antibody showed that absolute numbers of FRC did not recover (Figure 4-5, C).  

Their frequencies were similar to the aGVHD cohort that did not receive antibody 

and remained statistically lower than TCDBM alone controls (Figure 4-5, D).  

Similarly, 5 weeks following anti-CD8α depleting antibody administration there was 

no recovery of FRCs in terms of absolute number (Figure 4-5, C) or frequency 

(Figure 4-5, D).  

A caveat of this experiment is that, because lymph nodes were analysed 

separately for LNSCs, effective CD8+ T cell depletion in the lymph nodes was 

assumed on the basis of depletion in the blood and spleen.  It is possible that anti-
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CD8α antibody does not effectively deplete CD8+ T cells in the lymph nodes in this 

setting.  Suenaga et al injected hosts intra-peritoneally with an anti-CD8 depleting 

antibody, albeit at much lower doses (200µg cf. 1.44mg) on days 2 and 4 following 

allo-HSCT, and found that CD8+ T cells were depleted in the blood but not in the 

lymph nodes (447).  Failure to adequately deplete allogeneic CD8+ T cells within the 

lymph node microenvironment would result in an ongoing allogeneic response and 

may explain the lack of FRC recovery in the aGVHD cohort in these experiments, 

despite receiving anti-CD8α depleting antibody. 

Another caveat of the later time point (5 weeks) is that allogeneic MataHari CD8+ T 

cells could now be identified again in mice that had received antibody, suggesting 

re-expansion of these cells, as the efficacy of the antibody waned. Although the 

absolute numbers were only ∼ 20% of those in hosts who had not received 

antibody, the GVHD induced by these MataHari T cells is likely to have hampered 

potential lymph node repair.  However, the option of repeating anti-CD8α antibody 

injections later following allo-HSCT would also deplete the donor-derived post-

thymic CD8+ T cells in these mice, introducing another potential confounding 

factor.   
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Figure 4-5.  Acute GVHD-damaged peripheral lymph node FRCs do not undergo repair 
when the allogeneic response is aborted.  (A)  Male C57BL/6 recipient mice 
(CD45.2+Thy1.2+) were lethally irradiated and transplanted on day 0 with 5x106 T-cell-depleted 
female TCDBM cells (CD45.2+Thy1.2+) alone (no aGVHD) or with the addition of 1x106 

MataHari CD8+ T cells (CD45.1+Thy1.1+) and 2x106 C57BL/6 polyclonal CD4+ T cells 
(CD45.2+Thy1.2+) (aGVHD). Transplant recipients were administered anti-mouse 
CD8α-depleting antibody to deplete alloreactive donor T cells at 2 weeks post-BMT, controls 
received PBS.  (B)  Representative flow cytometry dot plots depicting CD4 versus CD8 staining 
on live cells in the peripheral blood of recipients 2 weeks following treatment with PBS or 
anti-CD8α mAb.  The numbers shown in each quadrant represent frequencies (% of respective 
populations).  Summary data showing absolute numbers (C) and frequencies (D) of FRCs in 
pLN of recipients with or without aGVHD and GVHD+ mice that received anti-CD8α mAb.  Data 
are representative of 2 independent experiments, presented as mean ± SD, *p<0.05 **p<0.01 
****p<0.0001, Mann Whitney U (day 0), ANOVA (week 2, 5).
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In an alternative strategy, I transduced MataHari CD8+ T cells with a “suicide 

gene” prior to adoptive transfer at the time of transplantation.  A suicide gene is a 

genetically encoded ‘switch’, which allows selective destruction of adoptively 

transferred T cells in the face of unacceptable toxicity, through administration of 

the cognate monoclonal antibody.  A number of these genes have been tested in 

clinical trials in the transplantation setting (448).   

I transduced MataHari T cells with the RQR8 construct, which has been validated 

by our group (359).  RQR8 is a 136 amino acid combined marker-suicide gene 

composed of two CD20 binding mimotopes flanking a single CD34 epitope on the 

CD8 stalk (Figure 4-6, A).  This construct enables isolation of purified transduced 

cells using Miltenyi cliniMACS CD34 selection and effective depletion of 

transduced cells expressing this transgene in vivo using murinised anti-CD20 

monoclonal antibody.  I was able to successfully transduce and isolate a purified 

population of MataHari CD8+ T cells with the RQR8 construct (Figure 4-6, B and 

C).  I performed the usual MataHari transplant protocol substituting transduced 

(Td) MataHari T cells for unmanipulated MataHari T cells. The allogeneic response 

was aborted at 2 weeks following transplant in a cohort of the TCD+TdT group, by 

administering 200 µg of anti-CD20 monoclonal antibody via intra peritoneal 

injection, with the aim of killing the RQR8 transduced MataHari CD8+ T cells, a 

process which has been shown to be effected via antibody-dependent cellular 

cytotoxicity and complement-dependent cytotoxicity (449).   

Takedown was carried out 4 weeks following treatment with monoclonal anti-CD20 

antibody.  Analysis of peripheral blood showed ongoing, effective elimination of Td 

MataHari CD8+ T cells (Figure 4-7, A).  However, Td MataHari T cells did not have 

the same capacity to induce systemic aGVHD as unmanipulated MataHari T cells.  

This was evidenced by normal clinical scores and a failure to significantly reduce 

absolute FRC numbers (Figure 4-7, B), although a modest reduction in FRC 

frequency was observed compared with TCDBM alone controls (Figure 4-7, C). 

These findings suggest that MataHari T cells lost function during the ex vivo 

transduction process. 
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Figure 4-6.    Transduction and isolation of of a purified population of MataHari CD8+ T 
cells with the RQR8 construct.  (A) RQR8 construct.  (B)  Representative flow cytometry dot 
plots depicting the transduction of MataHari CD8+ T cells with the RQR8 construct.  Plots depict 
CD34 versus CD20 staining in CD8+ T cells  from combined spleen and pLN suspensions from 
donor female MataHari mice that were mock transduced (left) or transduced with the RQR8 
constuct (right) and then purified by postive selection using a CD34 MACS sort. 
(C) Representative flow cytometry dot plot depicting Vβ8.3 versus CD20 staining on the RQR8
transduced and purified population (CD8+CD34+CD20+ cells) as a marker of the MataHari CD8+

T cell purity of the transduced T cell product.
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Figure 4-7.  Ex-vivo transduction of MataHari CD8+ T cells with the RQR8 constuct 
results in loss of aGVHD.  Male C57BL/6 recipient mice (CD45.2+Thy1.2+) were 
lethally irradiated and transplanted on day 0 with 5x106 T-cell-depleted female TCDBM cells 
(CD45.2+Thy1.2+) alone (no aGVHD) or with the addition of 1x106 MataHari CD8+ 
RQR8-transduced T cells (TdT) (CD45.1+Thy1.1+) and 2x106 C57BL/6 polyclonal CD4+ T cells 
(CD45.2+Thy1.2+) (aGVHD).   Transplant recipients were administered anti-CD20 mAb to 
deplete alloreactive TdT at 2 weeks post-BMT, controls received PBS. Takedown was carried 
out 4 weeks later.  (A)  Representative flow cytometry dot plots showing the frequencies (mean 
± SD) of Vβ8.3+CD8+ donor allogenic T cells (identified as CD8+CD45.1+Thy1.1+) 4 weeks 
following treatment with PBS (left) or anti-CD20 mAb (right).  Summary data showing the 
absolute numbers of FRCs (B) and frequencies of stromal subpopulations (C) isolated from 
pLN at 6 weeks post-transplantation in the absence (TCDBM) or presence 
(TCDBM+TdT cells) of aGVHD or following an abortive aGVHD response 
(TCDBM+TdT+anti-CD20 mAb).  Numbers represent frequencies (mean ± SD).
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4.6 Loss of FRCs in aGVHD requires Class I expression of alloantigens by 
the non-haematopoietic compartment 

Following HSCT, donor haematopoietic cells replace host haematopoietic cells.  

However, the non-haematopoietic cells remain of host origin and continue to 

present alloantigens on MHC Class I throughout the lifetime of the transplant 

recipients.  FRCs constitutively express MHC class I and low levels of MHC class 

II on day 7 following allo-HSCT (190).  I postulated that Class I expression of 

alloantigen by non-haematopoietic cells is essential for aGVHD-induced peripheral 

lymph node damage.   MataHari effector T cells could theoretically encounter 

HYDb-Uty complexes presented either directly by non-haematopoietic cells or 

cross-presented by female donor BM-derived APCs.  To determine the 

involvement of direct presentation by non-haematopoietic cells upon the 

development of FRC loss Following HSCT, I transferred MataHari T cells to hosts 

where non-haematopoietic cells either could or could not present antigen directly 

using an experimental model that our laboratory have previously used, to show 

that direct presentation of a minor H antigen by non-haematopoietic cells is 

sufficient to induce CTL exhaustion (109). 

In order to test this hypothesis I set up B6 male→β2m-/- male BM chimeras where 

Class I was absent only in the non-haematopoietic compartment (Figure 4-8).  As 

controls, I set up B6 male→B6 male chimeras where Class I is present in both the 

haematopoietic and non-haematopoietic compartments.  Six weeks following 

generation of these chimeras, a second Female B6 TCDBMT was performed with 

transfer of MataHari T cells, as previously described, to both groups.  In the B6 

female→[B6 male→B6 male] chimeras, UTY antigen could be presented directly 

by non-haematopoietic cells or cross-presented by female BM-derived cells 

whereas in the B6 female→[B6 male→β2m-/- male] chimeras, UTY antigen could 

only be cross-presented.    

The spleen and lymph nodes were assessed 3 weeks following allo-HSCT (Figure 

4-8).  The induction of a GVHD response in both chimeras was comparable, as

evidenced by a similar rejection of CD45.2+ host haematopoietic cells (Figure 4-9,

A).  However, the overall cellularity of the spleen and lymph nodes was

significantly higher in the B6 female→[B6 male→β2m-/- male] cohort compared
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with the B6 female→[B6 male→B6 male]) cohort (Figure 4-9, B).  The absolute 

number and frequency of FRCs was also significantly higher in the B6 

female→[B6 male→β2m-/- male] cohort (Figure 4-9, C-D); thus FRCs were 

protected when non-haematopoietic cells were incapable of presenting antigen 

directly even despite the presence of allogeneic CD8+ T cells in the lymph node 

microenvironment.  Of note, the absolute numbers of FRCs were unexpectedly low 

in the no aGVHD β2m-/- control, for reasons that are not clear, although this mouse 

was significantly smaller than cage mates.  Further replicates would be necessary 

to confirm that this result was an outlier.  

Taken together, these data show that peripheral T cell niche GVHD requires Class 

I expression of alloantigens by non-haematopoietic cells and suggests that direct 

presentation of a minor H antigen by non-haematopoietic cells is sufficient for the 

development of the FRC loss seen in this setting. 
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or

Female B6 TCDBM± Mh CD8+ T cells→ [Male B6→Male β2m-/-]

Figure 4-8.  Bone marrow transplantation model to evaluate the 
contribution of direct presentation of a minor H antigen by 
non-haematopoietic cells to aGVHD-induced peripheral lymph node 
damage.  [B6 male→B6 male] and [B6 male→B6 β2m-/- male] chimeras 
were established, where Class I expression is present in the former and 
absent in the non-haematopoietic compartment in the latter.  Six weeks later, 
primary recipients underwent a second MataHari allogeneic BMT:  primary 
recipients (CD45.2+Thy1.2+) were lethally irradiated and all were 
transplanted on day 0 with 5x106 female B6 TCDBM cells (CD45.2+Thy1.2+), 
1x106 MataHari CD8+ T cells (CD45.1+Thy1.1+) and 2x106 C57BL/6 
polyclonal CD4+ T cells (CD45.2+Thy1.2+) (aGVHD).  Analysis of the 
peripheral T cell niche was carried out 3 weeks following allo-BMT.
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Figure 4-9. Acute GVHD-induced damage of the peripheral T cell niche requires Class I 
expression by the non-haematopoietic compartment.  (A)  Combined scatter plot and bar 
graph showing the absolute number of residual haematopoietic CD45.2+Thy1.2+ host cells 
recovered from the spleen of female B6→[male B6→male B6] and female B6→[male B6→
male B6 β2m-/-] transplant recipients at 3 weeks following transplantation. Controls received 
TCDBM.  Summary data showing the cellularity of the spleen (left) and pLN (right) of transplant 
recipients (B) and the absolute number (left) and frequency (right) of FRCs recovered from pLN 
(C) at 3 weeks post-BMT.  (D)  Representative flow cytometry dot plots depicting the surface
expression of CD31 versus PDPN on CD45- cells in chimeras receiving TCDBM+T.  Numbers
represent frequencies (mean±SD, **p<0.01, Mann Whitney U test).  Data are representative of
one experiment.
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4.7 CD4+ T cell-mediated aGVHD induces modest FRC depletion. 

It is well characterised that stromal cells express MHC Class II (291, 324, 450).  

Suenaga et al reported that in a CD4+ T cell dependent model of aGVHD that 

recipients only had a mild to moderate reduction in lymph node cellularity and 

negligible lymph node atrophy, however they did not report the effects of CD4+ T 

cell induced-aGVHD on specific stromal subpopulations.  I was interested to see 

how CD4+ T cell-induced aGVHD affects specific stromal subsets within the 

peripheral T cell niche with the hypothesis that allogeneic CD4+ T cells are 

sufficient to cause FRC loss.   

In order to test this hypothesis, I substituted MataHari CD8+ T cells with Marilyn 

CD4+ T cells in the DLI transplant model (Figure 4-10).  Whereas CD8+ T cells 

from MataHari mice express a transgenic TCR specific for the UTY peptide 

(WMHHNMDLI), presented in the context of H-2Db MHC Class I (354, 421), CD4+ T 

cells of Marilyn origin express a transgenic TCR specific for the DBY peptide 

(NAGFNSNRANSSRSS), presented in the context of Ab MHC Class II (451).  Both 

UTY and DBY are part of the HY antigenic complex ubiquitously expressed by 

almost all male cells.   Thus, using these as donor T cells in an MHC-matched, 

miHA-mismatched F→M transplant model induces CD8+ T cell mediated aGVHD 

or CD4+ T cell mediated aGVHD respectively.   

Marilyn CD4+ T cells induced a more severe systemic aGVHD compared with that 

induced by MataHari CD8+ cells, as measured by clinical scores.  Weight loss was 

significantly greater compared with syngeneic controls (Figure 4-10, B).  The effect 

of CD4+ T cell-induced aGVHD on peripheral LNSCs was assessed at 3 weeks 

following transplantation.  In striking contrast to lymph nodes harvested from 

MataHari T cell recipients at the same time point, lymph nodes in Marilyn CD4+ T 

cell recipients appeared normal macroscopically, in keeping with the findings by 

Suenaga et al (190).  However, in contrast with the findings by Suenaga et al (190), I 

found that the overall cellularity of the lymph nodes was significantly reduced 

compared with syngeneic and TCDBM controls (Figure 4-11, A).  When individual 

LNSC subsets were analysed, Marilyn CD4+ T cells recapitulated a selective loss 

of the FRC population, with significantly fewer absolute numbers recovered from 

hosts with aGVHD compared with TCDBM controls (Figure 4-11, B).  These 

findings were reproduced when the experiment was repeated in the aGVHD 
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transplant model (Figure 4-11, C).  FRC frequencies were also reduced, although 

not significantly, compared with TCDBM and syngeneic controls (Figure 4-11, D).  

FRC frequencies in the aGVHD setting at 3 weeks following transplantation were 

similar to those at 1 week following MataHari CD8+ T cell transplantation (Figure 

4-4, A), when lymph nodes still appeared normal macroscopically.   

Taken together; these data show that allogeneic CD4+ T cells are sufficient to 

cause FRC loss. However, the magnitude of the FRC loss is somewhat less (∼ 15-

fold reduction in CD8+ GVHD model compared with ∼ 8-fold reduction in CD4+ 

GVHD model) and overall lymph node cellularity remains intact.  Interestingly, this 

milder lymph node GVHD occurs despite a more severe, systemic aGVHD, as 

measured by clinical scores in these mice.  
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Figure 4-10.  Marilyn bone marrow transplantation model to evaluate the contribution 
of allogeneic CD4+ T cells to aGVHD-induced peripheral lymph node damage.  Male 
or female C57BL/6 recipient mice (CD45.2+Thy1.2+) were lethally irradiated and transplanted 
with 5x106 T-cell-depleted female TCDBM cells (CD45.2+Thy1.2+) on day 0.  In a model of 
delayed lymphocyte infusion (DLI) (A), recipients were given 1x106   Marilyn CD4+ 
T cells (CD45.1+Thy1.1+) on day +7 following transfer of TCDBM.  Using this Marilyn 
transplant model, sub-lethal, systemic aGVHD is reproducibly induced in male recipients 
but not in female syngeneic controls.  (B)  Summary data depicting the % weight change 
measured in transplant recipients in the absence or presence of aGVHD.  Data are 
representative of 3 independent experiments, n=8 replicates per time point, presented as 
mean ± SD, *p<0.05 ***p<0.001, Mann Whitney U test.
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Figure 4-11.  Allogeneic Marilyn CD4+ T cells are sufficient to cause FRC loss.  
(A) Summary data showing the cellularity of pLN at 3 weeks following T cell transfer in male
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cytometry dot plots depicting the surface expression of CD34 versus PDPN on CD45- cells
in pLN in the absence or presence of aGVHD at three weeks post-BMT.  Numbers
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4.8 Selective and permanent loss of FRCs in the multiple miHA-

mismatched B6→129 transplant model 

Next, in order to test the hypothesis that selective loss of FRCs is conserved 

between model systems, I studied the effects of aGVHD on FRCs in a B6→129 

murine transplant model (Figure 4-12, A).  As with the MataHari model, the 

B6→129 model was chosen for it’s clinical relevance, being MHC-matched. 

However, in contrast with the MataHari model, the allogeneic immune reaction in 

this model is mediated by a polyclonal T cell response against multiple miHA 

antigens, thus inducing a more severe aGVHD (388) (Figure 4-12, B-C).  In this 

model, clinical manifestations of aGVHD are evident from day 3-4 and peak at day 

7 following transplant.  Intestinal involvement, one of the major features of this 

model, causes persistent diarrhoea and results in a significant decrease in body 

weight, which is never recovered in the TCDBM+T group, in contrast with the 

TCDBM alone cohort (Figure 4-12, C).  Other manifestations of aGVHD include 

hair ruffling, back hunching and lowered mobility.  The severity of the disease 

requires euthanasia of up to 30% of the TCDBM+T group by the end of the first 

week post-transplant. 

The kinetics of aGVHD-induced damage to peripheral lymph nodes was tracked 

over time using this MHC-matched, multiple miHA-mismatched transplant model.  

In keeping with findings in the MataHari model (Figure 4-3, A), the overall 

cellularity of peripheral lymph nodes was significantly reduced in TCDBM+T 

(aGVHD) recipients, compared with TCDMBM alone (no aGVHD) controls, with 

∼13 fold reduction by week 18 following transplantation (Figure 4-13, A).  In 

contrast with the MataHari model (Figure 4-3, A), an irreversible loss of spleen 

cellularity occurred in this model, with ∼ 7 fold reduction by week 18 following 

transplantation (Figure 4-13, A).  When individual LNSC numbers in the peripheral 

lymph nodes were analysed in this model, significant loss of the mesenchymal 

FRC population was reproduced (Figure 4-13, B).  In keeping with the MataHari 

model, FRCs were depleted as early as day 7, were reduced ~ 20 fold by day 21 

following transplant and showed a progressively declining pattern even at 18 

weeks following transplant (Figure 4-13, B).  In contrast, with the MataHari model, 

where there was a modest reduction in LECs, this endothelial population showed a 
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significant reduction (∼ 2 fold at week and ∼10 fold at week 18 following 

transplantation) in the aGVHD environment induced in this model Figure 4-13, B).  

When LNSC frequencies were considered, the strikingly selective loss of FRCs 

was once again apparent (Figure 4-14, A).  Interestingly, despite the more severe 

and earlier clinical manifestations of aGVHD in the B6→129 model, the initial 

tempo of FRC loss was slower, compared with the MataHari model (19.4% vs. 

13.4% at week 1 and 13.4% vs. 6.8% at week 2, respectively).  This is not 

surprising however, when taken together with evidence from Dr. Pedro Santos e 

Sousa in our laboratory who showed that that the majority of organs have greater 

donor CD8+ T lymphocyte infiltration at day 7 post-transplantation in the MataHari 

model compared with the B6→129 model (Figure 4-15).  Again, in keeping with 

the MataHari model (Figure 4-4, A), the frequency of BECs was higher in the 

aGVHD setting at almost all time points  (Figure 4-14, A). 

165



A

Donor: Female C57BL/6 

1x106 polyclonal 
CD8+ T cells
(CD45.1+ Thy1.2+)

2x106 polyclonal 
CD4+ T cells
(CD45.2+ Thy1.2+)

5x106 TCDBM cells 
(CD45.1+ Thy1.2+)

2x5.5Gy (d-2,d0)

Recipient (CD45.2+ Thy1.2+): Male 129sv TCDBM alone control: no aGVHD
Male 129sv TCDBM + T cells: aGVHD

  

G
V

H
D

 S
co

re

4

3

1

2

0 1 2 3 4 5 6 7
weeks post-transplantation 

B

C

+10

0

-20

+20

-10

0 1 2 3 4 5 6 7
weeks post-transplantation 

TCDBM

TCDBM+T

129 Transplant Model

%
 w

ei
gh

t c
ha

ng
e

d0

Figure 4-12. Characterisation of the B6→129 multiple miHA mismatched bone marrow 
transplant model.  Recipient 129 mice (CD45.2+Thy1.2+) were lethally irradiated and 
transplanted on day 0 with either with 5x106 female B6 TCDBM cells (CD45.1+Thy1.2+) alone 
(no aGVHD), or with the addition of 1x106 polyclonal B6 CD8+ T cells (CD45.1+Thy1.2+) and 
2x106 polyclonal CD4+ T cells (CD45.2+Thy1.2+).  The B6→129 model results in moderate to 
severe aGVHD in T cell recipients.  Recipient GVHD Score (B) and % body weight change (C) 
at the documented time points post transplantation.  Data are representative of mean ± SD, 
blue line: 129 recipients of B6 TCDBM alone (no aGVHD), n=6; red line: 129 recipients of B6 
TCDBM+T (aGVHD), n=16.  Courtesy of Dr Pedro Santos et Sousa.
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Taken together, these data show that aGVHD-induced FRC loss is conserved 

across model systems.  In an MHC-matched, multiple miHA-mismatched model of 

aGVHD, the eventual magnitude of FRC loss is greater than that observed in a 

single miHA-mismatched model, substantiating my earlier findings that FRC loss is 

proportional to the severity of the aGVHD.  In the setting of more severe aGVHD 

induced in this model, LECs are also permanently lost over time and the aGVHD-

induced disruption of the spleen is no longer reversible, as is the case when milder 

aGVHD is induced by the MataHari model.  This suggests that while the spleen 

may have a greater capacity for repair in the setting of aGVHD compared with 

lymph nodes, certain critical thresholds also exist within the spleen, beyond which 

aGVHD-induced damage is irreversible. 

My experiments to abort an established allogeneic CD8+ T cell response were 

unsuccessful in reducing the damage to the peripheral lymph nodes and suggest 

that irreversible aGVHD-induced damage occurs very early following 

transplantation.   Indeed, attempts by Suenaga et al to reduce aGVHD-induced 

lymph node damage, by depleting CD8+ T cells as early as day 2 following 

transplantation, were also unsuccessful (190).  They hypothesised that blocking the 

initial migration of allogeneic CD8+ T cells to lymph nodes would reduce FRC loss.  

They tested two T cell manipulation strategies aimed at reducing homing of 

allogeneic T cells to lymph nodes.  Firstly they incubated donor T cells in the 

presence of anti-CD62L antibody prior to transfer and treated recipients with anti-

CD62L antibody every 4 days from day 0 to day 20.  While this did reduce CD8+ T 

cells in peripheral nodes by 100-fold compared with controls, it did not prevent 

FRC destruction.  Secondly, as CCR7 is a ligand for CCL21 and CCL19 and 

known to regulate homing as well as the retention and migration of T cells within 

lymph nodes (452), they used donor allogeneic CD8+ T cells from Ccr7-/- mice.  

They found that Ccr7-/- CD8+ T cells accumulated in peripheral lymph nodes at a 

comparable level with controls but up-regulation of the early activation marker 

CD69 was diminished.  However, this strategy was equally ineffective at 

preventing FRC loss and lymph node damage (190).   

4.9 Adoptive transfer of CD62L- TEM cells prevents FRC loss 

Using the 129 model, I tested an alternative T cell manipulation strategy, depletion 

of naïve T cells from the donor inoculum, with the aim of reducing aGVHD-induced 
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damage of the peripheral T cell niche. Most of the T cells that cause GVHD reside 

in the naïve T cell pool (TN) and while “central memory” (CD62L+CD44+) T cells 

(TCM) have also been shown to be capable of inducing aGVHD in some studies 
(453, 454), several groups have now independently confirmed that “effector memory” 

CD62L-CD44+ T cells (TEM) do not induce GVHD but critically retain GVL activity 
(49, 392, 453, 455-462).  The advantages of this strategy as compared with complete T 

cell depletion is that pathogen-specific memory T cells are retained in the graft that 

could transfer protective immunity to opportunistic pathogens, such as CMV and 

EBV.  This strategy is feasible in the clinic (50, 463) and a Phase II, single-arm first-

in-human clinical trial enrolling 35 patients with high-risk leukaemia has shown that 

transplantation of naïve CD45RA T cell-depleted peripheral blood stem cell grafts 

after TBI containing MA conditioning regimen translates into prompt engraftment 
(464).  While the incidence of aGVHD was not reduced (66%), it was universally 

responsive to corticosteroids and cGVHD was markedly reduced (9% compared to 

historical rates of 50% with T cell-replete grafts.  Excessive rates of infection or 

relapse did not occur and the overall survival was 78% at 2 years (464).   

Different mechanisms to explain the inability of TEM cells to induce aGVHD have 

been investigated in mice.  First, these cells do not express CD62L and CCR7, 

and are therefore relatively excluded from lymph nodes (465-467). However, 

transplant experiments have shown that neither the absence of CD62L on 

alloreactive T cells nor the absence of its ligand, peripheral node addressin 

(PNAd) on the HEVs in recipient mice, influenced the capacity of TN cells to induce 

GVHD (468, 469). 

Second, relative to TN cells, TEM cells may have a TCR repertoire with fewer 

alloreactive specificities (470).  However, Juchem et al found that TN and TEM cells 

differ in their ability to induce GVHD, even when expressing the same TCR (460), 

complementing evidence from other studies showing that TN and TEM cells do 

differ fundamentally, independent of repertoire (458, 459).  Using a TCR transgenic 

model to control for repertoire, they confirmed that the reduced capacity of TEM 

cells to induce aGVHD is predominantly due to cell-intrinsic defects, evidenced by 

a reduced ability to proliferate in target tissues, as well as an inability to cause 

sustained tissue damage (460). However, some contribution of repertoire effects is 

likely given the observation that TEM cell expansion is markedly inhibited by the 
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presence of antigen-specific TN cells (455, 461), whereas in isolation they expand to 

almost equal extents (460).  Thus, allogeneic TN cells are more successful than 

allogeneic TEM cells in competing for limiting factors or niches that promote division 

and survival. 

Why TEM progeny are less proliferative and functional is not known.  An important 

observation is that they up-regulate PD-1 expression to a greater extent.  PD-1 is 

well-documented, particularly in CD8+ T cells (471) but also in CD4+ T cells (472) to 

mediate exhaustion and reduced functional capacity. It also limits the capacity of 

naïve polyclonal T cells to cause GVHD in miHA-mismatched GVHD models (473).  

I hypothesised that CD62L-CD44+ TEM allogeneic T cells would reduce the extent 

of FRC loss.  I tested this hypothesis using the B6→129 model (Figure 4-16, A). 

