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Abstract

T cell activation requires a costimulation signal, which is typically provided by CD28 binding to
CD80 or CD86; hence CD80/CD86 availability is tightly regulated, in part through their removal
from APCs by Treg CTLA4-dependent transendocytosis. We aimed to model the impact of
changes in CD80/CD86 availability upon T cell proliferation and phenotype and to validate a
quantitative assay of transendocytosis, to explore the regulation of this process. Finally, we
aimed to explore the role of Treg, CTLA4 and CD80/CD86 in autoimmune hepatitis (AIH).

We demonstrated that Treg proliferation and phenotype were more sensitive to CD86 than to
CD80. Although CD80 and CD86 are often considered interchangeable, we observed greater
Treg proliferation, CTLA4, ICOS, and OX40 expression and reduced IL2 requirements, akin to
stronger CD28 signals, following costimulation with CD86. We demonstrated that CTLA4
impaired Treg costimulation by CD80, potentially explaining why CD86 was a more effective
ligand for CD28 despite its lower affinity. This suggested that the two ligands have differing
roles in Treg homeostasis.

We also established an assay to quantitatively measure Treg transendocytosis of CD80, which
reflected clinically significant CTLA4 mutations, and we demonstrated that IL2 and IL10
positively regulate transendocytosis.

The liver has a high degree of immunological tolerance, but when this breaks down
autoimmunity can occur. We observed that the regulated immune microenvironment in the
liver might be highly Treg/CTLA4-dependent and that in AIH there was an imbalance in CD80
and CD86 control, despite maintained Treg frequency and function.
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In summary, we present evidence for a fundamentally different role for CD80 and CD86 in
Treg homeostasis and a tool to quantitatively measure Treg transendocytosis, We present
some of the 1st functional data from intrahepatic Treg in AIH and evidence of an imbalance in
the control of CD28 costimulation, suggesting this pathway as a potential therapeutic target.
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Impact statement
The work presented in this thesis has the potential to impact upon several areas of clinical,
academic and industrial work. T cells are important components of the immune system and
perform fundamental roles in infections, cancer and autoimmune diseases. Costimulation is
critical for T cell activation and is typically delivered via T cell CD28 binding to its ligands CD80
and CD86. CD80 and CD86 are often considered synonymous, however, they have different
characteristics for binding to CD28 and another receptor, CTLA4. Regulatory T cells (Treg),
which switch off other immune cells and are important in regulating immune responses to
cancer and autoimmunity, are highly sensitive to CD28 signals.
We wanted to explore differences in Treg outcomes depending on whether they encountered
CD80 or CD86 and the impact of changes in CD80 and CD86 availability. We also aimed to
develop a method by which we could measure the activity of Treg in the removal of CD80 and
CD86 by transendocytosis, which is in part how they control immune responses. This would
allow us to study the signals that regulate transendocytosis and offer a novel method of testing
Treg function.
Lastly, we were interested in how the balance of Treg, CD80 and CD86 influence autoimmune
hepatitis (AIH). AIH is a relatively rare but serious liver disease that can cause liver failure.
Current treatments are not effective for all patients and have significant side effects. There is
evidence that Treg and T cell costimulation are important in liver immunity and, as Treg
therapies and costimulation targeting become established treatments, an understanding of the
importance of these pathways may allow their use as therapeutic targets in AIH.
We have demonstrated that CD86 provides superior CD28 costimulation to Treg, compared to
CD80, and demonstrated a plausible mechanism for this. The central importance of the
CD80/CD86 and CTLA4/CD28 axis to mammalian immunity to cancer, infection and to
autoimmunity illustrates the range of fields where this work will have an impact, for example in
anti-CTLA4 immunotherapy for cancer. The technological impact of this work may influence
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the ex vivo generation of Treg for cellular therapy products. This emerging technology has
shown promise in suppressing immune responses in autoimmunity and organ transplantation.
Improved understanding of Treg homeostatic signals and our novel method of assessing Treg
function may be beneficial in their production.
Our insights into the relative imbalance in the control of costimulation in AIH illustrate a
possible role for therapeutics that directly target CD80 and CD86, such as CTLA4-Ig. These
have not yet been tested in AIH, but could offer patients improved prognosis and treatmentrelated quality of life. Furthermore, our description of the liver immune environment in AIH
suggests potential novel markers of immunological remission, which may assist in
prognostication and treatment optimisation.
We have been able to contribute to several peer reviewed publications with this work,
including the application of our Treg transendocytosis assay for the assessment of thymic
transplant recipients. Further manuscripts are in preparation to disseminate this work to the
academic and clinical community.
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Figure 4.27: CD28 blockade interferes with CD86 mediated FoxP3+ T cell expansion.
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Figure 4.28: Blockade of CD86 on monocyte derived dendritic cells impairs FoxP 3+ T cell
CTLA4.