Splenic CD62L- T cells were isolated from female B6 donors by sequential 

immune-magnetic separation, by first enriching for T cells with a pan T cell 

Isolation Kit (Figure 4-16, B) and then negatively selecting for CD62L- T cells 

(Miltenyi, Germany) (Figure 4-16, C).  Transplant recipients received 5x106 TCDM 

cells plus either 2x106 CD62L- TEM cells or 2x106 un-manipulated T cells (Figure 

4-16, A) and LNSCs were analysed 3 weeks following transplantation.  Recipients

of CD62L- TEM cells regained weight similar to TCDBM alone recipients, in contrast

with recipients of TCDBM + un-manipulated T cells, who had significantly reduced

body weights at 3 weeks following transplantation (Figure 4-16, D).  Lymph node

cellularity was preserved in recipients of TEM cells with significantly greater

absolute cell numbers compared with recipients of un-manipulated T cells (Figure

4-17, A).  FRCs were also significantly higher in recipients of TEM cells compared

with recipients of un-manipulated T cells in terms of absolute numbers (Figure

4-17, B) and frequencies (Figure 4-17, C).  A potential caveat of this experiment

was that MACS-sorted CD62L- TEM cells were skewed in favour of CD4+ T cells

compared with un-manipulated T cells (Figure 4-16, B-C), with CD4:CD8 ratios of

3:1 and 1.2:1 respectively.  Therefore, I repeated the experiments, adjusting the

CD4:CD8 ratio of the polyclonal T cell inoculum to include 75% CD4+ T cells and

25% CD8+ T cells and identical findings were reproduced (data not shown).  Thus,

adoptive transfer of CD62L- TEM cells protects FRC from destruction, even when

you control for T cell subsets.
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4.10 Removing TN cells from the donor inoculum allows significantly greater 
expansion of donor BM-derived TN CD8+ cells in peripheral lymph 
nodes 

I analysed the memory phenotype of the T cell pool in the lymph nodes to identify 

whether it differed qualitatively in recipients of CD62L- TEM cells (Figure 4-18).  At 

three weeks following transplantation, the T cell populations in recipients of 

TCDBM alone transplants were predominantly donor BM-derived cells.   In these 

hosts, almost all of the CD8+ T cells had a naïve CD62L+CD44- phenotype, similar 

to naïve controls (Figure 4-18, A).  In recipients of un-manipulated T cells, the 

majority of CD8+ T cells had an effector (CD62L-CD44+) phenotype, as is typically 

seen in the allogeneic setting (Figure 4-18, A).  However, depleting the donor 

inoculum of allogeneic TN cells resulted in establishment of a CD8+ T cells pool 

that was significantly less skewed towards effector differentiation (Figure 4-18, A).  

While the absolute numbers of CD44+ antigen-experienced cells was comparable 

between the two groups, indicating similar allogeneic CD8+ T cell expansion in 

both, depleting the donor inoculum of allogeneic TN cells allowed for significantly 

greater expansion of donor BM-derived TN CD8+ cells and an effector memory 

pool that was skewed in favour of TCM rather than TEM cells (Figure 4-18, C-E).   

The pattern of changes seen in the CD4+ T cell pool differ to those seen in the 

CD8+ T cell pool, in that a proportion of CD4+ T cells in TCDBM alone recipients 

acquired a CD62L-CD44+ phenotype (Figure 4-18, B).  However, the CD4+ T pool 

in recipients of un-manipulated T cells, was similarly skewed towards an effector 

(CD62L-CD44+) phenotype and depleting the donor inoculum of TN cells 

significantly mitigated this effect (Figure 4-18, B).  These data are in keeping with 

those of Juchem et al, who showed that allogeneic TN cells outcompete other T 

cell populations for limiting factors or niches that promote division and survival (460). 

Thus removing TN cells from the donor inoculum allows other important T cell 

populations to expand, which may define the mechanism by which protective 

pathogen and GVL immunity are maintained when this strategy is used in the 

clinical setting (464).   
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4.11 Discussion 

On the basis of my review of the literature and previous work done in our 

laboratory, I hypothesise that FRCs play an important role in GVHD and that their 

loss prevents repair of the lymph node structure.  In this chapter I aimed to 

extensively investigate and detail the effect of aGVHD on LNSCs, with particular 

focus on FRCs, and test the hypothesis that FRCs are directly targeted by 

allogeneic T cells.  Furthermore, I aimed to use several independent transplant 

models to characterise the effect of different populations of allogeneic T cells on 

LNSCs, the timing of their loss, their capacity to recover and possible clinically 

applicable strategies to prevent or reduce this loss. 

In summary, the aGVHD-induced environment, shown in Chapter 3 to lead to 

aberrant T cell homing, phenotype and function, is associated with a profound, 

selective and permanent loss of the FRC stromal subset in peripheral lymph 

nodes.  This loss occurs early, is proportional to the severity of the aGVHD and 

causes severe structural defects, which are irreversible, even when the allogeneic 

response is aborted.  It is predominantly CD8+ T cell mediated and requires direct 

recognition via MHC Class I expression on non-haematopoietic cells.  Allogeneic 

CD4+ T cells are sufficient to cause a significant loss of the PDPN+CD31- stromal 

population, however, the peripheral lymph nodes remain normal macroscopically, 

overall lymph node cellularity remains intact and the magnitude of the FRC loss is 

less than that caused by CD8+ allogeneic T cells.  This milder lymph node GVHD 

occurs despite a more severe systemic aGVHD, as measured by clinical scores in 

these mice.  Furthermore, my experiments provide evidence that a number of 

strategies, such as delaying allogeneic T cell transfer and depleting naïve T cells 

in the donor inoculum, can successfully reduce lymph node damage in aGVHD 

and these strategies could be further refined and developed in the clinical setting. 

One hypothesis to explain the differences caused by allogeneic CD8+ T cells and 

CD4+ T cells may be that allogeneic CD8+ T cells (but not CD4+ allogeneic T cells) 

have the capacity to target another stromal population that lies within the 

PDPN+CD31- gate, for example the MRCs, and that it is the loss of this cell 

subset that results in the profound architectural destruction of the peripheral lymph 

nodes seen in the CD8+ GVHD model. 
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The chimera experiments showed that peripheral T cell niche GVHD requires 

Class I expression of alloantigens by non-haematopoietic cells and suggests that 

direct presentation of a minor H antigen by non-haematopoietic cells is sufficient 

for the development of the FRC loss seen in this setting.  These findings provide 

strong evidence that antigen within the non-haematopoietic tissues is not ignored, 

but rather actively shapes the long-term integrity of the lymph nodes, which is 

essential for functional CD8+ T cell immunity.  The finding that host professional 

APCs are not required for the induction of FRC injury in GVHD could be validated 

by carrying out similar experiments in other chimera mouse models where host-

derived professional APCs are eliminated (109, 474). 

The findings that the loss of FRCs is proportional to the severity of the aGVHD 

(Figure 4-4, C) suggests that critical thresholds of PDPN+CD31- stromal cell loss 

may exist, beyond which aGVHD-induced damage is irreversible.  This 

mechanism is supported by recent evidence from Novkovic et al, suggesting that 

distinct thresholds govern FRC network structural integrity (475).  In their 

experiments, lymph nodes were able to tolerate a loss of ∼ 50% of their FRCs, 

without substantial impairment of immune cell recruitment, intranodal T cell 

migration and dendritic cell-mediated activation of antiviral CD8+ T cells, however, 

network connectivity was completely destroyed when more than 70% of FRCs 

were ablated (475).  In the Marilyn model of CD4+ T cell induced aGVHD, FRC 

numbers in hosts with aGVHD showed a 62% reduction compared with no aGVHD 

controls and lymph nodes appeared normal macroscopically.  In contrast, in the 

MataHari model of CD8+ T cell induced aGVHD, FRC numbers were reduced by 

80% in hosts with aGVHD, compared with no aGVHD controls, resulting in gross 

structural changes in the lymph node.  My experiments would therefore support 

the findings of Novkovic et al, suggesting that FRC loss is irreversible once a 

critical threshold of ∼ 70% is exceeded. 

While neither of the experiments to test the hypothesis that lymph nodes have the 

capacity to undergo repair when the allogeneic response is aborted was ideal, the 

CD8+ T cell depletion experiments suggest that spontaneous peripheral lymph 

node repair does not occur when the allogeneic response is aborted.  Experiments 

by Hirano et al also indirectly suggest that aGVHD causes permanent damage to 

peripheral lymph nodes (139).  Using double BMT chimeras, they showed a failure 
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of T cell reconstitution in lymph nodes that had been damaged by mild aGVHD 

following an allogeneic transplant, even after a second TCDBMT that aborted the 

allogeneic response (139).   

An elegant experimental model to test the capacity of aGVHD-damaged peripheral 

lymph nodes to repair in a truly GVHD-free environment would be to transplant 

aGVHD-damaged peripheral lymph nodes into naïve syngeneic hosts.  Mebius et 

al have shown that lymph nodes can be successfully transplanted from one site to 

another, leading to complete restoration of the microvasculature, with ingrowing 

blood and lymphatic vessels observed within one week after transplantation and 

HEV differentiation observed within three week (476).  This technique is easy to 

perform and highly reproducible.  In proposed experiments, the popliteal lymph 

nodes would be removed from a naïve C57BL/6 mouse and replaced on one side 

with a lymph node from a mouse with aGVHD and on the contralateral side with a 

lymph node from a no aGVHD control and lymph node structure and composition 

assessed at various time points. 

A potential caveat of these experiments, discussed already, is that dividing stromal 

cells into mesenchymal and endothelial cells based on differential expression of 

PDPN and CD31 has significant limitations and underestimates the complexity, 

heterogeneity and plasticity of lymph node stromal populations and obscures 

niche-restricted stromal functions (292, 293).  For example, because PDPN is a 

regulated marker, FRCs may still be present in situ despite not being seen in the 

CD31-PDPN+ gate or alternatively, FRCs may have migrated from the lymph 

node.  Testing these alternative hypotheses requires multiple additional modalities 

and development of novel markers to distinguish the increasing number of 

transcriptionally distinct stromal subsets (292).   

Nevertheless, the evidence that FRCs is compelling and has striking similarities to 

other clinical settings where FRCs are depleted leading to lymph node destruction 

and impaired immunity, such as ageing (150) and chronic infections (216, 217, 233).  

Having found that FRCs are selectively and permanently lost in GVHD the 

question arises what is the mechanism of this loss.  A more precise understanding 

of the mechanisms governing the differential sensitivity of stromal cells to aGVHD 

induced by distinct T cell subsets is crucial in optimising T cell engineering 
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strategies aimed at reducing GVHD while preserving anti-tumour and anti-

pathogen immune responses.  In Chapter 5, I investigate further what makes the 

FRC stromal population uniquely sensitive to allogeneic T cell mediated aGVHD. 
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Chapter 5 Transcriptional profiling reveals an abortive 
reorganisation programme in peripheral lymph nodes in aGVHD 

5.1 Introduction  

Having established in the previous two chapters that damage to peripheral lymph 

nodes by aGVHD results in impaired T cell homeostasis and that the FRC 

population is selectively and permanently lost in this setting, I aim in this chapter to 

identify the mechanisms explaining how the FRC network is selectively targeted 

and why it does not undergo repair in the GVHD setting. 

We know that FRCs are highly susceptible to infection by certain pathogens, such 

as L. donovani, CMV, LCMV and plasmodium spp (213, 477-480).  Mueller et al 

showed that LCMV-infected FRCs up-regulate their expression of PD-L1, which 

protects them from immune destruction (214).  Infection of FRCs leads to transient 

down-regulation of the expression of CCR7 ligands, for example CMV infection 

results in down-regulation of CCL19 expression (212) while LCMV infection leads to 

down-regulation of CCL21 expression (211, 213).  A similar down-regulation of these 

chemokines is seen in my experiments following allo-HSCT (Figure 4-2, D).  This 

results in marked disorganisation of the T cell zone, disturbing the co-localisation 

of T cells and DCs and, in the case of LCMV infection, causes complete 

breakdown of the FRC network and a transient loss of immunecompetence 

against secondary infections (213, 214, 481).   

A number of theories propose how this process may be beneficial to the host.  

One theory stems from the finding that CCL19 and CCL21 promote activation-

induced cell death of antigen-responding T cells by enhancing expression of Fas-L 
(482); thus the temporary reduction in the expression of CCL19 and CCL21 could be 

beneficial by augmenting the early T cell response to infection.  Another 

hypothesis is that down-regulation of these CCR7 ligands enhances the “space” 

within the niche for the on-going immune response, by eliminating all CCR7 

expressing TN and TCM cells that do not actively participate in the immune 

response (483).  This mechanism, along with the associated FRC destruction, may 

also limit access of developing memory T cells to FRC-derived survival factors 

such as IL-7, thus preventing excessive entry of activated T cells into the memory 

pool.  Finally, down-regulation of these chemokines may also have direct 
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protective effects at the host-pathogen interface, for example, it may limit the 

integration of HIV into the genome of T cells (484).   

However, a critical difference between the infection-induced FRC loss in these 

settings and allogeneic-induced FRC destruction, is that down-regulation of 

chemokines is temporary in the former, where repair occurs (315) but is permanent 

in the latter.  Buettner et al, found that partial regeneration of plt/plt lymph nodes 

following transplantation to wild-type hosts was associated with re-expression of 

CCL19/CCL21 (485), highlighting the potential importance of these chemokines in 

the repair process.  

Repair of the lymph node does not occur in all infections however.  Lymph node 

fibrosis is a cardinal feature of HIV infection, where loss of FRCs impairs 

homeostatic mechanisms required for T-cell survival and limits immune 

reconstitution with antiretroviral therapy (ART) (215).  Secreted collagen 

accumulates around FRCs, restricting T cell access to their survival factor IL-7 on 

the FRC network, resulting in apoptosis and depletion of T cells, which in turn 

removes a major source of lymphotoxin-β, a survival factor FRCs, thus 

perpetuating a vicious cycle of depletion of T cells and the FRC network, resulting 

in profound impairment of host immune function (217).  FRC loss (150), lymph node 

fibrosis and impaired T cell function also increase with age (148-151).  Becklund et al 
(150) showed that the reduction in FRC numbers and disrupted reticular network in 

aged lymph nodes was associated with reduced CCL19 mRNA levels and 

impaired homing of naïve T cells to the peripheral lymph nodes, while the entry 

into the mesenteric lymph nodes and spleen was less affected (150).  In both ageing 

and HIV infection there is activation of TGF-β signalling (152, 217) and elevation of 

serum levels (but reduced levels in the fibrotic lymph nodes) of the 

proinflammatory cytokine, IL-6 (155-160, 218).  

There is increasing recognition that inflammation is a common molecular pathway 

that underlies in part, the pathogenesis of diverse human disease from infections, 

to immune-mediated disorders and cancer, to ageing itself (351-353).  There are 

striking similarities between the findings in GVHD and those seen in inflammation 

and aged lymph nodes and therefore I hypothesise a shared pathophysiology and 
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molecular mechanisms.  In this chapter I aim to determine whether there is 

evidence supporting this hypothesis. 

Specifically, I aim to identify (1) why and how the FRC stromal population is 

specifically targeted by allogeneic CD8+ T cells and (2) whether a ‘reorganisational 

programme’ occurs in the aGVHD setting.  In order to address the first question, I 

will evaluate the microarray data obtained from allogeneic CD8+ T cells isolated 

from secondary lymphoid organs on day 7 post allo-BMT under conditions where 

Class I expression in the non-haematopoietic compartment is either absent (FRCs 

protected) or present (FRCs targeted), to identify candidate pathways that might 

explain the crosstalk between FRCs and allogeneic CD8+ T cells.  To address the 

second question, I will carry out a bioinformatics analysis to evaluate the combined 

gene expression profile results from two published datasets involving in vivo 

exposure to inflammatory stimuli, that characterise the gene expression profiles of 

LNSCs (291, 486).  I will then compare these results to the FRC transcriptional profile 

early following the onset of GVHD. 

5.2 Review of the current model of lymph node development and repair 

The balance of cell cycle, cell proliferation and apoptosis is important for normal 

tissue development and homeostasis.  In this chapter, I aim to study how this 

balance is altered in FRCs following irradiation and allo-HSCT, resulting in their 

permanent loss.  In an effort to understand why repair does not occur in aGVHD, I 

will particularly focus on the fate of lymphoid tissue organiser (LTo)-like cells, the 

putative FRC precursors (153) in aGVHD.  The successful formation of lymph nodes 

in the embryo depends on interactions between LTo cells and lymphoid tissue 

inducer cells (LTi cells) (257, 487-490).  LTi cells express IL-7R and RANK and ligation 

of either protein is sufficient to induce the expression of LTα1β2 on LTi cells (275), 

which in turn mediates triggering of the LTβR on stromal cells.  Ligation of LTβR 

initiates two sequential NF-κB signalling pathways.  The first signals via RelA, p50 

and IκBα leading to LTo expression of adhesion molecules such as VCAM-1 and 

ICAM-1 (273, 488, 491, 492), thus ensuring sustained LTβR triggering by LTi cells.  As a 

consequence of this prolonged signalling the p100 precursor will be formed, 

leading to a second NF-κB pathway mediated via NF-κB-inducing kinase (NIK, 

MAP3K14), IκBα and RelB.  This signalling results in the induction of homeostatic 

183



chemokines such as CXCL13, CCL19 and CCL21 (264, 493, 494), which in turn further 

attracts and retains circulating haematopoietic cells within the lymph node 

anlagen.  In this way a positive feedback loop is initiated, which ensures the 

correct generation of lymph nodes.  Defects in any component of these two 

pathways leads to the disruption of lymph node formation (270), most likely due to 

the inability of the lymph node anlagen to attract and retain LT-expressing 

haematopoietic cells.   

The intensity of VCAM-1 and ICAM-1 expression reflects the developmental stage 

of the LTo (260, 492).  LTo cells mature from VCAM-1-ICAM-1- mesenchymal 

precursor cells to become VCAM-1intICAM-1int cells in a process that is 

independent of LTi cells and LTβR signalling.  This is followed by a second 

maturation step to VCAM-1hiICAM-1hi organiser cells, which depends on both LTi 

cells and LTβR signalling. This indicates that the DPhi organiser, of itself, 

represents an activated state (495).  This DPhi population has been shown to 

express high levels of receptor activator for NF-κB ligand (RANKL) (492) and to be 

essential for peripheral lymph node organogenesis (488). RANK and RANKL-

deficient animals display a complete absence of lymph nodes, defects in Peyer’s 

patches and cryptopatches and abnormalities of the spleen (255, 265, 267, 268).  LTi 

cells express RANK and also RANKL, although the expression of the latter is 10-

fold lower than in LTo cells (277).  Therefore the current model of lymph node 

development indicates that a positive feedback loop takes place between LTo and 

LTi cells via RANK-RANKL and LTαβ-LTβR, together amplifying the early stages 

of lymph node development (254, 266, 277, 496, 497).   

The intensity of VCAM-1 and ICAM-1 expression not only reflects the 

developmental stage of the LTo (260, 492) but also represents fundamentally distinct 

cell types.  Cupedo et al (488) showed that the VCAM-1intICAM-1int  population has a 

higher expression of the LTβR than the VCAM-IhiICAM-1hi population.  The VCAM-

1hiICAM-1hi population expresses RANKL, as well as higher levels of mRNA for the 

homeostatic chemokines CCL21 and CCL19 compared with the VCAM-1intICAM-

1int population.  This study also identified that these two distinct lymph node 

organising populations differ markedly in the peripheral lymph node anlagen 

compared with mesenteric lymph node anlagen (488).  At day of birth, the VCAM-

1intICAM-1int population predominates in the mesenteric lymph nodes, whereas the 

184



VCAM-1hiICAM-1hi population predominates in the peripheral lymph nodes (488), 

providing insight into the cellular basis for the divergent signals governing lymph 

node development at these sites. Yoshida et al (275) showed that while both IL-7 

and RANKL induced equivalent LTα1β2 expression on LTi-like cells derived from 

either the peripheral lymph nodes or Peyer’s patches, embryonically, peripheral 

lymph node formation utilised RANK signalling whereas Peyer’s patch formation 

utilised IL-7R signalling.  Collectively, these data imply that each set of lymph 

nodes develops in accordance with its own subtle interplay of various molecules, 

with a varying dependence on each individual component and these variations 

may be traced back to the stromal compartment of each lymph node set (488) and 

suggest that, in peripheral lymph nodes, RANK-RANKL signalling may be the 

predominant pathway responsible for the LTo-LTi crosstalk involved in lymph node 

organogenesis.   

Using lineage tracing, Hoorweg et al (498) recently confirmed that adult MRCs 

derive from a subset of MADCAM-1-, IL-7-expressing fetal VCAM-1hiICAM-1hi LTo 

cells.  The authors suggest that both foetal and adult MRCs are conserved from 

mouse to human and that LTo-MRC lineage populations co-localise with lymph 

node resident RORyt+ ILC3 throughout life.  The precursor-progeny relationship 

between foetal LTo cells and MRCs suggests that these cells could also be 

functionally related. 

Scandella et al (213) showed that following infection with LCMV, stromal cells up-

regulate VCAM-1 and ICAM-1 in vitro, indicating that LCMV replication led to their 

stimulation (213).  Following LCMV infection the FRC network was partially 

destroyed over the first week, with an associated reduction in expression of 

CCL19, CCL21 and IL-7 mRNA and loss of immunocompetence.  This was 

paralleled by a profound increase in the mRNA encoding members of the tumour 

necrosis factor (TNF) or TNF receptor (TNFR) superfamily including LTα, LTβ, 

LTβR, LIGHT, TNFRI and TNFRII, as well as mRNA encoding adhesion molecules 

such as VCAM-1, ICAM-1 and β2 integrins.  All of these gene products are 

essential to the crosstalk between stromal cells and LTi cells.  They found a 

considerable accumulation of LTi cells in peripheral lymph nodes at the peak of 

immunopathological damage and delayed rebuilding of the stromal cell 

compartment in Rorc-/-→B6 chimeras that lack LTi cells (213).  Thus, CTL-induced 
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destruction of stromal cells in acute LCMV infection is accompanied by a 

‘transcriptional reorganisation programme’, reminiscent of the one that operates 

during lymphoid ontogeny in the embryo, resulting in complete repair of the FRC 

niche following viral clearance (213).  In comparison with the setting of LCMV-

induced immunopathological disruption of lymphoid integrity, aGVHD-induced 

damage is permanent.   

On review of this literature, I hypothesise that a VCAM-1hiICAM-1hi population and 

RANK-RANKL signalling is the predominant pathway responsible for the LTo-LTi 

crosstalk involved in lymph node organogenesis in peripheral (as opposed to 

mesenteric) lymph nodes and that the RANKL-expressing MRC is the 

mesenchymal cell participating in this LTo-LTi crosstalk and thus plays a key role 

in maintaining lymphoid tissue organisation or restoring and remodelling lymphoid 

tissue architecture after insult in adults.  

5.3 Using transcriptional profiling strategies to explain the selective loss of 
FRCs and their failure to repair in aGVHD 

Using the transplant set-up previously described and shown in Figure 4-8, Dr. 

Teresa Manzo, a Postdoctoral Researcher in our lab, isolated allogeneic MataHari 

CD8+ T cells from secondary lymphoid organs where they had encountered 

recipient non-haematopoietic cells that either could or could not present MHC-

Class I:  male peptide complexes on their surface (Female B6 TCDM+Mh CD8+ T 

cells → [Male B6→Male B6] or Female B6 TCDM+Mh CD8+ T cells → [Male 

B6→Maleβ2m-/-] respectively.  These cells were flow sorted to high purity, mRNA 

extracted and their gene expression was compared by hybridisation to the 

Affymetrix Genechip® Mouse Gene 2.0 ST Array.   

Using this dataset, I was therefore able to test for differences in the transcriptional 

profiles of allogeneic CD8+ T cells in settings where they did and did not target 

FRCs.  To evaluate the functional relevance of the differentially expressed genes, I 

used the Web-based Gene Set Analysis Toolkit (WebGestalt) (375, 376), a suite of 

tools for functional enrichment analysis, to identify over-represented KEGG 

pathways.  Differentially expressed genes were those with an absolute fold-

change cut-off of >1.5 and an Anova p value <0.05.  The results of this analysis 

are shown in Table 5-1-5.4 and show that remarkably few genes were differentially 
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expressed.  Using other gene enrichment tools to analyse the transcriptional data 

yielded similar gene results.   
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Allogeneic MataHari CD8+ T cell transcriptional profile

Table 5-2. Up-regulated genes in B6 female→[B6 male→B6 male]: over-represented KEGG pathways

Pathway name

Graft-versus host disease

Cytokine-cytokine receptor

Natural killer cell mediated cytotoxicity

Chemokine signalling pathway

Size adj p-val

2

3

2

2

0.0045

0.0045

0.0110

0.0175

Table 5-1. Up-regulated genes in B6 female→[B6 male→B6 male] 

Fasl Klrd1 Ccr2 Cxcl9

Tnfrsf4 Cd40lgIl21Cxcl10 Hist2h2ab

Table 5-3. Down-regulated genes in B6 female→[B6 male→B6 male] 

Table 5-4. Down-regulated genes in B6 female→[B6 male→B6 male]: over-represented KEGG pathways

Pathway name

Cytokine-cytokine receptor

Systemic lupus erythematosus

Size adj p-val

4

2

<0.0001

0.0012
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The genes differentially up-regulated by allogeneic CD8+ T cells that target FRCs 

included, Fasl, Klrd1, Ccr2 and Cxcl9 (Table 5-1) and differentially down-regulated 

genes included Tnfrsf4 (Ox40), Cxcl10, Il21 and Cd40lg (Table 5-3).  The 

corresponding over-represented KEGG pathways are shown in Table 5-2 and 

Table 5-4.    

Of particular relevance, engagement of Fas and death receptor 5 (DR5) with their 

cognate ligands FasL and TNF-related apoptosis-inducing ligand (TRAIL) has 

been shown to lead to endpoints other than cell death, including NF-κB-dependent 

activation of a pro-inflammatory programme, resulting in the expression and 

secretion of multiple cytokines and chemokines (499, 500).  NF-κB has also been 

shown to modulate tumour cell sensitivity to Fas-mediated apoptosis (501), with the 

suggestion that canonical NF-κB is a transcription activator of Fas and that non-

canonical NF-κB is a transcription repressor of Fas.   

Na et al (502) found that radiation in BMT conditioning regimens up-regulated the 

expression of Fas and DR5 on thymic stromal cells and that donor alloreactive T 

cells used the cognate proteins FasL and TRAIL to mediate thymic-GVHD thereby 

damaging thymic stromal cells, cytoarchitecture and function.  Specifically, their 

observations suggested that donor alloreactive T cells use TRAIL to cause 

damage to mTECs and cTECs, whereas FasL is required for damage to all 

stromal cell subsets (502).  I hypothesised that these pathways are also important in 

aGVHD-induced peripheral lymph node hypoplasia. 

5.4 FasL expression is increased in allogeneic CD8+ T cells in the presence 
of direct antigen presentation 

Using the MataHari transplant model, I confirmed by flow cytometry that FasL 

expression, as measured by FasL MFI, was increased on CD8+ T cells in 

TCDBM+T recipients compared with controls (Figure 5-1, A).  Increased 

FasL expression was specific to the allogeneic CD8+ population (Figure 5-1, 

B) and did not occur on CD4+ T cells (Figure 5-1, C).  These findings were 
recapitulated in the multiple miHA B6→129 transplant model (Figure 5-2, A-C).  

In the Class I knockout model, however, allogeneic  CD8+ T cells in Female B6 
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TCDM+Mh CD8+ T cells → [Male B6→Maleβ2m-/-] chimeras did not show 

increased FasL expression (Figure 5-3, A), whereas allogeneic CD8+ T cells in 
Female B6 TCDM+Mh CD8+ T cells → [Male B6→Male B6] chimeras again did 

show a small but clear increase in expression of FasL  (Figure 5-3, B).  Thus, 

allogeneic CD8+ T cells did not increase FasL expression in the absence of 

direct antigen presentation by host non-haematopoietic cells.  
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Figure 5-1.  In a single miHA mismatched transplant model, increased FasL expression 
on peripheral lymph node T cell subsets is specific to the allogeneic CD8+ T cell 
population.  Using the MataHari transplant model, male B6 recipient mice (CD45.2+Thy1.2+) 
were lethally irradiated and transplanted on day 0 with either 5x106 female B6 TCDBM cells 
(CD45.1+Thy1.2+) (TCDBM alone; no aGVHD) or with the addition of 1x106 MataHari CD8+ T 
cells (CD45.1+Thy1.1+) and 2x106 B6 polyclonal CD4+ T cells (CD45.2+Thy1.2+) 
(TCDBM+T; aGVHD).  FasL expression on T cell subsets recovered from pLN was analysed at 
day 3 post allo-BMT.  Summary data depicting the MFI (A, left) and surface expression 
(A, right) of FasL (CD178) on CD8+ T cells in age-matched, untreated controls and in recipients 
of TCDBM alone or TCDBM+T.  Summary data depicting the MFI (B, left) and surface 
expression (B, right) of FasL (CD178) on host CD8+ T cells (identified as CD8+Thy1.1-) 
compared with allogeneic, donor CD8+ T cells (identified as CD8+Thy1.1+).  Summary data 
depicting the MFI (C, left) and surface expression (C, right) of FasL (CD178) on CD4+ T cells in 
age-matched, untreated controls and in recipients of TCDBM alone or TCDBM+T.
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Figure 5-2.  In a multiple miHA mismatched transplant model, increased FasL 
expression on peripheral lymph node T cell subsets is specific to the allogeneic CD8+ T 
cell population.  Using the B6→129 transplant model, male 129 recipient mice 
(CD45.2+Thy1.2+) were lethally irradiated and transplanted on day 0 with either 5x106 female 
B6 TCDBM cells (CD45.1+Thy1.2+) (TCDBM alone; no aGVHD) or with the addition of 1x106 B6 
CD8+ T cells (CD45.1+Thy1.2+) and 2x106 B6 polyclonal CD4+ T cells (CD45.2+Thy1.2+) 
(TCDBM+T; aGVHD).  FasL expression on T cell subsets recovered from pLN was analysed at 
day 7 post allo-BMT.  Summary data depicting the MFI (A, left) and surface expression 
(A, right) of FasL (CD178) on CD8+ T cells in age-matched, untreated controls and in recipients 
of TCDBM alone or TCDBM+T.  Summary data depicting the MFI (B, left) and surface 
expression (B, right) of FasL (CD178) on host CD8+ T cells (identified as CD8+Thy1.1-) 
compared with allogeneic, donor CD8+ T cells (identified as CD8+Thy1.1+).  Summary data 
depicting the MFI (C, left) and surface expression (C, right) of FasL (CD178) on CD4+ T cells in 
age-matched, untreated controls and in recipients of TCDBM alone or TCDBM+T.
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Figure 5-3.  Allogeneic CD8+ T cells do not show increased expression of FasL in the 
absence of Class I expression by non-haematopoietic cells. [B6 male→B6 male] and 
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primary recipients underwent a second MataHari allogeneic BMT:  all primary recipients 
(CD45.2+Thy1.2+) were lethally irradiated and transplanted on day 0 with 5x106 female B6 
TCDBM cells (CD45.2+Thy1.2+) with the addition of 1x106 MataHari CD8+ T cells 
(CD45.1+Thy1.1+) and 2x106 C57BL/6 polyclonal CD4+ T cells (CD45.2+Thy1.2+).   FasL 
expression on T cell subsets recovered from pLN was analysed at day 3 post allo-BMT.  
Summary data depicting the MFI (A, left) and surface expression (A, right) of FasL (CD178) on 
CD8+ T cells in age-matched, untreated controls and in F TCDBM+T→Mβ2m-/- and 
F TCDBM+T→M recipients.  Summary data depicting the MFI (B, left) and surface expression 
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Summary data depicting the MFI (C, left) and surface expression (C, right) of FasL (CD178) on 
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5.5 The PDPN+CD31- stromal population have the highest expression of 
Fas under steady-state conditions and uniquely increase their Fas 
expression following irradiation 

I then examined the LNSCs for reciprocal expression of Fas.  In both the single 

miHA mismatched and multiple miHA mismatched transplant models, FRCs were 

found to be the stromal subset with the highest expression of Fas (Figure 5-4 and 

Figure 5-5).  Consistent with the findings of Na et al (502) in thymic stromal cells, 

irradiation was sufficient to up-regulate the expression of Fas on FRCs (Figure 

5-4, A & C and Figure 5-5, A & C), with the highest expression of Fas on FRCs in 

the aGVHD setting compared with no aGVHD and naïve controls (Figure 5-4, A & 

C and Figure 5-5, A & C).  In the Class I knockout model, Fas expression was 

comparable in Female B6 TCDBM+Mh CD8+ T cells → [Male B6→Male β2m-/-] 

and Female B6 TCDBM+Mh CD8+ T cells → [Male B6→Male B6] chimeras 

(Figure 5-4, D). 

Taken together, these results show that FRCs are the stromal subset with the 

highest expression of Fas under steady-state conditions and uniquely increase 

their Fas expression following irradiation.  Direct antigen presentation by host non-

haematopoietic cells is required to increase FasL expression on allogeneic CD8+ T 

cells. 
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Figure 5-4.  In a single miHA mismatched transplant model, FRCs are the stromal subset 
with the highest expression of Fas.  (A)  Representative overlay histograms of surface Fas 
(CD95) expression upon CD45- stromal subpopulations in pLN of age-matched, untreated 
controls and in recipients of TCDBM alone or TCDBM+T on day 3 post allo-BMT.  
(B) Representative flow cytometry dot plots depicting the relative expression of Fas (CD95) on 
stromal subpopulations.  Numbers represent frequencies (% of respective populations).  
Summary data depicting the MFI of Fas (CD95) on stromal subpopulations in age-matched, 
untreated controls and in recipients of TCDBM alone or TCDBM+T at day 3 post allo-BMT in 
the MataHari transplant model (C) and in the Class I knockout model 
(F TCDBM+T→Mβ2m-/-)  (D).  Data are representative of one experiment, presented as mean 
± SD, *p<0.05 ****p<0.0001, ANOVA.
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5.6 Selective loss of PDPN+CD31- stromal cells in aGVHD is independent of 
the perforin pathway 

Two main effector pathways have been described for cytotoxic T lymphocytes, 

mediated by (1) perforin and granzymes and (2) Fas (APO-1, CD95) and its ligand 

Fas-L (CD178) (503, 504).  Interaction of Fas-L, expressed on the surface of CTL, 

with the Fas receptor on the target cell membrane, results in the initiation of the 

Fas cell death caspase cascade pathway (505).  The perforin-granzyme pathway 

consists of the exocytosis of lytic granules, which release perforin (a pore-forming 

protein related to the membrane attack complex of complement) and granzymes 

(Ca++ dependent serine esterases that can activate the caspase cascade.  The 

expression or secretion of TNF and TNF related apoptosis inducing ligand (TNF-

TNFR) can also contribute to CTL cytotoxicity (506).  However, the literature is 

divided regarding the relative contributions of these pathways to GVHD and efforts 

to manipulate GVHD and GVL activity through these effector pathways of T cell 

mediated cytotoxicity have resulted in contradictory results (165, 190, 507-519).   

Many of these studies were performed in spleen cell transfer models, in which no 

cytotoxic conditioning regimen or ablation of the host haematopoietic system were 

used before transplant, making direct extrapolation to clinical allo-BMT difficult (508, 

509, 517, 519).  Blazar et al (511) showed that recipients of perforin-deficient (Pfp-/-) 

donor T cells had a significant reduction in GVHD-related mortality in a HA-

mismatched transplant model (511).  Baker et al (165, 507) used a MHC-matched, 

miHA-mismatched allo-BMT model, which showed that Fas-L-defective gld donor 

T cells resulted in a significant reduction in GVHD-associated lymphoid hypoplasia 

compared with Pfp-/- donor T cells, however this also resulted in a reduced GVL 

effect by the former (165, 507).  This is in contrast with findings by Schmaltz et al (514), 

who showed, in a parent→F1 transplant model with lethal irradiation, that gld 

donor T cells displayed diminished GVHD activity but had intact GVL activity, while 

Pfp-/- donor T cells had intact GVHD activity but displayed diminished GVL activity 
(514), supporting earlier findings by Tsukada et al (512).  Graubert et al (510) used a 

modified allo-BMT model with lethal irradiation, syngeneic BM grafts, and 

allogeneic donor T cells with MHC class I or II disparity.   They found that the Fas 

pathway was important for GVHD across a class II barrier, whereas the perforin 

pathway was essential for class I-restricted GVHD.  These studies therefore 

suggest an ameliorating effect of Fas or perforin pathway deficiency on the 

197



development of GVHD.  However, other studies have found that the absence of 

these pathways results in unrestrained expansion of donor CD8+ T cells and 

increased GVHD morbidity and mortality (513, 515, 516).   

Another limitation of experiments that use Fas-L-defective gld or Pfp-/- donor T 

lymphocytes is that their differences go beyond the lack of Fas-L and perforin 

respectively, which could have an impact on their GVHD-effector function.  For 

example, T cells from Fas-L defective gld mice contain an increased CD4+ 

memory cell population and a unique population of CD4-CD8-B220+ cells (520-522) 

and T cells from Pfp-/- donors may be predominantly defective in NK-cell-mediated, 

rather than CTL-mediated allogeneic effector function (523). 

Given the varied reports in the literature, I was interested in studying the 

contribution of the perforin pathway to the destruction of the peripheral T cell 

niche, using the clinically relevant MataHari transplant model.  I tested the 

hypothesis that aGVHD–induced FRC destruction requires the perforin pathway by 

comparing the FRC destruction caused by MataHari CD8+ T cells with that 

induced by Pfp-/- MataHari CD8+ T cells using both the aGVHD model and the DLI 

model (Figure 4-1, A-B).  In both models, at three weeks following allogeneic 

transfer, lymph nodes in mice that had received Pfp-/- MataHari CD8+ T cells 

showed a similar reduction in overall cellularity compared with mice that had 

received MataHari CD8+ T cells with normal perforin activity (Figure 5-6, A).  There 

was also a significant loss of FRCs in mice that had received Pfp-/- MataHari CD8+ 

T compared with syngeneic no aGVHD controls, with absolute FRC numbers 

comparable with recipients of wild type MataHari CD8+ T cells (Figure 5-6, B).  In 

keeping with the results for absolute cell number, a marked reduction in FRC 

frequency was also seen in mice that had received Pfp-/- MataHari CD8+ T 

compared with syngeneic no aGVHD controls (Figure 5-6, C).  These results show 

that aGVHD-induced FRC loss is independent of the perforin pathway.
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Figure 5-6.  Acute GVHD-induced FRC loss is independent of the perforin pathway.  In 
the MataHari Transplant Models of aGVHD and DLI (Figure 4-1), MataHari CD8+ T cells 
were replaced with pfp-/- MataHari CD8+ T cells (CD45.1+Thy1.1+).  Summary data showing 
the pLN cellularity (A) and the absolute FRC numbers in pLN of recipients without aGVHD 
(TCDBM alone or female syngeneic controls) compared with recipients with aGVHD (TCDBM
+Mh CD8+ T cells or TCDBM+pfp-/- Mh CD8+ T cells) at 3 weeks following T cell transfer in 
the aGVHD Model (left) and the DLI Model (right).  (C)  Representative flow 
cytometry dot plots depicting surface expression of CD31 versus PDPN on CD45- 
cells from pLN isolated at 3 weeks post-BMT in the absence (left) or presence 
(right) of aGVHD.  Numbers represent frequencies of respective stromal subpopulations.  
Data are representative of 6 independent experiments, presented as mean ± SD, *p<0.05 
**p<0.01, ANOVA.
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5.7 Selective loss of PDPN+CD31- stromal cells in aGVHD is not due to 
impaired LNSC proliferation 

Impaired FRC proliferation, increased apoptosis and/or depletion of precursor 

populations may all contribute to the permanent loss of these cells following allo-

HSCT.  Buettner et al (485) showed that FRCs do not express the proliferation 

marker Ki67 by immunofluorescence in the normal lymph node, documenting that 

these cells are not in the cell cycle under steady-state conditions (485).  However, 

during the reconstruction of the lymph node compartment, which occurs following 

lymph node transplantation, FRCs do express Ki67, highlighting the importance of 

presence in the cell cycle during lymph node regeneration (485).  I hypothesised 

that proliferation of LNSCs was impaired in the aGVHD setting.   

I evaluated Ki67 expression on peripheral lymph node stromal cells by flow 

cytometry following allo-HSCT using the MataHari transplant model on day 3 post 

transplant.  Under steady-state conditions, in keeping with the findings by Buettner 

et al (485), the CD45- stromal population had very low levels of Ki67 expression, 

compared with the much higher Ki67 expression of the CD45+ population within 

the lymph node (Figure 5-7, A).  Ki67+ cells fell predominantly into the DN 

population (Figure 5-7, A) and importantly, Chai et al (315) have previously shown 

that FRCs emerge from DN precursors in a LTβR-dependent fashion.  Irradiation 

alone was not sufficient to increase Ki67 expression in the TCDBM alone 

recipients (Figure 5-7, A).  However, a marked increase in LNSC proliferation was 

observed in TCDBM+T recipients (Figure 5-7, A-B).  This increased proliferative 

capacity did not occur in Class I knock out recipients (Figure 5-7, A).  These 

findings were recapitulated in the multiple miHA mismatched B6→129 transplant 

model (Figure 5-7, C).   

Taken together, these data show that the CD45- stromal population (particularly 

cells within the DN gate) increase proliferation at early time points following acute 

GVHD, a response that has been shown to be important for lymph node 

regeneration (485). 
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Figure 5-7.  In aGVHD, Class I expressing LNSCs undergo increased proliferation.  
(A)  Representative flow cytometry contour plots depicting the surface expression of Ki67 on 
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MataHari transplant model and Class I knockout model (TCDBM+T→β2m-/-).  Surface 
expression of Ki67 on CD45+ (haematopoietic) pLN cells, in corresponding recipients (right 
column).  (B)  Combined scatter plot and bar graph comparing the frequency of Ki67+ cells 
among CD45- (non-haematopoietic) pLN cells cells in the Class I knockout model.  
(C)  Summary data depicting the frequency of Ki67+ cells among CD45- (non-haematopoietic) 
pLN cells cells in recipients of TCDBM alone or TCDBM+T on day 7 post allo-BMT in 
the B6→129 transplant model.  Data are representative of one experiment, presented as mean 
± SD, Mann Whitney U test.
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5.8 Selective loss of PDPN+CD31- stromal cells in aGVHD is not due to 
differences in apoptosis  

I postulated that FRCs were more prone to apoptosis in recipients of allogeneic 

CD8+ T cells compared with TCDBM alone controls.  To test this hypothesis I 

examined the pattern of apoptosis occurring in LNSC populations early 

following transplantation (day 3) by flow cytometry using an ex vivo staining 

combination of AnnexinV and propidium iodide (PI).  The data showed that the 

majority of the LEC population was AnnexinV+PI+ in TCDBM+T recipients and in 

controls, indicating that these cells were already in late apoptosis/necrosis 

(Figure 5-8, A).  In contrast, irradiation alone was sufficient to cause an increase 

in the frequency of cells under-going early apoptosis (AnnexinV+PI-) in both the 

BEC and FRC populations compared with naïve controls (Figure 5-8, A-B).  

Recipients of allogeneic CD8+ T cells did not have a higher frequency of 

AnnexinV+PI- early apoptotic cells, compared with TCDBM alone recipients 

(Figure 5-8, A-B).  A similar pattern of LNSC apoptosis was seen in Class I 

knock out recipients, with a similar increase in early apoptosis of FRCs and 

BECs following irradiation, irrespective of the presence of allogeneic CD8+ T 

cells (Figure 5-8, C).  These findings were recapitulated in the multiple miHA 

mismatched B6→129 transplant model (Figure 5-9, A-B).   

To test whether irradiation or aGVHD influenced expression of the pro-survival 

molecules by the individual stromal subsets, I also evaluated intracellular BCL2 

expression in the same experiments.  As shown in Figure 5-10 and Figure 5-11, 

I found that that the FRC stromal sub-population expressed the highest levels of 

the anti-apoptotic protein, BCL2, under steady-state conditions.  In both the 

single miHA mismatched transplant model (Figure 5-10, A and C) and the 

multiple miHA mismatched transplant model (Figure 5-11, A and C), FRCs 

increased their BCL2 expression in the setting of aGVHD compared with 

TCDBM alone controls.  

Taken together, these data suggest that selective FRC loss in aGVHD is not 

primarily due to differences in apoptosis and in response to alloreactive T CD8+ 

cells, FRCs increase BCL2 expression.   
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Figure 5-8.  Total Body Irradiation (TBI) is sufficient to increase apoptosis of FRCs and 
BECs in a single miHA mismatched transplant model.  (A)  Representative flow cytometry 
contour plots depicting the surface expression of propidium iodide (PI) versus Annexin V (AV) on 
each of the stromal subpopulations (as identified among CD45- (non-haematopoietic) pLN cells 
by the surface markers CD31 and PDPN) in  age-matched, untreated controls and in recipients 
of TCDBM alone (no aGVHD) or TCDBM+T (aGVHD) on day 3 post allo-BMT in the MataHari 
transplant model.  Numbers represent frequencies (% of respective populations).  Summary 
data depicting the frequency of AV+PI- cells among CD45- stroma in the MataHari transplant 
model (B) and the Class I knockout model (TCDBM+T→β2m-/-) (C).  Data are representative of 
one experiment, presented as mean ± SD, *p<0.05 ***p<0.001, ANOVA. 
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Summary data depicting the MFI of BCL2 on stromal subpopulations in age-matched, 
untreated controls and in recipients of TCDBM alone or TCDBM+T at day 3 post allo-BMT in 
the MataHari transplant model (C).  Data are representative of one experiment, presented as 
mean ± SD, *p<0.05 ****p<0.0001, ANOVA. 
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5.9 Effect of aGVHD upon CD45- VCAMhiICAMhi cells  

From my review of the literature presented in the introduction to this chapter, I 

hypothesise that a VCAM-1hiICAM-1hi population using RANK-RANKL signalling is 

the predominant pathway responsible for the LTo-LTi crosstalk involved in lymph 

node organogenesis in peripheral (as opposed to mesenteric) lymph nodes.   

Lineage tracing has shown that the MRC stromal subset is directly descended 

from the fetal LTo cell (311) and LTo cells are the putative FRC precursors (153).  The 

function of the MRCs remains as yet poorly defined.  However, given the 

precursor-progeny relationship, one can envision a role for MRC in either 

maintaining lymphoid organisation or in restoring the lymphoid tissue architecture 

after insult.  MRCs also co-localise with LTi-like cells and thus may be fully 

equipped and ideally located to interact with LTi-like cells to repair and remodel 

the lymph node (312, 313). 

I hypothesise that failure to regenerate the peripheral lymph node niche in aGVHD 

is due to a loss of an FRC precursor population.  To explore this hypothesis, I 

evaluated the frequencies of CD45- cells that were VCAM-1hiICAM-1hi double 

positive (DP) as similar populations have been inferred to represent LTo-like cells 

in LN development (488, 491, 492).  VCAMhiICAMhi DP cells could be identified within 

the CD45- stromal population using the gating strategy shown in Figure 5-12, A.  

Back gating of the VCAM-1hiICAM-1hi cells reveals that cells lie within the ‘FRC’ 

PDPN+ CD31- gate and the DN gate (Figure 5-12, B).   

In both the single miHA-mismatched MataHari transplant model (Figure 5-12, C) 

and the multiple miHA-mismatched B6→129 transplant model (Figure 5-12, D), I 

consistently found that VCAM-1 and ICAM-1 expression following lethal irradiation 

in the TCDBM alone controls was comparable with naïve age-matched controls.  

However, in the allogeneic setting, a very distinctive population of VCAM-1hiICAM-

1hi cells was identified at early time points following BMT and transfer of allogeneic 

T cells (Figure 5-12, C-D).  These in vivo findings mirror the effect of LCMV 

infection on putative LTo-like cells, as suggested by the in vitro experiments of 

Scandella et al (213).  In the allogeneic setting, the DPhi population was most 

prominent at time points corresponding T cell accumulation, that is day 2-3 in the 

MataHari model (Figure 5-12, C) and day 7 in the B6→129 model (Figure 5-12, D).
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However, the increase in this population is only transient; it is no longer present at 

day 7 following transplant in the MataHari model or at day 14 in the B6→129 

model (Figure 5-13).  At day 2 and day 7 in the MataHari and B6→129 models 

respectively, the cells with a VCAM-1high activated phenotype (as indicted by 

VCAM-1 MFI), were increased as compared with no aGVHD controls (Figure 5-13, 

A-D).  However, following an early phase of increased activation, cells with a 

VCAM-1high phenotype showed a profound and permanent loss (Figure 5-13, A-D 

and data not shown).  One possible explanation is that the pro-inflammatory 

environment in the setting of aGVHD may result in senescence activation, and that 

these cells represent a pre-fibrotic population.  Cellular senescence is a state of 

irreversible proliferative arrest caused by different stresses, such as DNA damage 

and activation of certain oncogenes, which are potentially deleterious for the cells.  

An alternative hypothesis is that this population represents LTo-like cells, 

potentially the MRCs, that have proliferated in an attempt to repair the niche but 

this population does not persist as a result of lack of survival factors or failure to 

interact with LTi-like cells.  

Taken together, these results show that the expansion of the VCAM-1hiICAM-1hi 

population occurs transiently in aGVHD (like in acute LCMV infection); in contrast 

expansion of the VCAM-1hiICAM-1hi population is rapidly aborted in aGVHD. 
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****p<0.0001, Mann Whitney U test.
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5.10 Expansion of a DPhi population is delayed in the absence of cognate 
recognition of antigen 

I then went on to review the presence or otherwise of the VCAM-1hiICAM-1hi 

population in the other experimental transplant models that I have used, to ensure 

consistency of these results and to further support and verify the hypothesis that 

the putative LTo-like cells are depleted in aGVHD.  In previous experiments I 

showed that FRCs were protected when Class I expression was absent in the non-

haematopoietic compartment (B6 female→[B6 male→β2m-/- male] transplant 

model) (Figure 4-8, Figure 4-9).  On review of the VCAM-1hiICAM-1hi population at 

day 2/3 following transplantation, there was no increase in the MFI of VCAM-1 

(Figure 5-14, A) or evidence of the DPhi population (Figure 5-14, B) in the B6 

female→B6 β2m-/- male cohort, as was seen in B6 female→[B6 male→B6 male] 

hosts.   

However, at day 21 post transplantation, a population of VCAM-1hiICAM-1hi cells 

are seen in the B6 female→B6 β2m-/- male cohort in contrast to the striking loss of 

these populations in the B6 female→[B6 male→B6 male] hosts and the 

intermediate expression of VCAM-1 in control mice (Figure 5-14, C-D).  A possible 

explanation for this finding is that the milder GVHD in the B6 female→B6 β2m-/- 

male cohort may require on-going lymph node repair and remodelling, but that the 

threshold of this damage results in later initiation of this repair mechanism. 
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For the remaining transplant models, only data from day 21 following 

transplantation were available, long after the VCAM-1hiICAM-1hi population will be 

expected to have disappeared.  Nevertheless, a comment can be made about 

whether or not there are remaining VCAM-1+ICAM-1+ (DP) cells, given that these 

cells were shown to disappear progressively in the MataHari and 129 models over 

time in the setting of GVHD (Figure 5-3).  As expected, in male recipients of Pfp-/- 

allogeneic MataHari CD8+ T cells, shown not to prevent FRC loss (Figure 5-6), 

there was also a marked reduction in VCAM-1 expression (Figure 5-15, A) and 

loss of DP cells (Figure 5-15, B) compared with no aGVHD controls.  These 

results show that loss of both FRCs and DP cells occurs in aGVHD 

independently of the perforin pathway. 

In a transplant setting, where depletion of naïve T cells in the donor inoculum 

prevented loss of FRCs (Figure 4-16, Figure 4-17), there was no reduction in 

VCAM-1 expression (Figure 5-15, E) or loss of DP cells (Figure 5-15, F).  These 

results show that CD62L-CD44+ TEM allogeneic T cells are protective for both 

FRCs and DP cells. 

Finally, in a model of CD4+ T cell-dependent aGVHD (Figure 4-10), allogeneic 

Marilyn CD4+ T cells also caused FRC loss (Figure 4-11), albeit to a lesser extent 

than that caused by allogeneic CD8+ MataHari T cells (∼ 15-fold reduction in CD8+ 

GVHD model compared with ∼ 8-fold reduction in CD4+ GVHD model) and without 

overt macroscopic damage to the LN.  In contrast to the allogeneic CD8+ T cell-

induced aGVHD models, where both the FRCs and the VCAM-1hiICAM-1hi 

population were reduced, the pattern in the CD4+-dependent aGVHD model 

showed no reduction in VCAM-1 expression (Figure 5-15, C) or loss of DP cells 

(Figure 5-15, D).  

In summary, allogeneic CD8+ T lymphocytes transiently stimulate induction of a 

VCAM-1hiICAM-1hi population, akin to CTL in acute LCMV infection.  However, 

expansion of this population is rapidly aborted with permanent loss of almost all 

mature DP cells.  This effect requires cognate recognition of antigen non-

haematopoietic cells.  The process is independent of the perforin pathway and is 

not induced by allogeneic CD4+ T cells. 
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5.11 Comparison of the transcriptional profile of FRCs early following the 
onset of aGVHD versus exposure to inflammatory stimuli 

Having confirmed that FRCs and the VCAM-1hiICAM-1hi population, and 

subsequently all VCAM-1+ICAM-1+ DP cells, are specifically targeted in aGVHD, I 

wanted to define how FRCs respond to inflammation at a transcriptional level to 

determine whether there was a specific ‘FRC GVHD signature’.  I therefore took 

advantage of two published datasets that characterise the gene expression 

profiles of LNSCs, which are listed below.   

1. The Immunological Genome (ImmGen) Project has analysed and published the 

transcriptome profile of LNSCs under steady state and inflammatory conditions 

(291).  Inflammation was induced by transferring OT-I T cells to B6 mice, 

immunising 18 hours later with an intravenous injection of 30µg of 

lipopolysaccharide from E. coli and 500µg of ovalbumin and harvesting LNSCs 12 

hours after injection for microarray analysis (291).   

2. Gregory et al (486) compared and published the gene expression profiles of 

LNSCs on days 3, 6 and 30 with naïve controls following a localised skin infection 

with HSV-1, which causes rapid, robust, transient proliferation and expansion of 

LNSCs.   

The Malhotra et al. (ImmGen Project), 2012, (accession GSE15907) and Gregory 

et al., 2017, (accession GSE84284) data sets were downloaded from the Gene 

Expression Omnibus repository (362)  and together with Dr. Pedro Santos e Sousa, 

a Postdoctoral Researcher in our lab, I carried out an in-depth bioinformatics 

analysis of the transcriptional profiling results from these experiments.  Both of 

these studies characterised and sorted stromal populations using the same 

surface markers and gating strategy as our lab (Figure 4-2, A).  To verify that the 

transcriptional profiles of different LNSC subsets were comparable in both 

datasets, mutidimensional scaling (MDS) was used to visualise the level of 

similarity of the individual cases in the datasets (Figure 5-16, A).  In data analysis, 

the direction along which the data varies the most is of special significance.  MDS 

is a mathematical dimensionality reduction tool commonly used to project high 

dimensional, complex data down to 2 dimensions, while preserving relative 
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distances between data points (524, 525).  The individual LNSC subsets from both 

studies clustered together with clear separation of FRCs (Figure 5-16, A). 