178

Figure 4.29: CD86 costimulation lowers the IL2 requirement for Treg survival compared
to CD80 or no costimulation.
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Figure 4.30: CD86 costimulation increases Treg proliferation at low and high
concentrations of IL2, compared to CD80.
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Figure 4.31: CTLA4 blockade improves Treg survival at low levels of IL2 when CD80 is
provided for costimulation.
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Figure 4.32: CD86 costimulation increases Treg CTLA4 expression compared to CD80. 185
Figure 4.33: CD86 costimulation increases Treg ICOS expression compared to CD80.
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Figure 4.34: Treg with low levels of CTLA4 derived from a patient with a homozygous
LRBA mutation proliferate robustly in response to CD80.
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Figure 4.35: Tregs with low levels of CTLA4 due to CTLA4 haploinsufficiency proliferate
equivalently in response to CD80 or CD86.
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Figure 4.36: CD80 is a poor ligand for CD28 when CTLA4 is present, compared
to CD86.
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Figure 5.1: Transfer of GFP labeled CD80 from CHO-80-GFP to Treg can be observed
over time.
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Figure 5.2: Minimal transfer of CD86 from CHO-86-GFP to Treg can be observed over
time.
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Figure 5.3: Bafilomycin enhances detection of CD86-GFP acquisition by FoxP3+ CD4
T cells.
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Figure 5.4: CD80 costimulation and uptake is the most robust measure of
transendocytosis.
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Figure 5.5: Acquisition of CD80-GFP by FoxP3+ CD4 T cells is CTLA4 dependent
and reflects CTLA4 levels.
Figure 5.6: Activated FoxP3- conventional CD4 T cells can acquire CD80-GFP.
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Figure 5.7: IL10 induces a dose dependent increase in FoxP3+ CD4 T cell CTLA4
expression.
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Figure 5.8: IL10 induces an increase in total CTLA4 levels, but not cycling or surface
CTLA4.

232

Figure 5.9: IL10 induces a dose dependent increase the acquisition of CD80-GFP by
FoxP3+ CD4 T cells.
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Figure 5.10: IL2 but not TGF-β, induces increased FoxP3+ CD4 T cell CTLA4 expression
and acquisition of CD80-GFP.
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Figure 5.11: CD80 transendocytosis reveals the impact clinically relevant alterations in
CTLA4 function in a patient with CTLA4 deficiency.
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Figure 6.1: CD4 and Treg frequency and proliferation are unchanged in the peripheral
blood of patients with AIH.
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Figure 6.2: Peripheral blood Treg CTLA4 is reduced in patients with AIH but Treg
phenotype is otherwise similar to healthy controls.
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Figure 6.3: The frequency of circulating CD80 and CD86 expressing antigen presenting
cells is unchanged in AIH.
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Figure 6.4: Total CD4 T cells and Treg are identified at lower frequency in non-AIH
liver compared to peripheral blood, but remain proliferative.
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Figure 6.5: Intrahepatic Treg have greater CTLA4 expression compared to peripheral
blood Treg, but other phenotypic markers are comparable.
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Figure 6.6: A greater frequency of CTLA4+PD1+ Treg is observed in the liver compared
to blood, which is associated with more Ki67.
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Figure 6.7: Intrahepatic monocytes have reduced HLA-DR and CD86 but increased CD80
levels.
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Figure 6.8: Total CD4 T cell frequency, Treg frequency and proliferation are preserved
in liver tissue from patients with autoimmune hepatitis.
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Figure 6.9: Intrahepatic Treg from patients with AIH have variable CTLA4 and ICOS
expression compared to those from non-AIH liver

268

Figure 6.10: Intrahepatic Treg from patients with AIH have higher PD1 expression than
those from non-AIH liver.
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Figure 6.11: Intrahepatic CD4 T cells may have lower expression of the IL10 receptor
subunit CD210 in autoimmune hepatitis compared to non-AIH liver.
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Figure 6.12: Intrahepatic monocytes have maintained frequency but greater CD86
expression in autoimmune hepatitis compared to non-AIH liver.
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Figure 6.13: Intrahepatic CD4 T cells express more HLADR in autoimmune hepatitis than
in non-AIH.