Next, we used an unbiased stepwise reduction tool termed ‘weighted gene co-

expression network analysis’ (WGCNA), to identify gene clusters that were unique 

to FRCs (Figure 5-16, B).  WGCNA is a powerful systems biology analytical tool, 

which groups and displays genes into clusters, or ‘modules’, on the basis of their 

co-expression similarities (369, 526).  The method is based on the low probability that 

multiple transcripts will follow a complex pattern of expression across different 

conditions by chance.  The gene clusters may represent biologically meaningful 

transcriptional units, which can then be further interrogated for associations with 

known clinical traits or conditions.  Instead of relating individual genes to 

phenotype, WGCNA focuses on the relationship between a few modules and the 

phenotype of interest, which greatly alleviates the multiple testing problems 

inherent in microarray data analysis.  Thus, this methodology has proven efficacy 

in identifying clusters of highly correlated, functionally related and biologically 

meaningful groups of genes (527, 528).  The identification of common modules across 

2 independent, comparable datasets is strong ‘double’ validation of the importance 

of a gene cluster.   

Using this technique in our dataset, we identified 19 distinct gene modules whose 

expression covaried substantially, according to experimental condition.  The 

results are displayed in a heat map known as an ‘adjacency matrix’ (Figure 5-16, 

B), where each row represents a gene cluster/module and each column 

represents an experimental trait or group (in this case individual stromal cell 

subsets at different time points following infection).  Each cell contains the test 

statistic value and its corresponding p value.  A red cell indicates a positive 

correlation and blue cell indicates a negative correlation.  Firstly, from pooled FRC 

samples (column 1 of the adjacency matrix), a unique ‘FRC gene signature’ list of 

~4000 positively expressed genes (p value > 0) was compiled (Figure 5-16, B: 

Column (1*)).  Secondly, we asked the question whether this ‘unique FRC gene 

signature’ varied across the experimental groups, by looking at the differential 

expression of these genes between the groups.  Within FRCs, two modules were 

identified with high trait significance (a significant difference compared with naïve 

FRCs) occurring at day 3 and day 6 post HSV-1 infection, module “dark orange” 
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and module “midnight blue” (Figure 5-16, B), coinciding with the peak of the 

immune response.  
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Multidimensional Scaling: LNSC subsets

Figure 5-16. FRCs have a unique transcriptional profile.  (A)  Multidimensional scaling analysis 
of the transcriptional profiles of LNSC from two published datasets.  A clear separation of FRCs 
from other stromal subsets is evident.  CMD1, 1st coordinate of multidimensional scaling; CMD2, 
2nd coordinate of multidimensional scaling.  (B)  WGCNA-defined modules depicted as a heat map 
representing the relationships among modules.  The table is colour-coded by correlation according 
to the colour label and each cell contains the corresponding p-value.  A unique FRC signature of 
positively expressed genes was compiled from column (1*).  Two modules with high trait 
significance are identified, MEdarkorange and MEmidnightblue at day 3 and 6 of an immune response.
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5.12 FRC-specific genes, associated with cell cycle and repair, apoptosis, 

NF-κB signalling and extracellular matrix pathways, are altered in 

aGVHD 

I wanted to test whether a similar pattern of ‘trait-specific’ changes occurred in 

FRCs following allo-HSCT.  In order to do this, I examined a dataset generated by 

Dr. Simone Dertschnig, a Postdoctoral Researcher in our lab.  She performed 

RNAseq on murine FRCs isolated from peripheral lymph nodes of transplant 

recipients with aGVHD (TCDBM+T), no aGVHD (TCDBM alone) and naïve age-

matched controls on day 7 post allo-HSCT using the MataHari transplant model.  

This dataset was examined for the expression of the ‘FRC gene signature’ list of 

genes and the results are depicted in a heat map in Figure 5-17.  This heat map 

shows that substantial alteration in the expression of ‘FRC signature’ genes also 

occurs at day 7 post allo-HSCT.  A number of genes in TCDBM+T recipients show 

significant differential down-regulation or up-regulation compared with TCDBM 

alone controls.  The ‘black’ column, to the right of the heat map, depicts the 

significance level, where the intensity for each gene correlates with the adjusted p 

value, padj.  Importantly, the genes that are differentially up-regulated in the 

TCDBM+T recipients correspond to the genes that are also significantly up-

regulated by FRCs at day 3 and day 6 following HSV-1 infection, as defined in 

modules “dark orange and “midnight” blue.  This can be visualised by the ‘red’ 

column, to the right of the heat map, which depicts the degree of overlap of each 

differentially expressed unique FRC gene in GVHD with those in HSV-1 infection 

at a similar time point.  Of note, there is much less overlap between the down-

regulated genes in GVHD and HSV-1 infection.  As discussed previously, in 

WGCNA, the identification of common modules across 2 independent, comparable 

datasets, as shown here, is strong ‘double’ validation of the importance of a 

particular gene cluster.  These findings suggest that the gene clusters that we 

identified (defined in modules “dark orange and “midnight” blue) are indeed 

biologically meaningful. 
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Trait-specific FRC changes post allo-HSCT

Figure 5-17.  Up-regulated FRC signature genes in aGVHD correspond with those genes that 
are up-regulated following HSV-1 infection. Heat map showing the enrichment for FRC 
‘signature genes’ significantly over- or under-expressed in FRCs at day 7 post allo-BMT in 
age-matched, untreated, naïve controls and male B6 recipients of either female TCDBM 
(no aGVHD) or female TCDBM+T (aGVHD) in the MataHari transplant model (padj: significance 
TCDBM versus TCDBM+T; *= significantly altered gene expression in FRCs on day 3 and 6 post 
HSV-1 infection).
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Next I established the top 10 Gene Ontology (GO) terms enriched in the TCD+T 

recipients compared with TCDBM alone controls using the C5:BP (Gene Ontology-

Biological Process) collection from the Molecular Signatures Database (MSigDB) 

and these are listed in Table 5-5 and Table 5-6.  This methodology aims to make a 

statement about molecular function, biological process and cellular component, 

based on what is known in the literature.  It creates a list of function categories, in 

which the genes from the list are known to be involved.  It is inferred that the 

functional categories that are overly represented in a statistically significant way in 

the list of differentially regulated genes are meaningfully related to the condition 

under study.   

However, this approach suffers from a few important limitations.  Firstly the 

existing annotations are incomplete.  Secondly, certain pieces of information may 

be imprecise or incorrect.  Gene sets are often heterogenous and biologically 

unrelated.  Also depending on the study design and the heterogeneity of the 

populations included in each sample, the data may not be able to identify which 

cell type is involved.  Moreover, this approach does not distinguish cause or effect 

nor how the gene expression changes occur.  Furthermore, this approach cannot 

discover previously unknown functions for known genes, even if there is data 

justifying such inferences.  Another limitation is related to those genes that are 

involved in several biological processes.  In such cases, this tool weights all the 

biological processes equally (529, 530).  Nevertheless, this methodology is widely 

used and provides useful clues to potential pathways of biological significance. 

Using this methodology, that the genes that were differentially up-regulated in 

TCDBM+T recipients, which also correspond with those up-regulated post HSV-1 

infection, were mainly involved in cell cycle and repair (Table 5-5). Differentially 

down-regulated genes in TCD+T recipients included those known to be associated 

with cell morphogenesis, including morphogenesis of a branching structure, 

vascularisation and bone remodelling (Table 5-6).   

REACTOME pathway enrichment maps were created using Cytoscape 

“Enrichment Map” plug in (381), to help visualise the differentially up-regulated 

REACTOME pathways in our GVHD dataset (day 7 post transplant) compared 

with the HSV-1 dataset (day 6 post infection) (486).  This network representation of 
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the data, clusters mutually overlapping gene-sets together, with the node size 

representing the number of genes in the gene-set and line thickness indicates the 

overlap of genes between nodes (Figure 5-18, A-B) and the theme of each cluster 

is summarised.  This comparison showed striking similarities in the gene sets up-

regulated by FRCs in response to aGVHD and HSV-1 infection, including cell 

cycle and repair pathways.  Apoptotic pathways are up-regulated in both the allo-

HSCT setting and the HSV-1 setting, although a greater number of associated 

gene sets are seen in the allo-HSCT setting.  Following HSV-1 infection FRCs 

differentially up-regulated extracellular matrix pathways, likely to play a critical role 

in repair (Figure 5-18, B), whereas these pathways were differentially down-

regulated in aGVHD (Figure 5-18, A).  The importance of the NF-κB pathway in 

the allo-HSCT setting is highlighted by the large number of associated gene sets 

in the allo-HSCT setting compared with the HSV-1 setting.  It is possible that this 

pathway is activated in FRCs following TBI, as NF-κB activation has been reported 

following both low and high doses of ionising radiation (531, 532). 

Interestingly, statistically significant enrichment of genes involved in apoptosis was 

seen in TCDBM+T recipients compared with TCDBM alone controls (Figure 5-19, 

A).  This is in direct contrast with the earlier ex vivo experiments described above, 

that showed similar AnnexinV staining of the bulk PDPN+CD31- stromal population 

in TCDBM alone and TCDBM+T recipients.  A similar enrichment for genes 

associated with apoptosis was seen in HSV-1 infected FRCs (Figure 5-19, B).   

In summary, FRCs undergo a substantial alteration in the expression of 

constitutive ‘signature genes’ at the height of an immunopathological response.  In 

the setting of aGVHD, FRCs significantly up-regulated similar genes to those seen 

following HSV-1 infection and those genes corresponded with cell cycle and repair 

pathways.  This suggests that FRCs are not passively eliminated in aGVHD but 

rather they actively respond to the allogeneic insult in a similar way to FRCs in 

response to HSV-1 infection.  Apoptotic pathways are up-regulated in both the 

allo-HSCT and HSV-1 settings.  Following HSV-1 infection FRCs differentially up-

regulated extracellular matrix pathways, likely to play a critical role in repair, 

whereas these pathways were differentially down-regulated in aGVHD.  The 

importance of the NF-κB pathway in the allo-HSCT setting was highlighted by the 
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large number of associated gene sets in the allo-HSCT setting compared with the 

HSV-1 setting. 
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Table 5-5. Genes in FRC signature up-regulated in TCD+T recipients: over-represented GO terms 

top 5 over-represented GO terms

GO: 0000278: 

GO: 0000280: 

mitotic cell cycle

nuclear division

GO: 0006091: generation of precursor metabolites and energy

GO: 0006119: oxidative phosphorylation

GO: 0006259: DNA metabolic process

GO: 0006281: DNA repair

GO: 0006325: chromatin organisation

GO: 0006364: rRNA processing

GO: 0006396: RNA processing

GO: 0006397: mRNA processing

Table 5-6. Genes in FRC signature down-regulated in TCD+T recipients: over-represented GO terms 

top 5 over-represented GO terms

GO: 0000902: 

GO: 0000904: 

cell morphogenesis

cell morphogenesis involved in differentiation 

GO: 0001501: skeletal system development

GO: 0001503: ossification

GO: 0001568: blood vessel development

GO: 0001655: urogenital system development

GO: 0001763: morphogenesis of a branching structure

GO: 0001822: kidney development 

GO: 0001932: regulation of protein phosphorylation 

GO: 0001944: vasculature development 
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Figure 5-18.  Similar pathways are up-regulated by FRCs in response to aGVHD and 
HSV-1 infection.  Network visualisation of differentially up-regulated REATOME pathways in 
FRCs at day 7 post allo-HSCT (A) and day 6 post HSV-1 infection (B) using EnrichmentMap.  
Enriched REACTOME pathways are depicted by red and blue nodes, where for (A) blue 
represents significant up-regulation in TCDBM (no aGVHD) versus TCDBM+T (aGVHD) and 
red represents significant up-regulation in TCDBM+T versus TCDBM and for (B) blue 
represents significant up-regulation in naïve versus HSV-1-infected FRCs and red represents 
significant up-regulation in HSV-1-infected versus naïve FRCs.  Node size is proportional to the 
number of genes in each node, line thickness indicates the overlap of genes between nodes, 
and the theme of genes in each cluster is specified.

Network visualisation of up-regulated REACTOME pathways.

Day 7 post allo-HSCT

Day 6 post HSV-1 infection
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NES: 2.297333

FDR q-value: <0.0001

NES: 2.245168

FDR q-value: <0.0001

A

B

Figure 5-19.  GSEA reveals statistically significant enrichment for REACTOME pathways 
of apoptosis in FRCs targeted by aGVHD (A) and HSV-1 infection (B).  NES, normalised 
enrichment score; the NES allows comparison between gene sets and controls for differences 
in the size of gene sets and expression levels.  FDR, false discovery rate; the FDR q value is 
the  probability that a gene set with a given NES represents a false positive finding.  The larger 
the NES, the smaller the FDR. 

Enrichment plots: Apoptosis

aGVHD

HSV-1 
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5.13 A distorted FRC ‘reorganisation programme’ occurs in aGVHD with 
reduced relative expression of critical genes that are known to be 
essential for the development of lymphoid tissue and critical for the 
crosstalk between stromal cells and LTi cells 

Further meaningful extrapolation of comparisons with the Malhotra and Gregory 

datasets is limited by the fact that neither LPS induced-inflammation nor HSV-1 

infection precipitates a loss of FRCs and to date no gene set has been published 

documenting the change in transcriptional profiles of FRCs in a setting where FRC 

loss is followed by repair.  However, using a custom-designed, low density gene 

array for quantitative RT-PCR, that incorporated probes for 23 genes, known to be 

involved in the development of lymphoid organs, Scandella et al (213) have 

previously shown that FRC recovery in the lymph nodes following acute LCMV 

infection was associated with up regulation of genes encoding molecules 

associated with lymphoid organogenesis. 

To test whether a similar ‘reorganisation programme’ occurs in FRCs following 

allo-HSCT, I applied the ‘custom-made’ gene array analysis used by Scandella et 

al (213) to my dataset.  Scandella et al used whole lymph node samples as their 

input for RNAseq, thus they probe for genes expressed on both haematopoietic 

and non-haematopoietic cells.  My dataset was restricted to FRCs, therefore 

comparisons are focused on the 12/23 genes in their dataset that are expressed 

by stromal cells.  I found that the genes identified by Scandella et al in their 

‘transcriptional reorganisation programme’ were also differentially expressed 

following FRC loss in the allo-HSCT setting (Figure 5-20, A).  In keeping with 

findings by Scandella et al in LCMV-infected lymph nodes (213), there was a 

relatively increased expression of Itgb2 and Tnfrsf1b and a reduced expression of 

Ccl19, Il7 and Cxcl12 in TCDBM+T (aGVHD) transplant recipients compared with 

TCDBM (no aGVHD) and naïve controls (Figure 5-20, A).  However, in the setting 

of aGVHD, the relative expression of Vcam1, Icam1, Ltbr, Cxcl13, Fas and 

Tnfrsf1a were reduced, whereas mRNA encoding for each of these genes was 

increased in LCMV-infected lymph nodes (213). The relatively reduced expression 

of Ccl19 and Il7 is in keeping with reduced gene expression by RT-PCR at day 7 

following allo-HSCT, in the aGVHD setting (Figure 4-2, D) and the relatively 

reduced expression of Vcam1 and Icam1 is in keeping with flow cytometry results 

at this time point (Figure 5-13, A-B).  In summary, a similar transcriptional 
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‘reorganisation programme’ is initiated in FRCs following allo-HSCT and LCMV 

infection. 
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Figure 5-20.  A ‘Transcriptional Reorganisation Programme’ occurs in FRCs 
following LCMV infection and aGVHD but not following LPS-induced inflammation 
or HSV-1 infection.  Heat maps showing relative expression (log2 fold change) of specific 
genes involved in a ‘transcriptional reorganisation programme’ in (A) FRCs sorted 
from age-matched, untreated, naïve controls and TCDBM (no aGVHD) and TCDBM+T 
(aGVHD) recipients on day 7 post allo-BMT in the MataHari model and (B)  FRCs sorted from 
naïve, untreated controls, 12 hours post lipopolysaccharide (LPS)-induced inflammation and 
day 3, 6 and 30 post HSV-1 infection.
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Scandella et al (213) found that infection with VSV or MCMV, neither of which 

precipitates a substantial loss of FRCs or an increase in LTi cells, were not 

associated with an alteration in the expression of constitutive chemokines, 

concluding that a ‘reorganisation programme’ only occurs under conditions of 

significant stromal cell loss (213).  As neither LPS-induced inflammation nor HSV-1 

infection causes FRC loss, I applied the reorganisation gene list published by 

Scandella et al (213) to the datasets published by Malhotra et al (291) and Gregory et 

al (486), with the hypothesis that a ‘transcriptional reorganisation programme’ would 

not be seen.   

The results are presented as a heat map (Figure 5-20, B) and clearly show that in 

contrast to the allo-HSCT (Figure 5-20, A) LPS-induced inflammation and HSV-1 

infection do not cause differential expression of the ‘transcriptional reorganisation’ 

genes (Figure 5-20, B) in keeping with the findings by Scandella et al in the setting 

of LCMV or VSV infection (213); this is consistent with their hypothesis that 

significant FRC loss is required to induce a transcriptional reorganisation 

programme.   

Taken together these data show that, following allogeneic CD8+ T cell-induced 

FRC destruction, the FRCs significantly modulate the expression of genes 

associated with a ‘reorganisation programme’ occurring in FRCs following LCMV 

infection that correlates with the repair of the FRC network in that setting.  

However, in the setting of aGVHD, where FRC network repair does not occur and 

lymph node destruction is permanent, the ‘reorganisation programme’ is distorted, 

with reduced relative expression of critical genes including Vcam1, Icam1, Ltbr, 

Cxcl13 and Tnfrsf1a.  All of these gene products are essential during the 

development of lymphoid tissue and are critical for the crosstalk between stromal 

cells and LTi cells (533). 

5.14 Development of an extended ‘transcriptional reorganisation 
programme’ gene list 

In an effort to expand upon and refine the limited gene list curated by Scandella et 

al to define a ‘transcriptional reorganisation programme’ (213), I carried out an 

extensive literature search on PubMed Central with the aim of creating a list of 

known stromal-specific genes and/or protein products that have been implicated in 
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lymph node development and/or neogenesis as well as stromal specific genes 

and/or protein products that have been implicated as targets of an allogeneic T cell 

response.  The PubMed database was searched from inception to present day for 

relevant studies.  For the first search, I used the search terms ‘lymph node’ AND 

‘development’ NOT ‘cancer’ and limited the search to review articles published in 

the English language.  This search identified 735 papers.  For the second search I 

used the search terms ‘lymph node’ AND ‘graft versus host disease’ and filtered 

for articles published in the English language.  From these lists, I excluded a 

significant proportion of papers that were not relevant.  Further studies were 

identified by examining the reference lists off all included articles.  In total ∼ 100 

papers were reviewed.  This search resulted in a final list of 190 genes, which are 

listed randomly in Table 5-7.  Fully appreciating the limitations and potential 

artefacts inherent in this approach, I then analysed my datasets for expression of 

these genes. 
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Table 5-7. Extended transcriptional reorganisation programme 

Vcam1

Acvr1bAlk

Ngfr

Tnfrsf1b Il7

Jun

Jag1

Cxcl2

Grb2

Ltbr Ccl19

Casp3

Cxcl14

Il34

Cxcl12

Itgb2

Birc2

Tradd

Traf4

Ptger2

Icam1

CCR7

Raf1

Il17ra

Cd80

Traf2

Cxcl10

Pdpn

Il10

Pdgfra

Tnfrsf6

Fn1

Cad

Tnfsf13b

Aox1

Tnfrsf1a

Nfkbie

Acvr1

Myd88

Bmpr1a

Ccl4

Cxcl13

Pim1

Madcam1

Pdgfrb

Tnfrsf8 Tnfsf6

Birc3

Il6

Tnfsf11

H2-Q1

Tnfsf8

Tnfrsf17

Ikbkg

Sqstm1

Akt3

Mapk8

Tnfrsf11a

Cd86

Socs1

Mcl1

Cycs

Atf2

Bmpr1b

Nfkb1

Dffa

Pik3ca

Ikbkb

Il5ra

Nfkb2

Tnfrsf12a

Il13ra1

Ifngr2

Gfap

Tnfsf4

Relb

Ifnar1

Tnfrsf25

Acvr1c

Tnfsf15

Deaf1

Ifnar2

Acvr2b

Il23r

Cish

Tyk2

Bmpr2

Bcl2l1

Dll1 Dll3

Tnfrsf4

Nfkbia

Cxcl9

Sos1

Dll4

Traf3

Ripk1

H2-Aa

Ifngr1

Prkcz

Mtor

Il2ra

Il22ra2

Ifng

Jak2

Prox1

Irak2

Jak1

Cd274

Faim

Vegfc

Tnfrs11a

Chuk

Bax

Ntan1

Ptpn11

Irak4

Fadd

Glycam1

Bak1

Ccl21

Il1r1

Birc5

Cd40

Ccnd1

Baff

Irf1

Traf5 Traf6

Fgfr

Ifngr2

Rela

Rel

Nfkb1a Map3k14 Tnfsf13a

Tgfbr1 Tgfbr2

Amhr2 Cflar Mapk1Acvr2a

Bid Casp6 Casp7 Casp8 Casp9 Casp10 Xiap Diablo Apaf1

Bad Mir21 Mir133b Lta Ltb

Irak1

Bcl2a1 Ripk1 Tnfsf12

Stat1

Nos2 Ido1 Hgf

Tgfb1 Hmox1 Tlr3

Flt3lg Jag2

Il4r Il13ra2 Il22ra1 Il6r H2-D1

H2-Q6 Stat2 Irf9

Myc Cdknia1

Hras

Tnfsf14 Blr1 Tnf Prf1 Gzmb
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5.15 The aberrant ‘transcriptional reorganisation programme’ of FRCs in 

aGVHD is characterised by altered NF-κB and cytokine signalling and 

enhanced apoptosis 

Using this extended ‘transcriptional reorganisation programme’, I found that the 

expression of a number genes was significantly either decreased (n=70) (Table 

5-8) or increased (n=43) (Table 5-12) in TCDBM+T recipients compared with 

TCDBM alone and naïve controls (Figure 5-21).  

Gene set enrichment analysis (GSEA) was then used to identify biologically 

meaningful differences in the down-regulated genes and in the up-regulated 

genes, through the analysis of coordinated changes in sets of functionally related 

genes (373).  The top 5 Gene Ontology (GO) terms enriched in the TCD+T 

recipients compared with TCDBM alone controls using the C5:BP (Gene Ontology-

Biological Process) collection from the Molecular Signatures Database (MSigDB) 

are listed in Table 5-9 & Table 5-13.  This reveals that the genes that were 

differentially down-regulated in TCDBM+T recipients were mainly involved in 

protein phosphorylation and immune system process (Table 5-9) and those that 

were differentially up-regulated were involved in apoptosis and cell death (Table 

5-13).   

In order to gain more insight into the pathways associated with these genes, a 

comparison was performed using the C2:CP:KEGG and the REACTOME pathway 

collections.  The top 5 pathways identified in the down-regulated genes are listed 

in Table 5-10 & Table 5-11 and are enriched for pathways related to NF-κB, TNF 

and cytokine signalling. The top 5 pathways identified in the up-regulated genes 

are listed in Table 5-14 & Table 5-15 and show enrichment for apoptosis, 

programmed cell death and caspase pathways and cytokine signalling.   

Some of the limitations of this methodology are reflected in these results.  For 

example, genes that are involved in ‘cytokine signalling in immune system’ appear 

as both differentially up-regulated and down-regulated.  Because these genes are 

involved in several biological processes, they are weighted equally by this 

methodology (529, 530).  Furthermore, given the parallels of GVHD with ageing and 

inflammation, where the NF-κB pathway is activated (155, 534), it might be 

considered surprising that the NF-κB signalling pathway appears to be 
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differentially down-regulated in aGVHD.  However, the NF-κB pathway is highly 

complex pathway involved in both innate and adaptive immunity and is also 

essential for lymph node organogenesis.  Tightly and temporally controlled 

activation of the NF-κB signalling pathways ensures prevention of harmful immune 

dysregulation, whereas loss of control of the pathways leads to pathological 

conditions, such as severe inflammation, autoimmune disease and inflammation-

associated oncogenesis (351, 534).  Furthermore, genes involved in this pathway are 

also among the differentially up-regulated genes listed in Table 5-12.  Therefore, 

to say that this pathway is up or down regulated is likely to be an oversimplification 

of the changes occurring.   

Interestingly, listed among the genes that are differentially up-regulated are at 

least two genes associated with cellular senescence, Jak1 and Tyk2 (535, 536).   

Senescent cells accumulate in a variety of tissues with ageing.  They can develop 

a senescent-associated secretory phenotype (SASP) that entails secretion of 

inflammatory cytokines, chemokines, proteases and growth factors.  These SASP 

components can alter the microenvironment within tissues and affect the function 

of neighbouring cells, which can lead to local and systemic dysfunction.  The JAK 

pathway suppresses the SASP in senescent cells and alleviates age-related tissue 

dysfunction.  The JAK pathway is also important in GVHD.  Ruxolitinib, a specific 

JAK1/2 inhibitor is the only FDA-approved treatment for steroid refractory aGVHD.  

This drug has been shown to significantly reduce serum levels of IL-6 in patients 

with GVHD and has efficacy in the treatment of both aGVHD and cGVHD (200).  

Takahashi et al (537) confirmed that hair follicle stem cells are targets for GVHD 

leading to delayed would repair and alopecia and that topical Ruxolitinib 

suppresses donor T cell infiltration, protects hair follicle stem cells and ameliorates 

skin GVHD (537).  The finding that Il6 is down-regulated in FRCs supports the 

literature in ageing and HIV infection, which shows reduced levels of IL-6 within 

the fibrotic lymph nodes in these settings, despite elevated serum levels (155-160, 

218).  While I did not look at serum levels of IL-6 in my experiments, an extensive 

literature exists to show that elevated plasma levels of IL-6 (196, 197) as well 

increased IL-6 production (198, 199) correlate with GVHD severity.  One possible 

hypothesis may be that the NK-κB signalling pathway is initiated in FRCs following 

radiation (531, 532) but that in the setting of aGVHD a SASP phenotype ensues to 

promote the pathophysiology of lymph node GVHD. 
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Closer analysis of individual genes shows reduced expression of both Tnfsf11 and 

Tnfrsf11a, whose gene products encode for RANKL and RANK respectively, and 

these genes are critical for lymph node organogenesis (254, 266, 277, 496, 497). Results 

suggest that Bone Morphogenetic Protein (BMP) signalling, which plays a crucial 

role in embryogenesis and in the maintenance of adult tissue homeostasis in many 

organs (538), may also be critical in lymph node repair, as many genes involved in 

this pathway are down-regulated in the aGVHD setting (Table 5-8).   Furthermore, 

the expression of Pdgfra and Pdgfrb are down-regulated (Table 5-8) and platelet 

derived growth factor (PDGF) signalling is known to be crucial for the 

differentiation of mesenchymal cells (495).   

In summary these transcriptional profiling results show that the failure of FRCs to 

repair in the setting of aGVHD is associated with a distinct  ‘reorganisation 

programme’ with altered protein phosphorylation and NF-κB signalling.  Protein 

phosphorylation is a mechanism of regulation that is critical in most cellular 

processes, such as protein synthesis, cell division, signal transduction, cell growth 

and development.  Protein phosphorylation is also involved in the global control of 

DNA replication during cell cycle as well as the mechanisms that cope with stress-

induced replication blocks (539).  The NF-κB pathway is highly complex pathway 

involved in both innate and adaptive immunity and is also essential for lymph node 

organogenesis (533). Failure of FRCs to repair in the setting of aGVHD is also 

associated with upregulation of apoptosis and cytokine signalling. 
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Figure 5-21.  Extended ‘Transcriptional Reorganisation Programme’.  Heat map 
showing relative expression (log2 fold change) of specific genes involved in an extended 
‘transcriptional reorganisation programme’ in FRCs sorted from age-matched, untreated, 
naïve controls and TCDBM (no aGVHD) and TCDBM+T (aGVHD) recipients on day 7 
post allo-BMT in the MataHari model (padj: significance TCDBM versus TCDBM+T).
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Transcriptional Reorganisation Programme

Table 5-9. Down-regulated reorganisational genes 
over-represented GO terms.

top 5 over-represented GO terms

GO: 0001932: 

GO: 0001934: 

 regulation of protein phosphorylation 

 positive regulation of protein 
 phosphorylation 

GO: 0002376:  immune system process

GO: 0002682:  regulation of immune systems process 

GO: 0006468:  protein phosphorylation 

Table 5-10. Down-regulated reorganisational genes: over-represented KEGG pathways.

Pathway name

Cytokine-cytokine receptor interction

NF-kappa B signalling pathway

TNF signalling pathway

HTLV-1 infection

Size NOM p-val FDR q-val

TNF receptor superfamily (TNFRSF) members mediating
non-canonical NF-κB pathway

Osteoclast differentiation 

264

103

109

285

132

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Table 5-11. Down-regulated reorganisational genes: over-represented REACTOME pathways.

Pathway name

Cytokine signalling in immune system

Immune system

TNFR2 non-canonical NF-κB pathway

Size NOM p-val FDR q-val

Signalling by interleukins

432

1356

16

88

337

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Table 5-8. Down-regulated reorganisational genes 

Ccr7

Ccl19

Ltbr

Tnfrsf1a

Tnfrs11a

Tnfsf13b

Tnfrsf17

Tnfsf15

Pdgfra

Pdgfrb

Cflar

Jun

Glycam1

Madcam1

Vcam1

Icam1

Pdpn

Cxcl10

Cxcl12

Nfkb2

Nfkbie

Rela

Relb

H2-Q1

H2-Aa

Hgf

Bmpr1a

Il7

Il6

Il1r1

Il22ra1

Il22ra2

Il5ra

Dll3

Dll4

Jag1

Ngfr

Birc2

Birc3

ll34

Traf3

Mapk8

Fadd

Xiap

Tlr3

Deaf1

Prox1

Mtor

Ido1

Sos1

Cd40

A7

Sqstm1

Fn1

Acvr1

Acvr1b

Acvr1c

Acvr2a

Acvr2b

Ccnd1

Akt3

Ifnar1

Ifnar2

Aox1

Ifngr2

Il13ra2

Alk

Atf2

Tnfsf11
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Transcriptional Reorganisation Programme: Up-regulated genes

Table 5-13. Up-regulated reorganisational genes 
over-represented GO terms.

top 5 over-represented GO terms

GO: 0002376: 

GO: 0006915: 

immune system process 

apoptotic process 

GO: 0008219: cell death

GO: 0012501: programmed cell death

GO: 0071310: cellular response to organic substance

Table 5-14. Up-regulated reorganisational genes: over-represented KEGG pathways.

Pathway name

Apoptosis

Hepatitis B

Apoptosis-multiple species

Toxoplasmosis

Size NOM p-val FDR q-val

Intrinsic pathway for apoptosis

Tuberculosis

138

145

32

113

178

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Table 5-15. Up-regulated reorganisational genes: over-represented REACTOME pathways.

Pathway name

Apoptosis

Programmed cell death

Cytokine signalling in immune system

Size NOM p-val FDR q-val

Activation of caspases through apoptosome-
mediated cleavage

92

97

35

432

5

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

Table 5-12. Up-regulated reorganisational genes 

Nfkb1

Ikbkb

Mapk1

Ptpn11

Chuk

Cad

Cycs

Tgfb1

Tyk2

Ptger2

Apaf1

Faim

Traf2

Traf4

Tradd

Prf1

Casp8 Myc

Bak1Ifng

Gzmb

Il23r

Bax

Bid

Birc5

Tnfsf4

Il2ra

Il7r

Socs1Lta

Tnfsf8

Tnfrsf8Tnfrsf25

Dffa

Ltb

Jak1

Raf1

Tnfrsf4Casp3

Casp7

Rel
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When I then applied the extended ‘transcriptional reorganisation programme’ to 

the Malhotra et al (291) and Gregory et al (486) datasets, documenting the gene 

expression profiles of LNSCs following LPS and HSV-1 respectively, both 

conditions that do not induce FRC loss, a dynamic pattern of gene alterations at 

day 6 following HSV-1 infection emerged (Figure 5-22).  The GO terms down-

regulated and up-regulated in HSV-1-infected FRCs compared with naïve FRCs 

are listed in Table 5-16 & Table 5-17, respectively.  Similar to TCDBM+T 

recipients, genes involved in immune system process were differentially down-

regulated in HSV-1-infected FRCs, however, protein phosphorylation was less 

significantly differentially over-represented (Table 5-9 & Table 5-16).  Similar to 

TCDBM+T recipients, genes involved in apoptotic signalling were also differentially 

up-regulated in HSV-1-infected FRCs; however, in marked contrast with the 

aGVHD setting, genes involved in cell proliferation were more significantly over-

represented (Table 5-13 & Table 5-17). 

In summary, when the ‘transcriptional reorganisation programme’ occurring in 

FRCs, in the setting of HSV-1 infection, and aGVHD were compared using a 

customised list of candidate genes, known to be associated with lymphoid organ 

development and/or GVHD interactions, genes associated with apoptotic 

pathways are enriched in both settings.  However, in the HSV-1 setting, genes 

associated with protein phosphorylation are not under-represented and those 

associated with cell proliferation are more significantly up-regulated, in marked 

contrast with the aGVHD setting.  
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CAD
ACVR1
TGFB1
PROX1
CD40
IDO1
BID
TNFRSF17
JAG2
TNFRSF11A
TNFSF4
CD80
TRAF4
TNFRSF1B
TRAF3
RAF1
BMPR1B
ACVR1C
CASP9
DEAF1
IRAK2
CD86
TNFRSF8
H2-Q1
GRB2
MIR133B
PRKCZ
IL2RA
ACVR2B
IKBKG
IL22RA1
TNFRSF25
IL23R
GFAP
TNFRSF4
AMHR2
CCL4
DLL3
IL22RA2
IL5RA
TRAF2
SOCS1
IKBKB
MYD88
RELA
NFKB2
APAF1
TNFSF15
IL10
NFKBIE
GLYCAM1
NFKB1
RELB
PIM1
CISH
REL
BIRC3
NFKBIA
JUN
MYC
IL6
MCL1
ICAM1
CXCL2
TNFRSF12A
SQSTM1
ACVR2A
AOX1
RIPK1
JAG1
CXCL14
TYK2
MTOR
TRAF5
LTBR
IL17RA
TRAF6
CASP8
SOS1
HMOX1
PTPN11
TNFRSF1A
FN1
JAK1
TGFBR1
PDPN
CHUK
NOS2
MADCAM1
IL13RA2
IRF9
GAPDH
CASP7
FADD
DLL1
DLL4
CD274
TLR3
CXCL13
BAK1
TNFSF8
BIRC5
STAT1
BAX
FAIM
CYCS
CCND1
TRADD
IRAK4
CXCL10
MAPK8
IL1R1
IFNAR1
IL13RA1
IFNGR2
MAPK1
IFNAR2
IFNGR1
BMPR2
JAK2
HGF
PIK3CA
ATF2
CASP6
AKT3
CFLAR
XIAP
PDGFRB
TNFSF11
BCL2L1
ACVR1B
BIRC2
CXCL9
H2-AA
STAT2
ALK
B2M
IL7
TNFSF13B
PDGFRA
IL34
BMPR1A
CXCL12
VCAM1
CASP3
NGFR
DFFA
PTGER2

FRC 30d post HSV-1
FRC 6d post HSV-1
FRC 3d post HSV-1
FRC 12h post LPS
FRC naïve

relative

row min row max
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Table 5-16 Down-regulated reorganisational genes d6 
over-represented GO terms: Inflammation/Infection

top 5 over-represented GO terms

GO: 0034097: 

GO: 0048584: 

response to cytokine

 positive regulation of response to 
 stimulus

GO: 0002376: immune system process

GO: 0002684: positive regulation of immune system
process

GO: 0032496: response to lipopolysaccharide

Table 5-17. Up-regulated reorganisational genes d6 
over-represented GO terms: Inflammation/Infection

top 5 over-represented GO terms

GO: 0002376: 

GO: 0097191: 

immune system process

extrinsic apoptotic signalling pathway

GO: 0042127: regulation of cell proliferation

GO: 0008283: cell proliferation

GO: 0072359: circulatory system development

dynamic reorganisation
programme

Figure 5-22.  Dynamic changes occur in 
FRC genes involved in a ‘transcriptional 
reorganisation programme’ following 
LPS and HSV-I infection.  Heat map 
showing relative expression (log2 fold 
change) of specific genes involved in an 
extended ‘transcriptional reorganisation 
programme’ in FRCs sorted from naïve, 
untreated controls, 12 hours post 
LPS-induced inflammation and day 3, 6 
and 30 post HSV-1 infection.
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5.16 Discussion 

In this chapter my first aim was to identify the mechanisms explaining how and 

why the FRC network is specifically targeted by allogeneic CD8+ T cells.  

Microarray data showed that Fasl is up-regulated by MataHari CD8+ T cells in 

aGVHD.  FRCs are the stromal subset with the highest expression of Fas under 

steady-state conditions and uniquely increase their Fas expression following 

irradiation.  FasL expression on allogeneic CD8+ T cells requires direct antigen 

presentation by non-haematopoietic cells and in the absence of increased FasL 

expression on allogeneic CD8+ T cells in aGVHD, FRCs are preserved.  

Furthermore, loss of FRCs occurs independently of the perforin pathway.  Taken 

together, these results are consistent with a model whereby specific loss of FRCs 

in the aGVHD setting is mediated by Fas/FasL interactions with allogeneic T cells 

and support the experimental findings of Suenaga et al (190). 

Secondly, I aimed to establish whether a ‘reorganisational programme’ occurs in 

FRCs the aGVHD setting. Transcriptional profiling data demonstrated that when 

FRCs are targeted by allogeneic CD8+ T cells they respond in a similar way to 

FRCs targeted by CTLs in viral infections.  They up-regulate similar ‘signature 

genes’ associated with cell cycle and repair (486) and significantly modulate the 

expression of genes associated with a ‘reorganisation programme’ seen in FRCs 

that repair the peripheral T cell niche following acute LCMV (213).  Similar to acute 

LCMV infection, an increase in the frequency of a VCAM-1hiICAM-1hi population 

occurs.  This DPhi population has been shown to express high levels of RANKL 
(492) and is essential for peripheral lymph node organogenesis (488).  There is also 

increased proliferation of DN cells, a population known to contain FRC precursors 
(315).  Taken together, this evidence suggests that FRCs are not passively 

eliminated in aGVHD but rather they actively respond, at least initially, to the 

allogeneic insult in a similar way to FRCs in response to certain infections.  

I hypothesise that this VCAM-1hiICAM-1hi population is the MRCs and that these 

cells play a key role in maintaining lymphoid tissue organisation or restoring and 

remodelling lymphoid tissue architecture after insult in adults. This hypothesis is 

based on evidence from the literature that: (1) the MRC subset is directly 

descended from the foetal LTo cell (311), and is the putative FRC precursor (260); (2) 
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the VCAM-1hiICAM-1hiRANKLhi LTo population has higher levels of mRNA for the 

homeostatic chemokines CCL21 and CCL19 than the VCAM-1intICAM-1int LTo 

population, which has a higher expression of LTβR; (3) in the embryo RANKL 

expression is only found in lymph nodes and bone (488) and at day of birth, the 

VCAM-1intICAM-1int population predominates in the mesenteric lymph nodes, 

whereas the VCAM-1hiICAM-1hi population predominates in the peripheral lymph 

nodes and is essential for peripheral lymph node organogenesis (488)  suggesting 

that in peripheral lymph nodes (in contrast with mesenteric lymph nodes), that the 

VCAM-1hiICAM-1hi cell population and RANK-RANKL signalling may be the 

predominant pathway responsible for the LTo-LTi crosstalk involved in lymph node 

organogenesis (275, 488); (4) using lineage tracing, Hoorweg et al (498) recently 

confirmed that adult MRCs derive from a subset of MADCAM-1-, IL-7-expressing 

foetal VCAM-1hiICAM-1hi LTo cells; (5) Okuda et al (492) showed that the VCAM-

1hiICAM-1hi mesenchymal subset express RANKL, CCL7, CCL11, CXCL1, VCAM-

1 and ICAM-1, all of which are known targets of Rel/NF-kappaB pathway 

(bioinfo.lifl.fr/NF-KB/), suggesting that the loss of this population in aGVHD may be 

linked to dysfunctional NF-κB signalling and (6) MRCs co-localise with LTi-like 

cells and thus may be fully equipped and ideally located to interact with LTi-like 

cells to repair and remodel the lymph node (312, 313).  Further research is necessary 

to test this hypothesis.   

By applying the ‘custom-made’ gene array analysis used by Scandella et al in 

LCMV infection (213) to my dataset, I was able to identify a critical difference in 

aGVHD compared with LCMV infection that may help to explain why FRC repair 

does not occur in GVHD.  FRCs in aGVHD significantly modulate the expression 

of genes associated with a ‘reorganisation programme’ occurring in FRCs 

following LCMV infection that correlates with the repair of the FRC network in that 

setting.  However, in the setting of aGVHD, where FRC network repair does not 

occur and lymph node destruction is permanent, the ‘reorganisation programme’ is 

altered.  Specifically, there was reduced relative expression of genes such as 

Vcam1, Icam1, LTbr, Cxcl13, Tnfsf13b and Tnfrsf1a, whose gene products are 

essential during the development of lymphoid tissue and are critical for the 

crosstalk between stromal cells and LTi cells (533).  
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My animal experiments found that in the setting of aGVHD there is transient 

appearance of a distinctive population of VCAM-1hiICAM-1hi (DPhi) cells.  This is 

then followed by loss of this population and indeed, progressive loss of almost all 

VCAM-1+ICAM-1+ cells over time.  I hypothesise that loss of the LTo-MRC 

precursor population in aGVHD is a critical mechanism leading to the failure to re-

establish the LTo-LTi axis and repair the FRC network in this setting.  I further 

hypothesise that allogeneic T cells target RANKL-expressing mesenchymal 

stromal subsets that are critical for lymph node repair and that the persistence of 

alloantigen expression by these non-haematopoietic cells, together with the 

prolonged exposure to allogeneic CD8+ T cells in the setting of aGVHD, leads to 

irreversible destruction of the lymph node over time, a phenotype seen following 

prolonged depletion of Ccl19.Cre-expressing mesenchymal stromal cells (475).   

Evidence supporting the hypothesis that specific loss of MRCs is important in loss 

of lymph node integrity comes from the findings of Chai et al (315), who showed that 

deletion of LTβR on Ccl19-cre-expressing mesenchymal stromal cells, which 

include FRCs but specifically exclude MRCs, did not abrogate lymph node 

formation.  Also, Kim et al (267) showed that agonistic anti-LTβR mAb failed to 

restore lymph node development when given to Rankl-/- embryos, whereas it did in 

Ltα-/- mice (490), highlighting the importance of a RANKL-expressing precursor. 

Taken together, these findings support the hypothesis that RANKL-expressing 

MRCs play a critical role in maintaining lymphoid tissue organisation or restoring 

and remodelling lymphoid tissue architecture after insult.  

There is further evidence from my experiments to suggest that another stromal 

subset or subsets falling within the PDPN+CD31- gate are differentially targeted in 

aGVHD.  FACS analysis of the bulk PDPN+CD31- population, which contains 

FRCs and MRCs, as well as other newly defined mesenchymal subpopulations 
(292), reveals similar overall frequencies of cells undergoing early apoptosis in both 

the aGVHD and no aGVHD settings.  However, transcriptional profiling clearly 

shows that apoptotic pathways are enriched in this population in the setting of 

aGVHD compared with no aGVHD, suggesting that differentially increased 

apoptosis of a subpopulation of stromal cells within the PDPN+CD31- gate could 

be contributing to this distinct phenotype in aGVHD.  The development of 

additional markers to separately identify these stromal subpopulations is 
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necessary to better define the precise mesenchymal populations targeted by 

allogeneic T cells. 

A second and non-mutually exclusive hypothesis is that the temporary appearance 

of a VCAM-1hi population may represent a pre-fibrotic population that have 

developed as a result of senescence activation in the pro-inflammatory aGVHD 

environment.  In previous chapters I have presented evidence to support striking 

similarities between the findings in GVHD and those seen in inflammation and 

ageing.  In this chapter I aimed to determine whether there is evidence to support 

a shared pathophysiology and molecular mechanisms.  

The RNAseq results presented suggest that in aGVHD there is altered NF-κB and 

cytokine signalling, with enhanced apoptosis. The NF-κB pathway is highly 

complex and involved in both innate and adaptive immunity and is also essential 

for lymph node organogenesis.  Whereas the role of the non-canonical pathway 

appears to be important during development, it is the canonical pathway that 

appears to be the more relevant in the pathogenesis of mammalian disease and 

ageing.  Tightly and temporally controlled activation of the NF-κB signalling 

pathways ensures prevention of harmful immune dysregulation, whereas loss of 

control of the pathways leads to pathological conditions, such as severe 

inflammation, autoimmune disease and inflammation-associated oncogenesis (351, 

534).  

NF-κB is the transcription factor most associated with ageing (540, 541) and NF-κB 

signalling is the major pathway stimulating SASP phenotype (542-547).  Interestingly, 

Crescenzi et al (546) showed that induction of senescence in human cancer cell 

lines is associated with a decrease in DR5 and an increase in Fas expression and 

that induction of premature senescence was associated with a loss of resistance 

to Fas-mediated apoptosis.  They showed that treatment with a combination of 

TNF-α and IFN-γ up-regulated surface Fas expression on tumour cells and 

showed that NF-κB modulates SASP and Fas expression by demonstrating that 

cytokine-dependent Fas up-regulation was significantly reduced in RelA-interfered 

cells compared with controls (546) .  
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The finding that Il6 is down-regulated in FRCs supports the literature in ageing and 

HIV infection, which shows reduced levels of IL-6 within the fibrotic lymph nodes in 

these settings, despite elevated serum levels (155-160, 218) and an extensive literature 

exists to show that elevated plasma levels of IL-6 (196, 197), as well increased IL-6 

production (198, 199) correlate with GVHD severity.   

Among the genes that are differentially up-regulated in GVHD are at least two 

genes associated with cellular senescence, Jak1 and Tyk2 (535, 536) (Table 5-12).   

Senescent cells accumulate in a variety of tissues with ageing.  They can develop 

a senescent-associated secretory phenotype (SASP) that entails secretion of 

inflammatory cytokines, chemokines, proteases and growth factors.  These SASP 

components can alter the microenvironment within tissues and affect the function 

of neighbouring cells, which can lead to local and systemic dysfunction.  The JAK 

pathway suppresses the SASP in senescent cells and alleviates age-related tissue 

dysfunction.  The JAK pathway is also important in GVHD.  Ruxolitinib, a specific 

JAK1/2 inhibitor is the only FDA-approved treatment for steroid refractory aGVHD.  

This drug has been shown to significantly reduce serum levels of IL-6 in patients 

with GVHD and has efficacy in the treatment of both aGVHD and cGVHD (200).  

Takahashi et al (537) confirmed that hair follicle stem cells are targets for GVHD 

leading to delayed wound repair and alopecia and that topical Ruxolitinib 

suppresses donor T cell infiltration, protects hair follicle stem cells and ameliorates 

skin GVHD (537).  

Given the findings presented in this chapter, it is interesting to hypothesise that a 

similar process may occur in GVHD lymph nodes.  A possible hypothesis may be 

that the NK-κB signalling pathway is initiated in FRCs following radiation (531, 532) 

but that in the setting of aGVHD a SASP phenotype ensues to promote the 

pathophysiology of lymph node GVHD. 

The other key player in lymph node organogenesis is the LTi cell.  Scandella et al 
(213) showed that FRC recovery and restoration of lymph node integrity following 

LCMV infection was associated with accumulation of LTi-like cells and accordingly, 

repair of the FRC network was delayed in Rorc-/- →B6 chimeras, that lack LTi-like 

cells, suggesting that LTi –like cells assist in the repair of a damaged stromal 

niche (213).   In the next chapter I will evaluate how GVHD impacts LTi-like cells. 

245



Chapter 6 Host LTi-like cells are redundant in repairing the FRC 
network following injury in GVHD 

6.1 Introduction  

In Chapter 5, I showed that aGVHD results in a transient expansion of a VCAM-

1hiICAM-1hi population.  Such DPhi cells have been shown to express high levels of 

RANKL (488, 492) and to be essential for peripheral lymph node organogenesis (488) 

through interaction with RANK-expressing LTi cells, suggesting that a 

reorganisation repair programme is initiated in aGVHD reminiscent of the one 

operating during peripheral lymph node ontogeny, and described following LCMV 

infection (213).  A hypothesise, although not proven in this project, is that these DPhi 

cells are MRCs.  This VCAM-1hiICAM-1hi cell population is lost in the setting of 

aGVHD and I reason that the loss of these cells is fundamental to the failure of 

peripheral lymph node repair in this setting.  I further hypothesise that the 

presence of LTi-like cells, in the absence of this VCAM-1hiICAM-1hi, population will 

not be sufficient to allow repair of the peripheral lymph nodes.   

A number of observations support this hypothesis. Kim et al (267) showed that 

agonistic anti-LTβR mAb failed to restore lymph node development when given to 

Rankl-/- embryos.  In Ltβr-/- and Ltα-/- mice, LTo cells fail to mature into a VCAM-

1hiICAM-1hi population despite the recruitment of an initial wave of LTi cells (260), 

leading to regression of all lymph nodes.  Furtado et al (548) showed that increased 

levels of TNFα were sufficient to induce stromal cell maturation to a VCAM-

1hiICAM-1hi population in Rorc-/- mice that lack LTi cells, resulting in the 

development of lymph nodes in these mice, showing that other signals that 

engage the LTβR can compensate for a lack of LTi cells.  Hess et al (497) showed 

that Rank-Tg mice displayed prominent postnatal hyperplasia of peripheral lymph 

nodes, whereas internal lymph nodes, spleen and thymus showed no such growth.  

Peripheral lymph node expansion occurred as a result of stromal cell division and 

did not require an increase in LTi-like cells (497).  Reduction in the size and 

cellularity of peripheral lymph nodes in these mice by the administration of 

RANKL-blocking mAb was associated with a selective reduction in MRCs.  Taken 

together, these findings not only underscore the importance of RANKL-expressing 
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MRCs in lymph node homeostasis but also suggest that the presence of LTi-like 

cells is not required for their maintenance. 

In the BMT setting, Lopes et al (162) showed that RANKL plays a distinctive role in 

thymic regeneration, thymus homing of lymphoid progenitors and T cell 

reconstitution, by inducing LTα up-regulation specifically on LTi-like cells, which 

express its cognate receptor RANK.  LTα did not up-regulate RANKL indicating 

that LTα acts downstream of RANKL.  This mechanism was independent of ILC3-

mediated IL-22 production, which has also been described to be involved in 

protection from aGVHD in both the thymus and the gut (286, 288).  IL-22 expression 

is a cytokine that regulates tissue homeostasis at barrier surfaces and fate- 

reporter mice have shown that peripheral lymph nodes do not express IL-22 under 

steady state conditions (549).  Mackley et al (550) confirmed by in vitro culture with IL-

23, that ILC3 in the inguinal lymph nodes produce significantly less IL-22 

compared with their counterparts in the mesenteric lymph nodes.  Given that 

peripheral lymph node formation preferentially utilises RANK signalling whereas 

Peyer’s patch formation utilises IL-7R signalling (275) together with the profound 

lack of IL-22 in peripheral lymph nodes, it is plausible that peripheral lymph nodes 

would also employ the RANKL mechanism for regeneration after injury and my 

experiments are consistent this hypothesis in the setting of aGVHD-induced 

peripheral lymph node damage. 

While LTi-like cells have been shown to have a protective role in the thymus (288) 

and gut (286) in aGVHD, their role in the peripheral lymph nodes in this setting has 

not been reported.  Whether FRCs and/or LTo-MRC-like populations provide a 

niche for LTi-like cells and whether there is inter-dependence between these cells 

in peripheral lymph nodes in aGVHD requires further study and is the focus of this 

chapter.  In this chapter I aim to address how irradiation and the development of 

aGVHD affect the putative LTo-LTi repair mechanism, by examining the fate and 

functions of the LTi-like cell population after transplant.  Specifically, I will examine 

the kinetics of LTi-like cells in the peripheral lymph nodes following allo-HSCT and 

carry out experiments aimed at better understanding their bidirectional relationship 

with mesenchymal stromal cells and their potential protective role in peripheral 

lymph nodes, with the aim expanding my understanding of why lymph node 

integrity is not restored in the aGVHD setting.  I will test the following hypotheses: 
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(1) LTi-like cells are not required for the maintenance of FRCs or the VCAM-

1hiICAM-1hi population in peripheral lymph nodes after irradiation alone. 

(2) Loss of mesenchymal stromal cells in aGVHD directly leads to a loss of 

LTi-like cells in the peripheral lymph nodes 

(3) Host LTi-like cells have a role in protecting FRCs and/or the LTo-MRC 

lineage in peripheral lymph nodes 

6.2 Identification and characterisation of peripheral lymph node LTi-like 
cells 

Firstly I developed a gating strategy to identify LTi-like ILC3 in the secondary 

lymphoid organs.  One of the challenges in identifying these cells is that the 

methods for cell isolation and gating vary greatly in the published literature, raising 

the possibility of heterogeneity of the populations identified.    For example, van 

den Brink’s group identified ILC3 in the lamina propria as CD45+CD3-RORγt+ cells. 

The same group published two papers identifying LTi-like cells in the thymus as 

CD45+IL-7Rα+CD3-CD8-CD4+RORγ+ but do not provide a gating strategy (284, 288).  

It is noteworthy however, that using the same gating strategy they report a 10-fold 

lower number of LTi-like cells in the thymi of untreated, wild-type B6 mice in a later 

study. In an earlier study they obtained thymic single cell suspensions by 

enzymatic digestion (284) and in the later study (288) by either enzymatic digestion or 

mechanical dissociation.  Surprisingly, Lopes et al (162), using a less stringent 

gating strategy to identify LTi-like cells in the thymus (CD3-CD4+IL-7Rα+RORγt+), 

reported even fewer LTi-like cells in the thymi of wild-type B6 mice.  Scandella et 

al (213) identified LTi-like cells in the spleen as lineage negative (CD3-CD11c-B220-) 

CD45+CD4+IL-7Rα+ cells.  This gating strategy does not include RORγt and thus 

differentiates ILC3 LTi-like cells from ILC1s and ILC2s solely on the basis of CD4 

expression.  However, a subset of ILC1s also expresses CD4 (551) and therefore 

will be included by this identification strategy. 

For my analyses, I defined LTi-like ILC3 as lineage negative, CD117 (C-KIT) 

positive, CD127 (IL-7Rα) positive, RORγt positive cells (Figure 6-1, A). The 

lineage cocktail consisted of antibodies to CD3, CD19, NK1.1, LY6G and F4/80.   

This gating strategy excluded conventional NK cells and focused the analysis to 
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the ‘helper’ ILC subsets recently shown to derive from an Id2+ IL-7Rα+ progenitor, 

the common helper-like innate lymphoid cell progenitor or CHILP (552).  I found that 

the majority of ILC3 in the pLN were CD4+/-NKp46-CCR6+, consistent with the 

previously described LTi population (550, 553) (Figure 6-1, B).  Host and donor LTi-

like cells could be differentiated by congenic markers, with host LTi-like cells being 

CD45.2 and donor LTi-like cells being CD45.1 in all experiments.  