275

Figure 6.14: Intrahepatic Treg from patients with autoimmune hepatitis (AIH) have
preserved transendocytosis activity.
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Figure 6.15: A potential model for changes in the balance of intrahepatic CD80 or CD86
levels and Treg and Tcon activation in autoimmune hepatitis.
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Figure 6.16: A potential model for changes in the balance of intrahepatic IL10 sensitivity
in autoimmune hepatitis, driven by reduced IL10 receptor levels on hepatic Treg
and Tcon.
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Chapter 1:

Introduction

1.1 Organisation of the mammalian immune system
The mammalian immune system serves primarily to protect organisms from damage caused
by pathogens and to remove damaged or abnormal cells. As such, the immune system is
pivotal in the prevention of cancer and in the prevention and resolution of infections.
1.1.1 The innate im m une system
The immune system can be considered as having three broad divisions: barrier systems, the
innate immune system and the adaptive immune system. Physical barrier functions of the skin
and mucosal surfaces of the body, the action of cilia in the airways and the secretion of fluids,
such as tears and stomach acid, represent physical or chemical obstacles that prevent entry
of potential pathogens to the body.
The innate immune system comprises of a range of molecules, including acute phase
proteins, complement, antimicrobial peptides, and cells, including neutrophils, macrophages
and eosinophils. These components have antimicrobial activity via various mechanisms such
as direct microbial damage or phagocytosis and destruction of ingested material. The innate
immune system recognises its targets through the presence of conserved pathogen-specific
moieties such as mannose residues (Super et al., 1989) and lipopolysaccharide (LPS)
(Poltorak et al., 1998) (collectively referred to a pathogen associated molecular patterns
(PAMPs)), or host signals, such as reduced MHCI expression (Ljunggren and Kärre, 1985) or
markers of damaged tissue (referred to a damage associated molecular patterns (DAMPs)) to
initiate activity. As such, the innate immune system provides rapid and specific responses to a
limited range of evolutionarily selected, non-self-targets, each of which are borne by a range of
pathogens (Turvey and Broide, 2010, Buchmann, 2014).
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1.1.2 The adaptive im m une system
The adaptive immune system can respond to a very wide range of pathogens and detect
potentially unique molecules from a given pathogen, thereby allowing an organism to
effectively respond to the diverse range of microbes, and their evolution, that it will encounter.
The adaptive immune system is comprised of T and B lymphocytes, and their secreted
immunoglobulins. They are coordinated by interactions with antigen presenting cells, cytokine
signalling and direct cell-cell interactions, which bridge the innate and adaptive systems. T and
B lymphocytes are further divided into subsets depending upon their phenotype and effector
functions.
T cell progenitors arise in the bone marrow or fetal liver and mature in the thymus (Kumar et
al., 2018). Thymic emigrants are then broadly divided into those expressing CD4 and CD8,
which have different effector functions.
The majority of CD4 cells function as T helper cells (Th), named as such as their role is to coordinate and influence the activity and recruitment of other adaptive and innate effectors, and
their ‘help’ is essential for effective adaptive responses. Th cells are divided into subtypes
depending upon their cytokine expression profile and resultant effector function including proinflammatory Th1, Th2 and Th17 and also regulatory T cells (Treg) and T follicular helper cells
(Tfh) which provide help to B cells (Zhu et al., 2010). CD4 T cells typically bind their cognate
antigen presented on MHCII by professional antigen presenting cells (APCs) (Bonilla and
Oettgen, 2010).
One of the major roles of CD8 T cells is the killing of infected cells, hence they bind their
cognate antigens presented on the ubiquitously expressed MHCI. Intracellular peptides, either
self- or pathogen-derived, are presented on MHCI by all nucleated cells, enabling CD8 T cells
to recognise and induce the destruction of cells identified as ‘altered self’, thereby preventing
further pathogen replication or destroying potentially malignant cells (Zinkernagel and Doherty,
1974, Zhang and Bevan, 2011).
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1.1.3 T cell receptor diversity
There is marked variability in the T cell and B cell receptors (TCR, BCR), with each
lymphocyte clone having a unique receptor sequence and antigen specificity. This allows the
adaptive immune system to recognise an enormously diverse range of pathogens.
TCR diversity occurs as a result of recombination of one each of a variable (V), diversity (D)
and a joining (J) segment of the TCR genes, by the action of recombination activating genes
(RAG) 1 and -2 (Hozumi and Tonegawa, 1976, Oettinger et al., 1990). As each T cell
precursor has multiple V and J segments, this alone gives rise to a significant degree of