Some studies identifying LTi-like cells in peripheral lymph nodes have used 

enzymatic digestion protocols to obtain single cell suspensions (284, 288, 550) while 

others have used mechanical digestion (287, 288).  While enzymatic digestion of 

peripheral lymph nodes does increase the overall cell yield, I found that enzymatic 

digestion resulted in down-regulation of lineage markers (Figure 6-1, C), as has 

been reported in the literature (554) and therefore chose a mechanical digestion 

protocol for lymph node single cell suspensions to identify LTi-like cells.   
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Figure 6-1.  Identification of Lymphoid Tissue Inducer-like Cells (LTi-like cells).  
(A)  Gating strategy used to identify LTi-like cells: exclusion of doublets → exclusion of lineage 
positive cells (CD3, CD19, NK1.1, LY6G, F4/80) → selection of CD117 (CKIT) positive cells → 
identification of LTi-like cells based on surface expression of CD127 (IL-7Rα) and RORγt as the 
CD127+RORγt+ population.  (B)  Representative flow cytometry contour plots depicting the 
surface expression of  CD44, NKp46 and CCR6 on Lin-CD117+CD127+RORγt+ cells.  
(C)  Representative flow cytometry dot plots comparing the frequency of cells identified as 
‘lineage negative’ following mechanical digestion (left) or enzymatic digestion (right) of pLN.
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Using this gating strategy (Figure 6-1, A), I could easily identify a discrete 

population of LTi-like cells in the peripheral lymph nodes (Figure 6-2, A), spleen 

(Figure 6-2, B) and lamina propria (Figure 6-2, C).  In the thymus, this population 

was not well defined (Figure 6-2, D). I identified 80% fewer LTi-like cell numbers 

compared with those reported by Lopes et al (162).  Although a large proportion of 

the lineage negative cells in the thymus expressed RORγt, they were mostly 

CD127 (IL-7Rα) negative in my analyses (Figure 6-2, D).  This finding is in 

keeping with a recent publication by Jones et al (555), who used both fate mapping 

and reporting of Id2 expression to confirm that ILC3 are a tiny proportion of the ILC 

population in the adult thymus, with a median of <50 ILC3 per adult thymus 

accounting for <5% of the ILC population and <0.001% of the haematopoietic 

compartment. 
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6.3   LTi-like cells in peripheral lymph nodes are radiosensitive but 
reconstitute the LN over time in the absence of aGVHD 

The sensitivity of ILCs to systemically lethal irradiation is both subset and tissue 

dependent.  For example, ILC3s in the lamina propria of the colon are relatively 

resistant to TBI (286, 287).  In contrast, ILC2s from the lamina propria are highly 

sensitive to radiation, whereas they are relatively radioresistant in the lung (396).  In 

the mesenteric lymph nodes and spleen, both ILC2s and ILC3s are exquisitely 

sensitive to radiation (396), whereas ILC3 in the thymus are partially radiosensitive 
(284, 288).  Repopulation kinetics from donor bone marrow after transplantation is 

also subset and tissue dependent.  For example, at day 28 following transplant, 

ILC2s in the lamina propria of TCDBM recipients have extremely limited 

repopulation kinetics from donor BM compared with their counterparts in the lung, 

where donor ILC2 numbers are 20-fold greater and show mixed chimerism (287). 

On the other hand, the relatively radioresistant lamina propria ILC3s persist up to 3 

months post-TCDBM transplant, well after donor engraftment has occurred and 

even after the lamina propria T cell compartment has reconstituted with donor-

derived cells (286).  Following allo-BMT in humans, reconstituting ILCs in the 

peripheral blood were found to be of donor origin (285).  The sensitivity of peripheral 

lymph node LTi-like cells to TBI conditioning or their reconstitution kinetics 

following allo-HSCT has not been reported.   

In preliminary transplant experiments, I found that LTi in the peripheral lymph 

nodes of TCDBM alone (no aGVHD) recipients at 3 weeks following allo-BMT 

were of mixed host and donor origin (Figure 6-3, B).  Donor chimerism in the 

peripheral lymph node LTi population was lower than that of LTi-like cells in the 

spleen at the same time point (Figure 6-4, A), further highlighting the previously 

reported tissue-specific differences in LTi reconstitution.  LTi-like cell donor 

chimerism, in both the spleen and peripheral lymph nodes, was also lower than 

that of lineage positive cells at the same time point (Figure 6-4, A), in keeping with 

the slower reconstitution of ILCs compared with other effector cells, reported in 

humans following allo-HSCT (285).   
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6.4 LTi-like cell reconstitution does not occur following irradiation and 
transfer of allogeneic CD8+ T cells 

In contrast, nearly all LTi-like cells, host and donor, were absent in recipients 

receiving donor T cells and developing aGVHD (Figure 6-3, C).   

Bi-directional plasticity between the NKp46+ ILC3 and ILC1 lineages has been 

observed using fate reporter experiments.  NKp46+ ILC3s are the only immune cell 

to express GATA-3, RORγt and T-BET simultaneously (556) and NKp46+ ILC3s 

have been shown to up-regulate T-BET, loose NKp46 and RORγt expression and 

acquire features typical of ILC1s in mice and humans (557-559).  The tissue 

microenvironment is postulated to regulate differentiation of ILC1-like ex-ILC3.  

Although the majority of ILC3s in the peripheral lymph nodes and spleen are 

NKp46-, and thus not reported to share this plasticity, I wanted to evaluate whether 

the loss of this population in aGVHD was the result of down-regulation of RORγt 

and up-regulation of ILC1-like markers.  At three weeks following allo-HSCT, I 

found that there was no increase in either NKp46-RORγt- or NKp46+RORγt- ILCs in 

the lymph nodes or spleens of TCDBM+T recipients compared with TCDBM alone 

controls (Figure 6-4, B), suggesting that loss of LTi-like cells does not represent 

plasticity of this population in aGVHD.  Also, while the frequencies of all ILC 

populations were reduced in the peripheral lymph nodes in aGVHD, in the spleen 

the ILC3 population was predominantly affected (Figure 6-4, B), suggesting more 

profound aGVHD-induced defects in the peripheral lymph node niche.  
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Figure 6-3.  Absence of LTi-like cell reconstitution in aGVHD.  Representative flow 
cytometry dot and contour plots depicting the gating strategy used to identify 
lineage-CD117+CD127+RORγt+ LTi-like cells (red box) in pLN of (A) age-matched, untreated, 
naïve controls; (B) recipients of TCDBM alone (no aGVHD);  and (C) recipients of TCDBM+T 
(aGVHD) at  3 weeks post allo-BMT in the MataHari transplant model.  Numbers represent 
frequencies (% of respective populations).  Expression of congenic markers was used to 
identify the frequency of donor (CD45.1) and host (CD45.2) derived cells among the LTi-like 
cell population, and is shown in the last column, for the respective groups.
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256



6.5 Host LTi-like cells are replaced by donor LTi-like cells following allo-
HSCT in the absence of aGVHD 

I next tracked the reconstitution kinetics of LTi-like cells over time in the secondary 

lymphoid organs following allo-HSCT (with or without the transfer of donor T cells) 

in both the multiple mHA-mismatched, B6→129 transplant model (Figure 6-5) and 

the single mHA-mismatched, MataHari transplant model (Figure 6-6).  I found that 

LTi-like cells in the spleen and peripheral lymph nodes were sensitive to radiation, 

with loss of almost all LTi-like cells in both tissues at 48 hours post TCDBM allo-

HSCT (Figure 6-5, A-B).   

The findings in the spleen were in keeping with those of Bruce et al (287), which 

showed a marked reduction in ILC3 in the spleen at 24 hours following TBI.  In the 

spleen of TCDBM alone recipients, this profound early loss of LTi-like cells was 

very transient, with significant recovery of absolute LTi-like cell numbers by 1 week 

following allo-HSCT (Figure 6-5, A).  In the absence of aGVHD, the reconstituting 

LTi-like cell population is initially predominantly of host origin but thereafter there is 

increasing donor chimerism of the LTi-like cell population, with full reconstitution 

by donor LTi-like cells by 18 weeks following allo-HSCT in the absence of aGVHD 

(Figure 6-5 & Figure 6-6)(Figure 6-7, A, E). 

6.6 Host LTi-like cells are lost and donor LTi-like cell reconstitution does 
not occur in the peripheral lymph nodes in aGVHD 

In contrast, in the spleen of recipients of allo-HSCT plus donor T cells, following an 

initial wave of LTi-like cell recovery at 1 week following allo-HSCT (Figure 6-5, A & 

Figure 6-6, A), all LTi-like cells (host and donor) are lost (Figure 6-5, A & Figure 

6-6, A), with no recruitment of donor LTi-like cells and no recovery of the LTi-

population even at 18 weeks following allo-HSCT (Figure 6-5, A) (Figure 6-7, C, 

G).   

Compared with their counterparts in the spleen, LTi-like cells in the peripheral 

lymph nodes of TCDBM alone recipients showed similar radiation sensitivity and 

conversion to donor chimerism over time (Figure 6-5, B & Figure 6-6, B) (Figure 

6-7, B, F).  However, their repopulation kinetics in peripheral lymph nodes were 

delayed, with significant recovery of LTi-like cell numbers beginning only at 3 
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weeks following allo-HSCT (Figure 6-6, B & Figure 6-7, B).  In contrast, in 

TCDBM+T recipients, there is a much earlier accumulation of LTi-like cells (Figure 

6-5, B & Figure 6-6, B)(Figure 6-8), coinciding temporally with the appearance of 

the VCAM-1/ICAM-1hi (RANKL-expressing) LTo-like cell population (Figure 5-12 & 

Figure 5-13).  Thereafter, in keeping with findings in the spleen, there is loss of all 

LTi-like cells (host and donor) and no recovery of the LTi-like cell population at 18 

weeks following allo-HSCT (Figure 6-5, B & Figure 6-6, B) (Figure 6-7, D, H).   
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Figure 6-5.  In a multiple miHA mismatched transplant model, LTi-like cells are 
radiosenstitive and show permanent failure to reconstitute the peripheral T cell niche in 
the setting of aGVHD.  Summary data depicting the absolute numbers of donor (grey) and 
host-derived (white) LTi-like cells in (A) the spleen and (B) the pLN of male 129 BMT recipients 
receiving female B6 TCDBM alone (no aGVHD) or TCDBM+T (aGVHD) at the documented 
time points post allo-BMT.  Absolute numbers of LTi-like cells in age-matched, untreated, naïve 
controls are represented by the dashed lines.  Data are representative of 1-3 independent 
experiments with an aggregate of n=3-6 replicates per time point, presented as mean ± SD.  
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radiosenstitive and show permanent failure to reconstitute the peripheral T cell niche in 
the setting of aGVHD.  Summary data depicting the absolute numbers of donor (grey) and 
host-derived (white) LTi-like cells in (A) the spleen and (B) the pLN of male B6 BMT recipients 
receiving female B6 TCDBM alone (no aGVHD) or TCDBM+T (aGVHD) at the documented 
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Representative flow cytometry contour plots identifying LTi-like cells (red box, column 1 and 3) 
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model (A-D) and the single miHA mismatched (MataHari) transplant model (E-H).  Numbers 
represent frequencies (% of respective populations) ± SD.
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Figure 6-8.  A transient early wave of host-derived LTi-like cell accumulation in pLN in 
aGVHD precedes permanent loss.  (A and C) Representative flow cytometry contour plots 
identifying LTi-like cells (red box, column 1) and their donor (CD45.1+) versus host (CD45.1-) 
origin (column 2), in the pLN of recipients of TCDBM alone (no aGVHD) (row 1 and 3) and 
TCDBM+T (aGVHD) (row 2 and 4) at day 7 post allo-BMT in the multiple miHA mismatched (B6 
→ 129) transplant model (A) and the single miHA mismatched (MataHari) transplant model (C).  
Numbers represent frequencies (% of respective populations).  (B and D)  Summary data 
depicting the absolute numbers of  donor (grey) and host-derived (white) LTi-like cells in the 
pLN in the absence or presence of aGVHD at day 7 post allo-BMT in the respective transplant 
models.  Data are representative of 2 independent experiments, n=6 replicates per group, 
presented as mean ± SD, **p<0.01, Mann Whitney U test. 
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6.7 LTi-like cells in peripheral lymph nodes are quiescent at steady state 
but undergo proliferation in response to radiation 

I found that the LTi-like cell population in the spleen and lymph nodes was in a 

relatively quiescent stage at steady state (Figure 6-9, A), in keeping with the 

known literature in mice and humans (162, 213, 285, 550).  However, following radiation-

induced loss (i.e. allo-HSCT without donor T cells), they undergo proliferation, with 

highest Ki67 expression at day 7 in the spleen (Figure 6-9, B-C).  By three weeks 

post allo-HSCT, the proliferating LTi-like cells are predominantly of donor origin, 

despite the mixed chimerism of the LTi-like cell population at his time point. I also 

found that once the LTi-like cell population had been replenished (3-4 weeks post 

allo-HSCT) these cells once again become quiescent (data not shown).  Findings 

by Scandella et al (213) suggested that proliferating LTi-like cells, involved in repair 

of LCMV-induced damage to the spleen and lymph nodes, were recruited from 

outside the secondary lymphoid organs.  The differential repopulation kinetics of 

the LTi-like cell population in the spleen and peripheral lymph nodes in recipients 

of TCDBM without donor T cells (Figure 6-8), could support this hypothesis and 

would be in keeping with evidence of ILC3 trafficking in mice and humans (285, 550).   

Taken together, these findings show that LTi-like cells in secondary lymphoid 

organs are radiosensitive, in direct contrast with stromal cells. Following initial 

loss, LTi-like cells undergo proliferation to repopulate the peripheral secondary 

lymphoid organs with full donor chimerism achieved over time.  LTi-like cell 

reconstitution kinetics are faster in the spleen than in the peripheral lymph nodes.  

However, in the setting of allogeneic T cell destruction of the peripheral lymph 

nodal structure, there was a transient early wave of host-derived LTi-like cell 

accumulation.  This accumulation of LTi-like cells coincides temporally with the 

accumulation of the VCAM-1hiICAM-1hi cell population.  The concurrent 

accumulation of the VCAM-1hiICAM-1hi cell population and LTi-like cells suggests 

a possible cross talk between these two cell types in an attempted initiation of a 

repair programme reminiscent of the one operating during peripheral lymphoid 

organ ontogeny in the embryo, and shown to mediate thymic regeneration 

following irradiation (162) and splenic repair after LCMV infection (213).   
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6.8 Persistence of the VCAM-1hiICAM-1hi population correlates with LTi-like 
cell reconstitution  

The transient accumulation of host-derived LTi-like cells does not occur in TCDBM 

alone recipients where FRCs are not targeted and a VCAM-1hiICAM-Ihi population 

is not generated, suggesting that significant loss of FRCs is required to induce a 

signalling pathway that results in transient accumulation of a VCAM-1hiICAM-1hi 

population and LTi-like cells. 

In previous experiments I showed that FRCs were protected when Class I 

expression was absent in the non-haematopoietic compartment (B6 female→[B6 

male→β2m-/- male] transplant model) (Figure 4-8 & Figure 4-9).  This protection 

was associated with preservation of VCAM-1+ICAM-1+ cells (Figure 5-14, C-D).  In 

B6 female→[B6 male→β2m-/- male] transplant recipients, the absolute number 

(Figure 6-10, A & C) and frequency (Figure 6-10, B) of LTi-like cells were 

significantly higher in the spleen and lymph nodes compared with B6 female→[B6 

male→B6 male] controls.  In the B6 female→[B6 male→β2m-/- male] transplant 

recipients, donor LTi-like cell reconstitution kinetics similar to those seen in 

TCDBM alone controls (Figure 6-10, C).  This experiment provides a correlation 

between the persistence of the VCAM-1+ICAM-1+ population and LTi-like cell 

reconstitution and that loss of LTi-like cells requires direct presentation of antigen 

by the non-haematopoietic cells.    
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6.9 Loss of VCAM-1hiICAM-1hi cells correlates with failure of LTi-like cell 
reconstitution 

6.9.1 LTi-like cells do not recover when the allogeneic response is aborted 

To determine if LTi-like cell reconstitution could occur under conditions where 

aGVHD was arrested through depletion of T cells, I compared LTi numbers in 

recipient mice that either did or did not receive depleting anti-CD8 antibody from 2 

weeks following allo-HSCT plus MataHari T cells in the F→M model 

(corresponding FRC numbers are shown in Figure 4-5).  I found that the LTi-like 

cell population was also permanently absent in the spleen and lymph nodes in this 

setting (Figure 6-11), in keeping with my hypothesis that loss of VCAM-1+ICAM-1+ 

precursor cells leads to a loss of LTi-like cells in aGVHD. 

6.9.2 Loss of LTi-like cells in aGVHD is independent of the perforin pathway  

To determine if LTi-like cell reconstitution was affected by disabling perforin in 

alloreactive CD8+ T cells, I evaluated LTi-like cell numbers following allo-HSCT 

plus wild type or Pfp-/- MataHari T cells in the F→M model (corresponding FRC 

and LTo-like cell data are shown in Figure 5-6 & Figure 5-15, A & B).  Absence of 

perforin expression in alloreactive CD8+ T cells did not abrogate the loss of LTi-like 

cells (Figure 6-12). 
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6.9.3 LTi-like cell reconstitution in CD4+ T cell-dependent aGVHD 

In a model of CD4+ T cell-dependent aGVHD (Figure 4-10), allogeneic Marilyn 

CD4+ T cells were sufficient to cause FRC loss (Figure 4-11), although the 

magnitude of loss was less than that caused by allogeneic CD8+ MataHari T cells 

(∼ 15-fold reduction in CD8+ GVHD model compared with ∼ 8-fold reduction in 

CD4+ GVHD model) and peripheral lymph nodes appeared normal 

macroscopically. This model was distinct in that there was no loss of VCAM-

1+ICAM-1+ cells (Figure 5-15, C-D). I found that CD4+ Marilyn T cell-induced 

aGVHD resulted in profound loss of the LTi-like cell population in peripheral lymph 

nodes compared with TCDBM alone and syngeneic controls (Figure 6-12, C & D), 

suggesting that persistence of VCAM-1+ICAM+ cells does not require LTi-like cells. 

6.9.4 Naïve allogeneic donor T cells are required for loss of LTi-like cells in 

aGVHD 

To determine if transfer of naïve donor T cells was required for loss of LTi-like cells 

from peripheral lymphoid organs, I evaluated LTi-like cell numbers following 

B6→129 allo-HSCT and the transfer of un-manipulated or CD62L- T cells (the 

corresponding FRC and LTo-like data are shown in Figure 4-17 and Figure 5-15, E 

& F.  I found that prevention of FRC and LTo-MRC lineage loss using this strategy 

was also associated with normal absolute numbers and frequencies of LTi-like 

cells (Figure 6-13, A & B).   
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6.10 Loss of FRCs, in the presence of MRCs, directly leads to the loss of 
LTi-like cells  

Taken together, the data from Figure 6-3 to Figure 6.13, inclusive, show that in all 

models of CD8+ T cell-mediated aGVHD, loss of mesenchymal stromal cells 

(FRCs and subsequently all VCAM-1+ICAM-1+) correlates with the loss of LTi-like 

cells in the peripheral lymph nodes.  However, these data do not show causation.  

It also does not answer the question of whether the initial target of allogeneic T 

cells is the LTi-like cells or the stromal cells.  However, given that both LTi-like 

cells and T cells are haematopoietic cells, I hypothesise that it is less likely that the 

primary target of allogeneic T cells is the LTi-like cell.  

To test the hypothesis that loss of FRC directly leads to loss of LTi-like cells, I 

used a model where FRCs could be directly depleted.  CCL19 is expressed almost 

exclusively in FRCs and FDCs.  A Ccl19-Cre mouse line has been generated that 

permits targeting of FRCs (315).  By crossing these mice with mice expressing the 

receptor for diphtheria toxin from the ubiquitous Rosa26 locus (Rosa26-iDTR 

mice), FRCs can be conditionally depleted by diphtheria toxin (DT) treatment.  

Importantly, in these mice, RANKL-expressing MRCs are not depleted (314).  

Ablation of FRCs with preservation of MRCs in these mice with DT treatment 

results in a temporary loss of FRCs from the T cell zone, resulting in reduction in 

the size, weight and cellularity of peripheral lymph nodes, but preservation of the 

integrity and permeability of the conduit network (314) and full recovery of the FRC 

network by day 28, to an extent that is indistinguishable from controls (475).  This 

contrasts with the aGVHD setting where both FRCs and indeed all VCAM-1+ICAM-

1+ cells are lost and damage to peripheral lymph nodes is permanent, highlighting 

the potential relevance of the loss of LTo-MRC lineage cells in this setting.  

Furthermore, Ccl19-Cre+ mesenchymal stromal cell-specific LTβR ablation did not 

abrogate lymph node formation, suggesting that Ccl19-Cre+ mesenchymal stromal 

cells in developing lymph nodes are not involved in LTβR signals to facilitate LN 

formation.  

Using this model, Ccl19-Cre.iDTR mice were injected with 3 x 500ng of DT and 

FRCs and LTi-like cells in peripheral lymph nodes were assessed (Figure 6-14, A 

& B).  As expected, there was a marked reduction in the frequency and absolute 

numbers of FRCs in peripheral lymph nodes harvested from these mice (Figure 
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6-14, A).  FRC loss was also associated with loss of the LTi-like cell population 

(Figure 6-14, B).  These results not only support the hypothesis that loss of FRCs 

in aGVHD directly leads to a loss of LTi-like cells in the peripheral lymph nodes but 

also suggests that maintenance of LTi-like cells is dependent upon FRCs and not 

on the MRCs, which are not depleted in this model. 

Taken together, results from these experiments show that following irradiation, 

aGVHD injury or specific depletion, loss of FRCs results in acute loss of LTi-like 

cells and the presence of MRCs is not sufficient to abrogate this loss.  While FRCs 

play the dominant role in maintaining LTi numbers, preservation of MRCs or 

another precursor population in the Ccl19-Cre.iDTR model may serve to protect 

the integrity and permeability of the conduit network and permit full restoration of 

FRC numbers (314).  A distinguishing feature between the inducible FRC depletion 

model and aGVHD is permanent loss of VCAM-1+ICAM-1+ cells in the latter.  I 

hypothesise that the additional loss of this population in the setting of aGVHD not 

only compounds peripheral lymph node damage but the loss of these cells is 

critical, as it results in permanent failure to re-establish the LTo-LTi axis required 

to repair the FRC network. 

273



A

PDPN

C
D

31
CD45-

FRC

LTi LTi

FRC

RORγt

C
D

12
7

Lin-CD117+

B

10

20

30

40

PBS DT

ab
so

lu
te

 n
um

be
rs

 (x
10

3 )

Ccl19-Cre.iDTR + PBS Ccl19-Cre.iDTR + DT

Ccl19-Cre.iDTR + DTCcl19-Cre.iDTR + PBS

FRCs

LTi-like cells

36 25

9 26

16 70

8 3

8.88 3.16

69.5 18.5

11.8 0

76.3 11.8
1

2

3

4

5

ab
so

lu
te

 n
um

be
rs

 (x
10

2 )

PBS DT

Ccl19-Cre.iDTR±DT

Figure 6-14.  In a model system that depletes FRCs but preserves the LTo-MRC lineage, 
FRC loss is associated with loss of LTi-like cells.  Ccl19-Cre.iDTR mice were injected with 
3 x 500ng diphtheria toxin (DT) (controls received PBS).  (A) Representative flow cytometry 
dot plots depicting the surface expression of CD31 versus PDPN on CD45- pLN stromal 
cells. Numbers in each quadrant represent frequencies (% of respective stromal 
subpopulations). Right plot shows absolute numbers of FRCs in Ccl19-cre.iDTR mice that 
have either received PBS or DT.  (B)  Representative flow cytometry contour plots depicting 
the frequency of LTi-like cells (red box) in Ccl19-Cre.iDTR mice treated with PBS or DT.  
Right plot shows the corresponding absolute numbers of LTi-like cells.
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6.11 IL-7 alone, as a surrogate of FRC presence, is not sufficient to prevent 
the loss of LTi-like cells in aGVHD  

Yang et al (560) recently showed that IL-7R blockade in adult mice resulted in a 

specific reduction of ILC3 cells in peripheral lymph nodes, with normal numbers 

and representation of stromal subsets, DCs and all homing cytokines, and that this 

ILC3 reduction was associated with a lymphocyte homing defect, similar to that 

seen in wild type hosts reconstituted with Rorc-/- donor bone marrow (560). Thus, 

they propose that IL-7 dependent maintenance of ILC3 is required for normal 

lymphocyte homing.   

Transgenic mice overexpressing IL-7 have an increased number of LTi cells, 

which is due to enhanced survival of LTi cells, rather than to higher LTi cell 

proliferation (278).  Similar to the findings in mice, IL-7 was shown not to induce 

proliferation but rather to promote the survival of human adult ILC3s (561, 562).  As 

well as modulating the survival of LTi cells in the developing anlagen (274, 278), IL-7 

also induces CD30L (280) and lymphotoxin (257, 275) on LTi cells and synergises with 

the CD117 ligand, SCF, to induce LTi cell differentiation from foetal liver 

precursors to maintain LTi cells in vitro (563).  Schmutz et al (251) showed that 

increasing IL-7 availability in wild-type mice increased adult LTi-like cell numbers 

through de novo generation from bone marrow cells.  Furthermore, Martin et al (564) 

showed that ILC3 are more competitive for IL-7 on a per cell basis that the rest of 

the lymphocyte populations in normal lymph nodes.  The association of a homing 

defect (Figure 3-16 & Figure 3-17), loss of IL-7 (due to FRC destruction) (Figure 

4-2, D) and loss of ILC3 is also recapitulated in the setting of aGVHD.  I 

hypothesised therefore that increasing systemic levels of IL-7 following allo-HSCT 

would substitute for FRC loss and lead to an increase in LTi-like cell numbers in 

the peripheral lymph nodes of TCDBM+T recipients with aGVHD.  

To test this hypothesis, I used the F→M transplant set-up (Figure 6-15, A).  

TCDBM+T recipients were treated with a combination of IL-7 plus anti-IL-7 mAb 

on alternate days between day 0 and day 12 following transplantation. IL-7/anti-IL-

7 complexes have been shown to display 50-100-fold higher biological activity 

than free IL-7 (360).  Controls were treated with PBS.  Analysis of secondary 

lymphoid organs was carried out on day +21 post allo-HSCT. Efficacy of IL-7/anti-

IL-7 treatment was confirmed by enhanced proliferation of the lineage positive 
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population, as evidenced by higher Ki67 expression in IL-7/anti-IL-7 treated mice 

compared with PBS-treated controls (Figure 6-15, B).  

The results from this experiment showed that treatment with IL-7/anti-IL-7 did not 

improve the overall cellularity of the spleen or lymph nodes compared with 

TCDBM+T recipients treated with PBS (Figure 6-15, C).   Increasing IL-7 could not 

rescue LTi-like cell number or frequency (Figure 6-16, A & B), nor could it rescue 

the effect upon stromal cells, with a loss of the FRC and LTo-MRC lineage cell 

populations similar to that seen in PBS-treated TCDBM+T controls (Figure 6-17, 

A-C).  Taken together these results show that, while IL-7 is required for the 

presence of LTi-like cells in steady state peripheral lymph nodes, it is not the 

limiting factor in aGVHD.  In the absence of FRCs, IL-7 is not sufficient to prevent 

the loss of LTi-like cells in aGVHD.  These results suggest that the IL-7-dependent 

maintenance of LTi-like cells necessary for normal lymphocyte homing (560) 

requires an intact FRC stromal network, which is lost in GVHD.  This interpretation 

is in keeping with evidence in both ageing (150) and HIV infection (217, 229), where 

FRCs are lost and fibrosis ensues, and treatment with IL-7 is insufficient to 

overcome the defects in naïve T cell homing and homeostasis. 
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Figure 6-15.  Bone marrow transplantation model to test the hypothesis that IL-7, as a 
substitute for FRC presence, can prevent LTi-like cell loss in aGVHD.  (A)  Using the F→
M MataHari transplant model, male B6 recipients of female B6 TCDBM+T were treated with a 
combination of IL-7 and anti-IL-7mAb (controls were treated with PBS), according to the 
documented schedule.  Secondary lymphoid organs were assessed at 3 weeks post 
transplant.  (B) Representative flow cytometry contour plots confirming the efficacy of 
IL-7/anti-IL-7 treatment, as evidenced by higher frequency of Ki67+ expression among lineage+ 
cells, in IL7/anti-IL7 treated mice (right) compared with PBS-treated controls (left).  
(C)  Summary data depicting the cellularity of the spleen (left) and pLN (right) at 3 weeks post 
allo-BMT.  Data are representative of 2 independent experiments, presented as mean ± SD, 
*p<0.05, ANOVA. 
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Figure 6-16.  IL-7 alone as a surrogate of FRC presence is not sufficient to prevent loss 
of LTi-like cells in aGVHD.  Summary data depicting the absolute numbers (A) and 
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6.12 LTi-like cells are not required for the maintenance of FRCs and VCAM-
1+ICAM-1+ cells in peripheral lymph nodes after irradiation. 

Next, I tested whether LTi-like cells were involved in the maintenance of FRCs and 

VCAM-1+ICAM-1+ cells after irradiation in peripheral lymph nodes. In the thymus 

irradiation and syngeneic-HSCT results in a significant loss of medullary and 

cortical TECs as well as fibroblastic cells and endothelial cells, with a persistent 

reduction in absolute numbers of 40-80% even at 28 days post-transplant (284).  In 

contrast, irradiation and syngeneic-HSCT results in non-significant changes in 

absolute numbers of stromal cell populations compared with naïve controls in the 

peripheral lymph nodes (Figure 4-3).  

If the hypothesis that LTi-like cells are not required for the maintenance of FRCs 

and VCAM-1+ICAM-1+ cells after irradiation in peripheral lymph nodes was correct, 

then using IL-7R blockade as a surrogate for FRC loss in syngeneic controls 

would result in loss of LTi-like cells but full preservation of FRCs as demonstrated 

by Yang et al under steady state conditions (560).  Using the MataHari transplant 

set-up (Figure 6-18, A), syngeneic mice (F→F) transplant recipients were 

administered 0.3mg of anti-mouse IL-7Rα mAb on alternate days between day 0 

and day 12 following transplantation.  Controls were treated with PBS.  Analysis of 

secondary lymphoid organs was carried out on day +21 following transplant and 

compared with F→M controls with or without GVHD.   

In keeping with the findings of Yang et al (560), there was a significant reduction in 

the cellularity of the peripheral lymph nodes in syngeneic mice treated with anti-IL-

7R mAb compared with syngeneic PBS-treated controls, and the magnitude of the 

reduction in cellularity corresponded to that seen in TCDBM+T recipients with 

aGVHD (Figure 6-18, B).  The LTi-like cell population was essentially eliminated 

from the spleen and lymph nodes of syngeneic mice treated with anti-IL-7R mAb 

compared with syngeneic PBS-treated controls (Figure 6-19, A-C), mirroring the 

effect of aGVHD on this cell population in TCDBM+T recipients.   However, 

absolute numbers and frequencies of FRCs were preserved in anti-IL-7R mAb 

treated mice (Figure 6-20, A-B), with no alteration in the VCAM-1+ICAM-1+ 

population (Figure 6-20, C).  These results show that LTi-like cells are not required 

for the maintenance of FRCs and VCAM-1+ICAM-1+ cells in peripheral lymph 

nodes after irradiation. 
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Figure 6-18.  Bone marrow transplantation model to test the hypothesis that LTi-like 
cells are required for the maintenance of FRCs and VCAM-1+ICAM-1+ cells after total 
body irradiation (TBI).  (A)  Using the MataHari transplant model, syngeneic female B6 
recipients of female B6 TCDBM+T were treated with 0.3mg of anti-IL-7Rα mAb (controls were 
treated with PBS), according to the documented schedule.  Secondary lymphoid organs were 
assessed at 3 weeks post transplant.  (B)  Summary data depicting the cellularity of the spleen 
(left) and pLN (right) at 3 weeks post allo-BMT.  Data are representative of 2 independent 
experiments, presented as mean ± SD, *p<0.05 **p<0.01, ANOVA. 
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the absence of aGVHD after total body irradiation (TBI), in syngeneic transplant 
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ANOVA. 
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Figure 6-20.  LTi-like cells are not required for the maintenance of FRCs and 
VCAM-1+ICAM-1+ cells after total body irradiation (TBI).  Summary data depicting the 
absolute numbers of FRCs (A) and frequencies ± SD of stromal subpopulations (B) in the pLN 
in male B6 recipients of female B6 TCDBM (treated with PBS) or TCDBM+T (treated with PBS) 
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anti-IL-7Rα) at 3 weeks post allo-BMT. (C)  Summary data depicting the MFI of VCAM-1 (left) 
and the surface expression of VCAM-1 and ICAM-1 (right) on CD45-PDPN+CD31- stromal cells 
in the corresponding transplant groups.  Data are representative of 2 independent 
experiments, presented as mean ± SD, *p<0.05,  ANOVA.  
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6.13 Host ILCs are protective for all stromal cell subsets following allo-HSCT 

Host LTi-like cells have a protective role upon thymic stroma and the gut epithelial 

stem cells following bone marrow transplantation where it is mediated 

independently through RANK-RANKL signalling (162) and production of IL-22 (284, 

288) in the former and production of IL-22 in the latter (286).  To test whether host LTi 

protect against FRC or LTo-MRC lineage loss in aGVHD, I used a previously 

validated method (565-567) to ablate host ILCs in Rag1-/- Thy1.2 transplant recipients 

by administration of anti-mouse Thy1.2 antibody in the MataHari transplant model 

(Figure 6-21, A).  A limitation of this approach is that it depletes all ILCs and is 

thus not specific for ILC3s.  Stromal cells have been described to express Thy1.2 
(568) but stromal subsets were not depleted in control mice using this approach 

(Figure 6-23).  Anti-Thy1.2 antibody was administered to TCDBM alone and 

TCDBM+T recipients on alternate days commencing at day -2 and continuing until 

day +6 following transplantation.  Analysis of the lymph nodes was carried out on 

days 7-12. TCDBM+T recipients of anti-Thy1.2 demonstrated more dramatic 

weight loss compared with PBS-treated TCDBM+T controls (Figure 6-21, B).  

Indeed, 1/3 of these mice died between days 7-12, with no mortality seen in the 

other groups.  Post-mortem examination of these mice revealed a striking 

phenotype characterised by gut oedema and exsanguination into lymph nodes.  

Anti-Thy1.2-treated TCDBM+T recipients that survived until take down, also had 

blood-filled lymph nodes (Figure 6-21, C-D).  While some haemorrhage is 

occasionally seen around lymph nodes harvested from mice with aGVHD in the 

first few weeks after transplantation in other models, the severity of the bleeding 

both around, and in particular, into the lymph node itself was striking in these mice.    

Analysis of the LTi-like cell population confirmed the efficacy of anti-Thy1.2 mAb in 

depleting host LTi-like cells in the spleen and lymph nodes of TCDBM and 

TCDBM+T recipients (Figure 6-22, A-C).  An increased population of host LTi-like 

cells was seen in in the spleen and lymph nodes of TCDBM+T+PBS recipients 

compared with TCDBM alone controls as previously observed (Figure 6-22, A-C).   

Analysis of the stromal populations revealed that anti-Thy1.2-treated TCDBM+T 

recipients had a reduction in frequency and absolute number of FRCs compared 

with PBS-treated TCDBM+T controls (Figure 6-23, A-B), and stromal cell loss 

extended to BECs and LECs in these mice (Figure 6-23, B).  There was also a 
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possible trend for greater loss of VCAM-1+ICAM-1+ mesenchymal precursors, as 

evidenced by reduced MFIs (Figure 6-23, C).  Taken together these results show 

that host ILCs do have a protective role, which extents to all stromal cell subsets, 

following allo-HSCT.  Their loss in this setting leads to an unexpected phenotype 

of blood-filled lymph nodes, suggesting possible breakdown of HEV barrier 

function. 
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Figure 6-21.  Bone marrow transplantation model to test the hypothesis that host LTi-like 
cells protect against loss of mesenchymal stromal cells in aGVHD.  (A)  Using a 
modication of the F→M MataHari transplant model, male Rag-/- recipients (CD45.2+Thy1.2+) of 
female B6 TCDBM (CD45.1+Thy1.2+) + MataHari CD8+ T cells (CD45.1+Thy1.1+) and female 
polyclonal CD4+ T cells (CD45.2+Thy1.1+) were treated with 500μg of anti-Thy1.2 antibody to 
deplete host innate lymphoid cells (ILCs), according to the documented schedule.  Secondary 
lymphoid organs were assessed at 7 or 12 days post transplant.  (B)  Summary data depicting 
the % weight change measured in the resepctive transplant recipients.  Representative 
post-mortem photographs comparing the blood-filled pLN phenotype in 
TCDBM+T+anti-Thy1.2 recipients (C, left and D, top) with PBS-treated controls (C, right and D, 
bottom).
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6.14 Discussion 

In chapter 5, I showed that population of VCAM-1hiICAM-1hi cells appears 

transiently in aGVHD but then quickly disappears and loss of this population 

correlates with loss of all VCAM-1+ICAM-1+ cell over time.  I hypothesise that this 

population represents MRCs and that these cells provide the critical RANKL 

signalling necessary for lymph node repair.  I further hypothesise that the 

presence of LTi-like cells in the absence of this population will not be sufficient to 

allow repair of the peripheral lymph nodes.  The aim of this chapter was to study 

the bidirectional relationship between LTi-like cells and mesenchymal stromal cells 

in aGVHD, to better understand why lymph node integrity is not restored in this 

setting.   

The experiments in this chapter document for the first time the kinetics of 

reconstituting LTi-like cells in the peripheral lymph nodes following allo-HSCT. In 

contrast with stromal cells, LTi-like cells in this niche are radiosensitive.  Following 

initial loss, they undergo proliferation to fully replenish the LTi-cell pool in the 

absence of aGVHD; however reconstitution is delayed compared with the spleen.  

Over time, the repopulating LTi-like cell pool achieves a full donor chimerism.  In 

the setting of aGVHD, there is an accelerated recruitment of LTi-like cells, during a 

short window when these are still of host origin but this is followed by permanent 

loss of all LTi-like cells.   

My data show that LTi-like cells are not required for the maintenance of FRCs in 

peripheral lymph nodes following irradiation or in the setting of CD4+ T cell 

mediated lymph node GVHD.   Furthermore, the anti-IL-7 blocking experiments 

show that loss of LTi-like cells in peripheral lymph nodes does not alter FRC 

numbers.  In contrast, LTi-like cells critically depend upon the presence of FRCs.  

Acute depletion of FRC in the Ccl19-Cre.iDTR model directly leads to the loss of 

LTi-like cells in the absence of any other factors (e.g. inflammation, lymphopaenia, 

loss of MRCs).  MRCs are not depleted in this model and because FRC numbers 

recover despite the absence of LTi-like cells it is unlikely that LTi-like cells are 

critical to the reconstitution of FRC in settings where precursors are preserved.  A 

crucial difference between the inducible FRC depletion model and aGVHD is the 

permanent loss of VCAM-1+ICAM-1+ cells in the latter, including MRCs, which not 
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only compounds peripheral lymph node damage but also results in permanent 

failure to re-establish the LTo-LTi axis required to repair the FRC network.  It has 

been shown that lymph nodes can develop in IL-7R-deficient mice using RANKL 

signalling (275) and that the initial phase of lymph node genesis can be triggered by 

embryonic injection of IL-7 to mice deficient for TRAF6, an adaptor molecule for 

RANK (275), however, proper compartmentalisation within lymph nodes requires 

RANKL signalling. It is therefore possible that IL-7 is unable to restore the FRC 

network as a result of the critical loss of RANKL–expressing LTo-MRC lineage 

cells in these mice. 

The Class I experiments showed that loss of LTi-like cells in aGVHD required 

direct presentation of antigen by non-haematopoietic cells.  In the absence of 

FRCs, IL-7 alone is not sufficient to prevent the loss of LTi.  

My experiments depleting host LTi-like cells, show that LTi-like cells do 

nevertheless have a protective for all stromal cell subsets following allo-HSCT.  

Their loss in this setting led to an unexpected phenotype of blood-filled lymph 

nodes, suggesting breakdown of HEV barrier function.  HEVs are ensheathed by 

multiple layers of FRCs (569).  This perivascular sheath creates a narrow space 

outside the HEV basal lamina, called the perivascular channel, through which 

lymphocytes move from the abluminal side of the HEV to the lymph node 

parenchyma (246).  FRCs also produce various extracellular matrix components, 

including fibronectin, collagen IV and laminins, which form the thick basal lamina 

of the HEV.  This phenotype has been described in mice with deficiency of either 

PDPN on FRCs (rather than on LECs (307)), or its only known receptor, CLEC-2 

expressed on platelets, which results in systemic oedema and abnormal lymphatic 

vasculature development characterised by blood filled lymphatic vessels and 

lymph nodes (307, 570-574).  The majority of mice with these defects die in utero.  

Those that survive, die in the postnatal period from respiratory failure resulting 

from lack of podoplanin in lung alveolar type 1 cells.  

In the developing lymph node anlagen, the migration of LTi cells to the lymph node 

anlagen precedes the formation of HEVs, with LTi cells arriving at E16.5 (488), and 

HEVs evident at E18.5 (575).  The VCAM-1hiICAM-1hi LTo population is also present 

at E16.5 (488).  In Clec1b-/- embryos, early lymph node formation occurs normally, 
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with no significant differences in LTi and LTo numbers at E16.5 compared with 

their wild-type littermates; however, by E18.5, there is a marked reduction in the 

numbers of both cell types leading to the regression of inguinal and mesenteric 

lymph nodes, suggesting that CLEC-2 signalling is required for lymph node 

development in late embryogenesis.  However, mice with platelet-restricted 

deletion of CLEC-2 possess lymph nodes (570), so the crucial source of CLEC-2 in 

lymph node development is as of yet still unconfirmed.   

Herzog et al (307) showed that PDPN deletion starting at 3-4 weeks of age resulted 

in a similar lymph node bleeding phenotype, suggesting that PDPN is also 

important for lymph node vascular integrity in adults. These mice lost HEV integrity 

and exhibited spontaneous bleeding in mucosal lymph nodes.  In the peripheral 

lymph nodes a similar bleeding phenotype occurred but only in the setting of an 

immune challenge.  Importantly, blocking lymphocyte homing rescued this 

bleeding phenotype and PDPN-deficient mice bred into a Rag1-/- background, that 

lack lymphocytes, did not develop the bleeding phenotype, highlighting the 

importance of lymphocytes in this process (307).   

One hypothesis from this experiment is that ILCs protect FRCs from loss and that 

the bleeding phenotype simply reflects the more profound and accelerated loss of 

FRCs in the absence of protective host ILCs.  However, the findings of Herzog et 

al (307), who showed that LN haemorrhage could not be elicited in Rag1-/- mice, 

which lack lymphocytes but not ILCs, leads me to propose the more compelling 

hypothesis, that ILCs play a role in maintaining HEV integrity by providing CLEC-2 

and LTα1β2 signals.  The molecules responsible for the lineage commitment and 

maintenance of HEVs are poorly understood.  While these processes are 

mediated by a LTα1β2 signal (271, 272, 576), HEVs form normally in T cell deficient 

and B cell deficient mice and HEV architecture is similarly unaffected in mice with 

T- or B- lymphocyte-specific LTα1β2-deficiency (304).  Therefore another subset of 

LTα1β2 expressing cells provides the signals required for HEV development and 

maturation. I reason that LTα1β2-expressing ILCs might provide this signal and 

their presence in the LN anlagen before the formation of HEVs would support this 

hypothesis.  
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CLEC-2, which forms part of the ‘Dectin-1 cluster’ of molecules, is also expressed 

by innate lymphoid cells in mice and humans (305, 306) and among the ILC 

subpopulations, LTi-like cells have been shown to rapidly produce IL-17 and IL-22 

following injection of Dectin-1 agonist while NK1.1+CD3- NK cells failed to produce 

IL-17 and IL-22 in response to the same agonist (577).  Herzog et al (307) showed 

that reducing lymphocyte homing to the lymph node effectively rescued the 

bleeding phenotype.  Extrapolating this hypothesis to the aGVHD setting would 

suggest a mechanism whereby the early wave of host LTi-like cells is sufficient to 

maintain HEV integrity.  Thereafter, the developing profound homing defect that 

results from the loss of IL-7-producing FRCs (Figure 3-16 & Figure 3-17) is 

sufficient to prevent the severe bleeding phenotype. Depletion of this early wave of 

host LTi-like cells would thus cause a breakdown in HEV barrier function and 

exposure of the bleeding phenotype early post-transplant, when homing to 

peripheral lymph nodes is unaffected.  

A mechanism involving loss of LTo-MRC lineage cells could explain a number of 

observations in our data and in the published literature, for example, how agonistic 

anti-LTβR mAb can up-regulate RANKL expression (273) but the administration of 

the same antibody treatment to developing Rankl-/- embryos fails to restore lymph 

node development (267), whereas it does in Ltα-/- mice (490).  These findings also 

have important clinical implications and need to be considered in our approach to 

developing lymph node regeneration strategies to improve post-BMT 

immunodeficiency.  For example, these findings would suggest that while 

treatment approaches such as agonistic anti-LTβR mAb or adoptive transfer of 

LTi-like cells may delay peripheral lymph node damage, these strategies will 

ultimately fail to prevent it.   

During my research, I carried out a number of experiments aimed at preventing 

aGVHD-induced peripheral lymph node damage by the adoptive transfer of FACS-

sorted, congenically marked LTi-like cells harvested from either lymph nodes and 

spleen or generated from cultured lineage negative bone marrow.  I found that 

these cells could not be recovered in the secondary lymphoid organs of recipients 

(data not shown) and there are a number of possible explanations for this.  

Schmutz et al (251) showed that foetal liver cells were almost 10-fold more efficient 

at generating LTi cells as compared with bone marrow cells likely as a result of 
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their stronger proliferation and I have shown that LTi-like cells in the spleen and 

liver are in a quiescent state.  Furthermore, in aGVHD, adoptively transferred LTi-

like cells are entering an environment in which there is a severe homing defect to 

peripheral lymph nodes, which is likely to significantly reduce the number of these 

cells that will successfully reach the site of injury.  In humans, ILCs circulate at a 

precursor stage (578) and only mature on reaching the tissue environment, 

therefore it is not clear whether mature ILC3s have the capacity to traffic to 

peripheral lymph nodes.  In light of my experimental findings, I hypothesise that 

even if adoptively transferred LTi-like cells reach peripheral lymph nodes in 

aGVHD, they will not be able to prevent damage to the niche unless LTo-like cells 

can also be protected, or an alternative source of RANKL signal is provided. 

The current model describing LN formation has been derived from analysis of 

gene deficient mice that fail to form lymph nodes (254-256).  Chemokine driven 

migration of LTi cells in the embryo appears to be essential for lymph node 

development.  Because mesenchymal stromal cells in the lymph node anlagen 

express LTβR, RANKL (259) and CXCL13 (260) and CXCL13-expressing 

mesenchymal cells can be found in the surrounding perivascular niche of the 

inguinal fat pad before LTi cells (579, 580), the role of the LTo cell as the main 

recipient of LTi cell-derived signals has been ascribed to this particular 

mesenchymal cell population (261, 262).  

However, the hypothesis that only one dedicated non-haematopoietic lymphoid 

tissue organiser cell type exists (581) has recently been challenged by Onder et al 
(582), who propose a key role for lymphatic endothelial cells as an additional 

organiser cell type in lymph node organogenesis.  This is based on their findings 

that genetic ablation of Ltβr expression in CCL19-expressing (315) or in CXCL13-

expressing embryonic mesenchymal LTo cells did not abrogate early peripheral 

lymph node formation (although lymph nodes were smaller, with impaired FRC 

maturation and loss of PDPN expression and Peyer’s patches did not develop) 
(580).  In contrast, ablation of Ltβr in endothelial cells in transgenic VE-cadherin-Cre 

mice resulted in variable and random reduction in lymph node development of 

between 25-40% (582).  Because VE-cadherin-Cre transgene is active in endothelial 

cells but not in mesenchymal stromal cells, this is provided as conclusive evidence 

that LTβR signalling in endothelial LTo cells is mandatory for lymph node 
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formation.  Evidence contradicting this hypothesis comes from their own findings 

that LEC-specific LTβR deletion in Lyve1-Cre mice does not impair lymph node 

formation (580).  This finding was confirmed recently by Wang et al (583) who 

independently tested common transgenic mouse models for endothelial cell 

targeting (Tek-Cre, and Lyve1-Cre) and showed that specific LTβR ablation did not 

interrupt lymph node formation in these mice.  Furthermore, using Prox1 null 

embryos, in which LEC specification does not take place, Vondenhoff et al (584) 

previously demonstrated conclusively that early lymph node formation and LTi 

clustering does not require the presence of LECs, lymph sacs or lymphatic 

vessels.  A potential limitation of the model used by Onder et al (582) is that VE-

Cadherin also labels progenitors with the potential to give rise to haematopoietic 

cells (585, 586) and virtually all HSC activity from E13.5 foetal liver is VE-cadherin 

positive (587), emphasising that VE-Cadherin is not a specific marker for endothelial 

cells during foetal development.  

The precise hierarchical crosstalk between specialised stromal subsets and LTi 

cells that drives the initial formation and subsequent organisation of the lymph 

node remains to be established.  Future studies are required to dissect whether 

endothelial LTo cells also play a critical role in embryonic lymph node 

organogenesis and whether they are active in lymph node repair beyond the 

embryonic stage.  Nevertheless, aGVHD represents a clinical scenario in which 

specific targeting of the mesenchymal stromal cell lineage, is sufficient to lead to 

the loss of LTi-like cells, permanent destruction of the lymph node and aberrant T 

cell function, despite the preservation of normal endothelial stromal cell 

representation. 

Once again, the experimental findings in GVHD presented in this chapter show 

similarities with what is described in both ageing and HIV infection.   Becklund et al 
(150) demonstrated that IL-7 signalling, but not expression, is impaired in aged mice 

and that treating mice with exogenous IL-7 fails to increase the in vitro or in vivo 

homeostatic proliferation of naïve donor T cells.  In HIV infection, although 

complementing ART with IL-7 treatment in both SIV and HIV infection significantly 

increases the circulating naïve CD4+ and CD8+ T cell number, there is an 

immediate decline after termination of therapy, suggesting that complementing IL-

7 only provides transient survival benefit for naïve CD4+ and CD8+ T cells (230-232). 
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In summary, the experiments in this chapter have shed new light on the on-going 

crosstalk that exists between LTo-MRC precursor cells, FRCs and LTi-like cells, 

with each population playing a critical role.  These results suggest a model 

whereby FRC-LTi interactions are required for maintenance of LTi-like cells but 

repair of the damaged lymph node requires LTo-MRC precursor cell interactions 

with LTi-like cells.  Host ILCs are nevertheless protective for stromal cells and may 

help to maintain HEV integrity through cross talk with mesenchymal stromal cells.  

In my conclusion chapter, I will summarise the findings of my research and 

propose a mechanistic model.  I will discuss how these findings might impact 

clinical treatment strategies aimed at improving immune competence following 

allo-HSCT.  I will explore the limitations of my experiments and discuss key 

experiments that are required to address outstanding questions and propose 

areas for future research 
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Chapter 7 Conclusion 

Graft versus host disease is a serious complication of allo-HSCT that results in a 

profound and often irreversible immunodeficiency state.  Understanding the 

mechanisms that initiate and propagate this disease is necessary in order to 

develop effective strategies to preserve and restore host immune-competence, 

which will not only result in a reduction in delayed deaths due to infection, but also 

reduce the risk of disease relapse. 

My research explores a novel mechanism, whereby impaired T cell recovery and 

function following allo-HSCT represents a problem of soil (environment) rather 

than seed (lymphocytes) and that aGVHD deprives T cells of ‘niches’ that are 

critical to their survival and function, thereby impairing long-lasting immunity.   

The importance of the peripheral T cell niche in constraining the expansion of T 

cells has been well described in other clinical settings, such as ageing and HIV 

infection, where specific loss of a stromal population called the fibroblastic reticular 

cell (FRC), results in lymph node fibrosis and impairment of host immune function. 

GVHD has also been shown to deplete peripheral T cell niches (137, 139, 140) and this 

plays an important role in contributing to the multifactorial pathogenesis of poor 

immune reconstitution following allo-HSCT.  However, our understanding of the 

molecular mechanisms underpinning allogeneic destruction of peripheral lymph 

nodes or how the altered microenvironment leads to impaired T cell function is 

limited.  Delineation of the specific defect(s) present in the aGVHD environment 

may open the door to novel approaches designed to correct this abnormal milieu 

and thereby enhance T cell immunity within the existing resident T cell population.  

This concept is relevant not only in preventing relapse but also given that current 

clinical post-transplantation strategies designed to directly augment T cell 

expansion, such as delayed lymphocyte infusion (DLI) and CAR-T cell therapy, are 

often associated with significant toxicity and may in fact be of limited value if the 

host environment is not able to provide the necessary platform for T cell 

regeneration.  Given the commonalities across other clinical settings, I 
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hypothesised that shared pathophysiology and molecular pathways may exist in 

GVHD.   

My research was based on two main hypotheses: 

1. Damage to the peripheral lymph nodes by acute GVHD results in impaired 

T cell survival and function.  

2. FRCs play an important role in GVHD and their loss prevents repair of the 

lymph node structure 

Fibroblastic reticular cells are a subset of non-haematopoietic LNSCs that can act 

as APCs to deliver tolerogenic (187-189, 324) and/or immunostimulatory (193, 204) signals 

to T cells.  In the setting of GVHD they are sufficient for GVHD induction (84) and 

have been shown to be the essential source of Notch ligands during in vivo 

priming of alloreactive T cells in a mouse model (204).  FRCs play a central role in 

every stage of the T cell life cycle.  Genetic ablation of these cells in mouse 

models alters T cell localisation, decreases T cell survival and impairs antigen-

specific T cell priming (314).  They have considerable capacity to proliferate in 

response to infection and inflammation (335-337) and play a critical role in repair of 

the lymph node following viral insult (213).  However, FRCs are targeted by GVHD, 

and their loss in this setting results in irreversible structural damage to peripheral 

lymph nodes and impaired immune responses (190).  

7.1 A pro-inflammatory niche in aGVHD 

The aGVHD environment alters CD8+ T cell homeostasis and function through 

mechanisms that are independent of CD8+ T cell exhaustion.  My experiments 

using 3rd party CD8+ T cells show that the niche factors in aGVHD are sufficient to 

impair T cell homeostasis and function.  This defect is more striking in the 

peripheral lymph nodes than in the spleen.   In the setting of aGVHD, 3rd party 

CD8+ T cells (1) showed a relative failure in homing of naïve T cells to lymph 

nodes, (2) demonstrated a reduced proliferative capacity, (3) showed a more 

dramatic decline in their numbers over time and following in vivo TCR stimulation 

and (4) showed an abortive immune response.   
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My experimental findings also suggest that peripheral T cell niches can 

differentially alter CD8+ T cell homing and function.  Homing to lymph nodes is 

impaired in an established aGVHD environment relative to the spleen.  These data 

support those of Hirano et al who showed that a subclinical graft-versus host 

reaction was sufficient to reduce the cellularity of lymph nodes, but not of thymus 

or spleen, and that this reduced cellularity could not be rescued following a second 

TCDBM transplant, suggesting that impaired reconstitution of the lymph nodes in 

aGVHD is attributable to a defect in T cell homing (139).  These findings also 

parallel those described by Becklund et al in aged mice, where naïve T cell 

homing to peripheral lymph nodes is impaired, while entry into the mesenteric 

lymph nodes and spleen was less affected (150).  In HIV infection, collagen 

deposition in the lymph nodes is significantly correlated with loss of FRCs and 

inversely correlated with the size of the CD4+ T cell population within the T cell 

compartment of LNs in HIV-infected patients (216) resulting in profound impairment 

of host immune function (217). 

My findings that allogeneic CD8+ T cells become phenotypically and functionally  

“exhausted” in the spleen over time in the aGVHD setting recapitulates previous 

experimental findings by our lab (109).  However, new findings in in my experiments 

show that despite having a similar “exhausted’ phenotype, MataHari CD8+ T cells 

within the peripheral lymph node environment are not anergic, but instead remain 

highly proliferative and retain their capacity to produce IFN-γ and TNF-α.  Lymph 

node FRCs express PTAs and can induce potent antigen-specific T cell tolerance 

under steady-state and inflammatory conditions through direct presentation to 

naïve CD8+ T cells (187-189).  It is possible that loss of PTA display in peripheral 

lymph nodes, occurring due to GVHD-mediated targeting of the FRCs, may be 

responsible for persistent inflammatory allogeneic CD8+ T cell-mediated injury 

seen in peripheral lymph nodes compared with the spleen in these experiments. 

This hypothesis is being tested in our laboratory.  Furthermore, the impaired T cell 

homeostasis described in GVHD shares striking similarities with other clinical 

settings such as ageing (148-151) and HIV infection (217), where altered T cell 

homeostasis is liked with fibrotic damage to the lymph node structure that 

accompanies the loss of FRCs. 
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Allogeneic TN cells have been shown to outcompete other important T cell 

populations for limiting factors within the niche that promote division and survival 
(460).  My research has shown that removing TN cells from the donor inoculum, a T 

cell manipulation strategy that is feasible in the clinic (50, 463, 464) and prevents 

GVHD while critically retaining GVL activity (49, 392, 453, 455-462), not only reduced 

lymph node damage but allowed the expansion of donor BM-derived TN CD8+ cells 

and an effector memory pool that was skewed in favour of TCM rather than TEM 

cells. These findings suggest that strategies aimed at reducing aGVHD damage to 

the peripheral lymph node niche can enhance donor immune reconstitution and 

thereby augment pathogen protection and GVL immunity. 

7.2 Selective loss of peripheral lymph node FRCs- a universal 
manifestation of aGVHD 

Aberrant T cell homing, phenotype and function in GVHD is associated with a 

profound, selective and permanent loss of the FRC stromal subset in peripheral 

lymph nodes.  Loss of FRCs is also a defining feature in aged lymph nodes (150) 

and HIV-infected lymph nodes (216, 217, 233).  In GVHD this loss occurs early, is 

proportional to the severity of the aGVHD and causes severe structural defects, 

which are irreversible, even when the allogeneic response is aborted.  It is 

predominantly CD8+ T cell mediated and requires direct recognition via MHC 

Class I expression on non-haematopoietic cells.  These findings provide strong 

evidence that antigen within the non-haematopoietic tissues is not ignored, but 

rather actively shapes the long-term integrity of the lymph nodes, which is 

essential for functional CD8+ T cell immunity.  

Allogeneic CD4+ T cells are sufficient to cause a significant loss of the 

PDPN+CD31- stromal population, however, the peripheral lymph nodes remain 

normal macroscopically, overall lymph node cellularity remains intact and the 

magnitude of the FRC loss is less than that caused by CD8+ allogeneic T cells.  

This milder lymph node GVHD occurs despite a more severe systemic aGVHD, as 

measured by clinical scores in these mice.  Furthermore, my experiments provide 

evidence that a number of strategies, such as delaying allogeneic T cell transfer 

and depleting naïve T cells in the donor inoculum, reduce lymph node damage in 

aGVHD.  These strategies could be further refined and developed in the clinical 

setting.  
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The findings that the loss of FRCs is proportional to the severity of the aGVHD 

(Figure 4-4, C) suggests that critical thresholds of PDPN+CD31- stromal cell loss 

may exist, beyond which aGVHD-induced damage is irreversible.  This 

mechanism is supported by recent evidence from Novkovic et al, who showed that 

lymph nodes were able to tolerate a loss of ∼ 50% of their FRCs, without 

substantial impairment of immune cell recruitment, intranodal T cell migration and 

dendritic cell-mediated activation of antiviral CD8+ T cells, however, network 

connectivity was completely destroyed when more than 70% of FRCs were 

ablated (475).  

My experiments identified that FRC-intrinsic properties make them specifically 

more susceptible than other stromal populations to killing by allogeneic T cells.  

FRC stromal populations do not express higher levels of classical MHC Cass I, 

MHC Class II or non-classical MHC molecules, compared to other stromal cells in 

the presence or absence of GVHD, nor do they express higher levels of co-

stimulatory ligands.  However, FRCs are the stromal subset with the highest 

expression of Fas under steady-state conditions and uniquely increase their Fas 

expression following irradiation.  Microarray data showed that Fasl is up-regulated 

by MataHari CD8+ T cells in aGVHD.   Experimental data confirmed that FasL 

expression on allogeneic CD8+ T cells requires direct antigen presentation by non-

haematopoietic cells and in the absence of increased FasL expression on 

allogeneic CD8+ T cells in aGVHD, FRCs are preserved.  Furthermore, loss of 

FRCs occurs independently of the perforin pathway.  Taken together, these results 

are consistent with a model whereby specific loss of FRCs in the aGVHD setting is 

mediated by Fas/FasL interactions with allogeneic T cells and support the 

experimental findings of Suenaga et al (190). 

7.3 A distorted lymph node re-organisation programme in aGVHD 

A ‘reorganisational programme’ occurs in FRCs the aGVHD setting. My 

transcriptional profiling data demonstrated that when FRCs are targeted by 

allogeneic CD8+ T cells they respond in a similar way to FRCs targeted by CTLs in 

viral infections.  They up-regulate similar ‘signature genes’ associated with cell 

cycle and repair (486) and significantly modulate the expression of genes 

associated with a ‘reorganisation programme’ seen in FRCs that repair the 

peripheral T cell niche following acute LCMV (213).  Similar to acute LCMV 
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infection, an increase in the frequency of a VCAM-1hiICAM-1hi population occurs.  

This DPhi population has been shown to express high levels of RANKL (492) and is 

essential for peripheral lymph node organogenesis (488).  There is also increased 

proliferation of DN cells, a population known to contain FRC precursors (315).  

Based on a wealth of evidence in the literature I hypothesise that this VCAM-

1hiICAM-1hi population is the MRCs and that these cells play a key role in 

maintaining lymphoid tissue organisation and in restoring and remodelling 

lymphoid tissue architecture after insult in adults (260, 275, 311-313, 488, 492, 498).  An 

important question that remains unanswered is whether MRCs are precursors for 

FRCs or whether FRCs arise from a different subset of LTo-like cells, as has been 

suggested by Hoorweg et al (498), and models of targeted ablation of MRCs, along 

with the development of reproducible and reliable markers to distinguish FRCs 

from MRCs will be required to further define this precursor-progeny relationship 

and to more accurately identify which populations are directly targeted by the 

allogeneic response. 

My animal experiments found that in the setting of aGVHD, the appearance of the 

distinctive population of VCAM-1hiICAM-1hi (DPhi) cells is only transient and is 

followed by loss of this population and indeed, progressive loss of almost all 

VCAM-1+ICAM-1+ cells over time.  I hypothesise that loss of the LTo-MRC 

precursor population in aGVHD is a critical mechanism leading to the failure to re-

establish the LTo-LTi axis and repair the FRC network in this setting.  A second 

and non-mutually exclusive hypothesis is that the temporary appearance of a 

VCAM-1hiICAM-1hi population may represent a pre-fibrotic population that have 

developed as a result of senescence activation in the pro-inflammatory aGVHD 

environment.  

In this project, I was able to identify for the first time, critical differences in the 

transcriptional ‘reorganisation programme’ in aGVHD, compared with LCMV 

infection, which may help to explain why FRC repair does not occur in GVHD.  

Specifically, there was reduced relative expression of genes such as Vcam1, 

Icam1, LTbr, Cxcl13, Tnfsf13b and Tnfrsf1a, whose gene products are essential 

during the development of lymphoid tissue and are critical for the crosstalk 

between stromal cells and LTi cells (533).  
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The RNAseq results presented suggest that in aGVHD there is altered NF-κB and 

cytokine signalling, with enhanced apoptosis.  The NF-κB pathway is highly 

complex and involved in both innate and adaptive immunity and is also essential 

for lymph node organogenesis.  Tightly and temporally controlled activation of the 

NF-κB signalling pathways ensures prevention of harmful immune dysregulation, 

whereas loss of control of the pathways leads to pathological conditions, such as 

severe inflammation, autoimmune disease and inflammation-associated 

oncogenesis (351, 534).  NF-κB is the transcription factor most associated with 

ageing (540, 541) and NF-κB signalling is the major pathway stimulating SASP 

phenotype (542-547).  Crescenzi et al (546) showed that induction of senescence in 

human cancer cell lines is associated with a decrease in DR5 and an increase in 

Fas expression and that induction of premature senescence was associated with a 

loss of resistance to Fas-mediated apoptosis.  They showed that treatment with a 

combination of TNF-α and IFN-γ up-regulated surface Fas expression on tumour 

cells and showed that NF-κB modulates SASP and Fas expression by 

demonstrating that cytokine-dependent Fas up-regulation was significantly 

reduced in RelA-interfered cells compared with controls (546) .  

My finding that Il6 is down-regulated in FRCs supports the literature in ageing and 

HIV infection, which shows reduced levels of IL-6 within the fibrotic lymph nodes in 

these settings, despite elevated serum levels (155-160, 218) and an extensive literature 

exists to show that elevated plasma levels of IL-6 (196, 197), as well increased IL-6 

production (198, 199) correlate with GVHD severity.   

Among the genes that are differentially up-regulated in GVHD are at least two 

genes associated with cellular senescence, Jak1 and Tyk2 (535, 536) (Table 5-12).   

Senescent cells accumulate in a variety of tissues with ageing.  They can develop 

a senescent-associated secretory phenotype (SASP) that entails secretion of 

inflammatory cytokines, chemokines, proteases and growth factors.  These SASP 

components can alter the microenvironment within tissues and affect the function 

of neighbouring cells, which can lead to local and systemic dysfunction.  The JAK 

pathway suppresses the SASP in senescent cells and alleviates age-related tissue 

dysfunction.  The JAK pathway is also important in GVHD.  Ruxolitinib, a specific 

JAK1/2 inhibitor is the only FDA-approved treatment for steroid refractory aGVHD.  

This drug has been shown to significantly reduce serum levels of IL-6 in patients 
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with GVHD and has efficacy in the treatment of both aGVHD and cGVHD (200).  

Takahashi et al (537) confirmed that hair follicle stem cells are targets for GVHD 

leading to delayed wound repair and alopecia and that topical Ruxolitinib 

suppresses donor T cell infiltration, protects hair follicle stem cells and ameliorates 

skin GVHD (537).    

The bioinformatics analysis presented has broadened our insight into the possible 

cellular signatures orchestrating lymph node remodelling and identified a number 

of candidate pathways that merit further study and validation.  A more precise 

understanding of the defects in the lymph node reorganisational programme in 

aGVHD would be greatly facilitated by comparison with a gene set documenting 

the transcriptional profiles of FRCs in a setting where FRC loss is followed by 

repair, such as occurs following LCMV infection.  Based on the findings, I 

hypothesise that the NK-κB signalling pathway is initiated in FRCs following 

radiation (531, 532) but that in the setting of aGVHD a SASP phenotype ensues to 

promote the pathophysiology of lymph node GVHD. 

7.4 LTi-like cells are not sufficient to repair GVHD lymph node damage 

In order to better understand why lymph node integrity is not restored in aGVHD, 

the bidirectional relationship between LTi-like cells and mesenchymal stromal cells 

was evaluated and the presence of LTi-like cells was found to be insufficient to 

allow repair of the peripheral lymph nodes in this setting.  Despite an accelerated, 

early recruitment of LTi-like cells, during a short window corresponding to the 

appearance of the VCAM-1hiICAM-1hi population, LTi-like cells are permanently 

lost in GVHD. 

My data show that LTi-like cells are not required for the maintenance of FRCs in 

peripheral lymph nodes following irradiation or in the setting of CD4+ T cell 

mediated lymph node GVHD.  In the setting of LCMV infection, full FRC recovery 

occurs in Rorγt-/- mice, which lack LTi-like cells (213).  Furthermore, the anti-IL-7 

blocking experiments show that loss of LTi-like cells in peripheral lymph nodes 

does not alter FRC numbers.  In contrast, LTi-like cells critically depend upon the 

presence of FRCs.  Acute depletion of FRC in the Ccl19-Cre.iDTR model directly 

leads to the loss of LTi-like cells in the absence of any other factors (e.g. 

inflammation, lymphopaenia, loss of MRCs).  MRCs are not depleted in this model 
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and because FRC numbers recover despite the absence of LTi-like cells it is 

unlikely that LTi-like cells are critical to the reconstitution of FRC in settings where 

precursors are preserved.  A crucial difference between the inducible FRC 

depletion model and aGVHD is the permanent loss of VCAM-1+ICAM-1+ cells in 

the latter, including MRCs, which not only compounds peripheral lymph node 

damage but also results in permanent failure to re-establish the LTo-LTi axis 

required to repair the FRC network.  The Class I experiments showed that loss of 

LTi-like cells in aGVHD required direct presentation of antigen by non-

haematopoietic cells.  In the absence of FRCs, IL-7 alone is not sufficient to 

prevent the loss of LTi.  IL-7 treatment in ageing and HIV infection also fails to 

overcome the defects caused by the loss of FRCs in these settings.  Becklund et 

al (150) demonstrated that IL-7 signalling, but not expression, is impaired in aged 

mice and that treating mice with exogenous IL-7 fails to increase the in vitro or in 

vivo homeostatic proliferation of naïve donor T cells.  In HIV infection, although 

complementing ART with IL-7 treatment in both SIV and HIV infection significantly 

increases the circulating naïve CD4+ and CD8+ T cell number, there is an 

immediate decline after termination of therapy, suggesting that complementing IL-

7 only provides transient survival benefit for naïve CD4+ and CD8+ T cells (230-232). 

My experiments depleting host LTi-like cells, show that LTi-like cells do 

nevertheless have a protective for all stromal cell subsets following allo-HSCT.  

Their loss in this setting led to an unexpected phenotype of blood-filled lymph 

nodes, suggesting breakdown of HEV barrier function.  These results suggest a 

model whereby FRC-LTi interactions are required for maintenance of LTi-like cells 

but repair of the damaged lymph node requires LTo-MRC precursor cell 

interactions with LTi-like cells.  Host ILCs are nevertheless protective for stromal 

cells and may help to maintain HEV integrity through cross talk with mesenchymal 

stromal cells.   

7.5 Future experiments  

In future experiments, an elegant experimental model to test the capacity of 

aGVHD-damaged peripheral lymph nodes to repair in a truly GVHD-free 

environment would be to transplant aGVHD-damaged peripheral lymph nodes into 

naïve syngeneic hosts using a method described by Mebius et al (476).  

Furthermore, the finding that host professional APCs are not required for the 
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induction of FRC injury in GVHD could be validated by carrying out similar 

experiments in other chimera mouse models where host-derived professional 

APCs are eliminated (109, 474).   

In order to directly test the hypothesis that increased apoptosis of Fashi FRC is 

consequent upon their interaction with Fas-L expressing alloreactive T cells, a 

proposed experiment would be to conditionally ablate Fas in FRC using Ccl19-

Cre.Fasfl/fl or Ccl19-Cre controls as BMT recipients and then evaluate FRC 

numbers in peripheral lymph nodes at day 7 and 21.  If expression of Fas is 

required for selective elimination of FRC, then one would expect FRC numbers to 

be preserved in Ccl19-Cre.Fasfl/fl BMT recipients compared with controls.  One 

anticipated limitation of this experiment is that Fas expression will not be ablated in 

MRCs in Ccl19-Cre mice.  My results from combined flow cytometry and 

transcriptional profiling suggest that increased apoptosis of MRCs, which comprise 

a small subset of the PDPN+CD31- population, may be a discriminating event in 

aGVHD compared with no aGVHD.  If MRCs are also targeted in a Fas/FasL 

fashion and the FRC pool is replenished from the MRC pool, then FRC loss will 

still occur in Ccl19-Cre.Fasfl/fl mice. 

The hypothesis that FRCs provide the essential niche for LTi-like cell 

differentiation and survival could be further confirmed in vivo by testing the effect 

of depleting FRCs following BMT in Ccl19-Cre.iDTR recipients without aGVHD.  In 

the absence of FRC depletion we expect to see normal reconstitution by donor 

LTi-like cells.  If no donor LTi-like cell reconstitution occurs in mice with FRC 

depletion, this will provide further evidence that FRCs provide a critical platform for 

the homeostasis of LTi-like cells. 

If loss of the RANKL+VCAM-1hiICAM-1hi precursor population is indeed 

fundamental to the failure of peripheral lymph node repair in aGVHD then 

treatment strategies aimed at repairing the niche using adoptively transferred LTi-

like cells or agonistic LTβR mAb will ultimately fail to restore the niche (267, 273, 490) 

unless LTo-MRC lineage cells can also be protected, or an alternative source of 

RANKL signal can be provided.  A key experiment to test this hypothesis would be 

to compare the damage to the peripheral lymph nodes in aGVHD in mice who are 

administered either agonistic anti-LTβR mAb or a combination of agonistic anti-
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LTβR mAb and anti-RANKL mAb.  If RANKL signalling is important in repairing the 

niche, FRC numbers would be expected to be higher in allo-HSCT recipients 

treated with a combination of agonistic anti-LTβR mAb and anti-RANKL mAb.  

While prolonged treatment with anti-RANKL mAb would be expected to increase 

the incidence of osteoporosis, short-term treatment may be clinically feasible and 

acceptable if significant benefits for the peripheral T cell niche can be proven. 

My research has provided some evidence supporting the hypothesis that donor 

LTi-like cell precursors fail to differentiate or survive when the protective 

mesenchymal stromal niche is damaged in aGVHD.  A non-mutually exclusive 

hypothesis is that absence of donor LTi-like cells results from a failure to generate 

LTi-like cell precursors in the BM in aGVHD.  Cupedo et al (488) showed that 

RANKL expression in the embryo is only found in the lymph nodes and bones.  

Lopes et al (162) recently showed that RANKL administration following BMT 

increased primitive precursors in the BM.  Therefore, it is tempting to postulate that 

a common mechanism exists, whereby both sites engender LTi-like cells with 

impaired expansion capacity in aGVHD, through loss of RANKL-precursors.  

An over-arching hypothesis is that preservation or restoration of the peripheral T 

cell niche will improve anti-leukaemia T cell responses and donor immune 

reconstitution following allo-HSCT.  Evidence to support this hypothesis could be 

provided by experiments to test whether an intact FRC network enhances the anti-

leukaemia functions of CAR-T cells.  We propose to test this model in Ccl19-

Cre.iDTR mice, with the anticipation that the number and function of CAR-T cells 

as well as the leukaemia-free survival of mice with an intact FRC network (PBS 

pre-treatment) will be significantly greater than in mice where the FRC network 

has been depleted (DT pre-treatment). 

From my research, I hypothesise that RANK-RANKL signalling may play a more a 

critical role in peripheral lymph node organogenesis than LTα1β2-LTβR signalling 

and it remains to be determined to what extent RANK-mediated signalling in 

mesenchymal stromal cells contributes to the processes that lead to lymph node 

organogenesis.  This question could be addressed by studying lymph node 

organogenesis in Cxcl13-EYFP mice crossed with Nikfl/fl mice, a recently 
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developed mouse model that allows conditional deficiency in the NF-κB-inducing 

kinase (NIK) (589). 

Another compelling question arises from this research; what role, if any, does the 

LTi-like cell play in the post-embryonic peripheral lymph node niche?  With the 

identification in my research of a protective role of host ILCs in maintaining the 

stromal niche, and in particular HEV integrity, an essential first step towards an 

integrated understanding of the physiological role of LTi-like cells in the adult 

lymph node has now been made.   

During the post-initiation processes of lymph node organogenesis, the rapid 

expansion of the blood vascular system in the growing lymph node is driven to a 

large extent by vascular growth factors that can be provided by activated 

mesenchymal stromal cells. Future studies are required to clarify the role of the 

potential interaction between mesenchymal LTo cells and the blood vascular 

endothelium and to explore an exciting new hypothesis that LTi cells might play an 

important role in this process. 

To test the hypothesis that host LTi-like cells are the specific ILC subtype 

providing this protective role, an experimental model could be used which tracks 

FRC numbers following the induction of GVHD in chimeric mice where host LTi-

like cells are either present or absent.  In this experiment, a second BMT is 

performed in established [Rorc-/- male→B6 male] versus [B6 male→B6 male 

chimeras].  Both chimeras will retain an intact lymph node and FRC structure but 

LTi-like cells will be absent in the former (213).  If host LTi-like cells provide 

stromal protection, then the [Rorc-/- male→B6 male] BMT recipients will be 

expected to demonstrate accelerated loss of FRC following induction of aGVHD.  

A ‘two-hit’ hypothesis for the development of cGVHD has been proposed, whereby 

the loss of central tolerance (‘hit one’) is followed by a second insult to peripheral 

tolerance mechanisms (‘hit two’), creating conditions favouring unchecked T cell 

autoreactivity and inflammation (186, 191).   We are testing the hypothesis that loss of 

PTA display by FRCs as a result of lymph node aGVHD promotes autoimmunity 

and chronic tissue injury.  
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7.6 A proposed model of aGVHD-induced loss of functional peripheral T 
cell niches  

When inflammation becomes prolonged and persists, it can become damaging, 

destructive and chronic (351).  In GVHD alloantigen persists following the initial 

primary response and continues to be presented on MHC Class I in non-

haematopoietic cells throughout the lifetime of the transplant recipient, resulting in 

T cell exhaustion and leukaemia relapse (109, 339).   In this respect, the immune 

response occurs under circumstances similar to those that occur in chronic 

infections or solid cancers, where antigen is not cleared and functional antigen-

specific T cells are also eventually lost (340, 341).  There are striking similarities 

between the fibrosis that occurs in lymph nodes with advancing age (148-151) and in 

chronic HIV infection (217, 229) and the findings in GVHD.  In all three setting there is 

loss of FRCs, a disorganised stromal network, impaired T cell function and 

homing, activation of TGF-β and NF-κB signalling, elevated serum levels of IL-6 

and increased incidence of autoimmune disorders.  Furthermore, treatment with 

exogenous IL-7 only provides transient survival benefit for naïve CD4+ and CD8+ T 

cells in the treatment of HIV infection (230-232) and fails to increase the in vitro or in 

vivo homeostatic proliferation of naïve donor T cells in ageing (150) and in GVHD, 

increasing IL-7 could not rescue LTi-like cell number or frequency (Figure 6-16, A 

& B), nor could it rescue the effect upon stromal cells.  There is increasing 

recognition that inflammation is a common molecular pathway that underlies in 

part, the pathogenesis of diverse human disease from infections, to immune-

mediated disorders and cancer, to ageing itself (351-353).  Given the commonalities 

between ageing, HIV infection and GVHD, it is attractive to hypothesise a shared 

pathophysiology and molecular pathways.   

Applying this hypothesis in GVHD would suggest a model whereby excess 

oxidative stress and DNA damage triggers the inflammasome, stimulating NF-κB 

and the IL-1β-mediated inflammatory cascade.  Autophagy is slowed, causing 

damaged cell machinery to accumulate and reduce cellular efficiency.  Senescent 

cells, possibly the MRCs or another mesenchymal stromal subset, increase and 

the associated ‘senescence-associated secretory phenotype’ SASP produces a 

self-perpetuating intracellular signalling loop and inflammatory cascade involving 

the NF-κB, IL-1α, TGF-β and IL-6 pathway that participates in the pro-
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inflammatory milieu and remodelling of the immune system.  Increased expression 

of TGF-β1 in regulatory T cells responding to immune activation, along with 

increased expression of its cognate receptor in spatially proximate fibroblasts, 

chronically activates the TGF-β1 signalling pathway resulting in progressive lymph 

fibrosis.  Changes in the secretome of the FRCs results in increased accumulation 

of collagen and/or reticulin.  This restricts T cell access to their survival factor IL-7 

on the FRC network, resulting in apoptosis and depletion of T cells, which in turn 

removes a major source of lymphotoxin-β, a survival factor FRCs, thus 

perpetuating a vicious cycle of depletion of T cells and the FRC network, resulting 

in profound impairment of host immune function.  This proposed model is 

presented in Figure 7-1. 

In summary, peripheral lymph nodes, whose primary function is the concentration 

of pathogens and immune cells to secure swift activation of innate and adaptive 

immunity are exquisitely sensitive to aGVHD.  Non-haematopoietic APCs are 

critical partners of donor allogeneic T cells from the outset of aGVHD.  Early 

interactions between donor T cells and non-haematopoietic stromal cells, in 

concert with inflammatory signals from the microenvironment provide essential 

instructive signals to induce T cell alloreactivity.  Allogeneic T cells specifically 

target the mesenchymal stromal lineage resulting permanent destruction of the 

lymph node.   As a consequence, naïve T cells are deprived of a protective 

stromal ‘niche’ that is critical to their expansion, survival and function, suggesting a 

novel mechanism of T cell failure following allo-HSCT, that is independent of 

tumour editing and T cell exhaustion.  Furthermore, loss of the stromal niche 

critically disrupts the LTo-LTi axis and aborts the reorganisational programme 

required to repair the lymph node. 

Current clinical strategies designed to improve immune reconstitution following 

allo-HSCT are aimed at directly augmenting T cell expansion.  Such strategies are 

likely to be of limited value if the host environment is not able to provide the 

necessary platform for T cell regeneration.  The evidence in ageing and HIV 

infection and presented here in the setting GVHD, strongly argues in favour of the 

need to develop therapeutic interventions to provide long-term survival benefit for 

naïve T cells through, preservation or restoration of the FRC network, where naïve 

cells can directly access IL-7. 
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In attempts to repair the peripheral niche in GVHD, a critical question to address is 

what controls the timing of lymph node development?  There is a limited time-

window of LTβR-dependent lymph node formation (490) during which a critical 

threshold of LTi cell recruitment appears to be required (580).  Identifying whether 

and when such a window of opportunity occurs in aGVHD will be crucial in 

informing future experiments in relation to the timing of interventions aimed at 

protecting the peripheral T cell niche.  Furthermore it will inform the timing of 

therapeutic interventions such as inhibition of TGF-β production with pirfenidone 
(350) and/or JAK1/2 pathway inhibition ruxolitinib (200).  Based on my research, I 

present a proposed model of aGVHD-induced loss of functional peripheral T cell 

niches that recognises the FRCs as key players in the pathophysiology (Figure 

7-1). 
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Proposed Model of aGVHD-induced loss of functional peripheral T cell niches
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Figure 7-1.  Proposed Model of aGVHD-induced loss of functional peripheral T cell niches. 
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1.   Decreased haematopoietic progenitors due to aGVHD damage to the 
      the bone marrow niche.
2.   Fewer LTi-precursors exported to the periphery.
3.   Failure of homing of haematopoietic cells (including LTi-precursors) to the
      peripheral T cell niche.
4.   Fas-FasL-mediated loss of FRCs.
5.   Oxidative stress and DNA damage triggers the inflammasome.
6.   Cytokine dysregulation and NF-κB inflammatory cascade.
7.   Initiation of a ‘reorganisational programme’ with expansion of a VCAM-1hi

      ICAM-1hi population.
8.   Loss of VCAM-1+ICAM-1+ cells with breakdown of the LTo-LTi axis.
9.   Autophagy is slowed and senescent cells increase.
10. Senescence-associated secretory phenotype ‘SASP’ leads to 
      pro-inflammatory cytokine cascade.
11. Changes in secretome of FRCs results in accumulation of collagen.
12. Apoptosis of T cell due to lack of access to survival factor IL-7 
13. Apoptosis of FRCs due to lack of access to survival factor LTβ
14. Loss of PTA display by FRCs results in failure to delete self-reactive T
      cells and promotes autoimmunity of cGVHD
15. Vicious cycle of depletion of T cells and FRC network with fibrosis.
16. Profound impairment of host immune function.
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