diversity. But variation is increased markedly by the unguided insertion or removal of several
nucleotides at the site of joining of the gene fragments (Bassing et al., 2002). As a result of the
pairing of two TCR chains, each of which is variable, the potential receptor sequence diversity
of αβ-TCR heterodimers has been estimated at up to 1015 (Davis and Bjorkman, 1988).
Although not all potential variants will occur in an individual, estimates of αβ-TCR diversity in
humans are of a minimum of 2.5X107 (Arstila et al., 1999), and even this is likely an
underestimate (Robins et al., 2009).
The huge sequence diversity of the TCR complexes within each individual gives rise to
enormous variation in peptide antigens that can be recognised by the TCR and therefore
stimulate adaptive immune responses. This enables the immune system to recognise a very
wide range of pathogens, including those not encountered by the organism before, and means
that the immune system should have specificity for pathogens as they evolve. However, this
receptor diversity comes with a risk of generating TCRs that recognise self-peptides and result
in autoimmunity.
1.1.4 Central im m une tolerance
The unguided generation of TCR diversity during T cell development means there is the
potential to generate not only functional TCRs specific for non-self-peptides but also those that
either do not bind peptide antigens presented in the context of MHC or TCRs that recognise
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self-peptides. Therefore, several processes occur in the thymus to select T cells with
functional TCRs but remove auto-reactive T cells, together these processes enable central
tolerance.
Developing T cells whose TCR is unable to engage with self-peptide-MHC complexes are
deleted in the cortex of the thymus, undergoing apoptosis due to “neglect” (Surh and Sprent,
1994). Conversely, T cells whose TCR does engage with peptide presented in the context of
MHC survive, thereby selecting T cells expressing functionally capable TCRs, a process
termed positive selection (Alam et al., 1996).
Auto-reactive TCRs are selected for clonal deletion if their TCR engages normally tissue
restricted self-antigens presented on MHC with high affinity, which are expressed by medullary
thymic epithelial cells (mTECs). The autoimmune regulator (AIRE) protein in mTECs allows
the ectopic expression of tissue-restricted genes, so peptides representing a wide range of
self-antigens are available during T cell selection (Derbinski et al., 2001, Anderson et al.,
2002). Developing T cells migrating through the thymic medulla are exposed to a range of selfpeptide-MHC complexes and those that bind strongly to these tissue restricted self-antigens
are induced to undergo apoptosis (Kappler et al., 1987, MacDonald et al., 1988, Klein et al.,
2014). This process, termed negative selection, results in the clonal deletion of strongly autoreactive T cell clones.
Other pathways in the thymus that contribute to central tolerance include receptor editing and
clonal diversion. Receptor editing refers to further genetic rearrangement of the α chain of the
TCR in a cell that fails negative selection, to alter antigen specificity (Wang et al., 1998). With
clonal diversion, auto-reactive T cells may be diverted in the thymus to become FoxP3+ Treg.
This occurs in cells bearing TCRs that are of higher affinity than would typically survive
negative selection and therefore generates self-antigen-specific cells that can suppress
immune responses (Aschenbrenner et al., 2007, Malchow et al., 2013, Itoh et al., 1999,
Jordan et al., 2001).
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Taken together, the diversity in the immune repertoire, which is required to recognise the
range of pathogens that humans are exposed to, results in the generation of non-functional
TCRs or potentially auto-reactive TCRs. Therefore the complex systems of negative and
positive thymic selection, resulting in clonal deletion and diversion, serve to protect against
inefficient or autoimmune responses.
1.1.5 Peripheral im m une tolerance
Despite efficient thymic selection processes that remove T cell clones with high affinity TCRs
directed against self-antigens, some auto-reactive T cell clones do still escape central
tolerance and are present in the periphery of patients with autoimmunity and in healthy
individuals (Maeda et al., 2014, Danke et al., 2004, Bouneaud et al., 2000, Yu et al., 2015).
Furthermore, a single TCR may be able to recognise a very wide range of peptides
(Wooldridge et al., 2012), so cross-reactivity with self-antigens is inevitable. Therefore, to
prevent self-reactivity, and undesired reactivity against innocuous exogenous antigens (e.g.
dietary antigens and commensal microbes) against which thymic negative selection cannot
occur, systemic regulatory mechanisms exist, termed peripheral tolerance. These consist of
ignorance to target antigen, auto-reactive T cell deletion, conversion to Treg or active
suppression.
T cell activation is a regulated process and T cells do not circulate in an activated state without
receiving signals to breach the activation threshold (Viola and Lanzavecchia, 1996). As the
availability of these signals can be controlled, this threshold for T cell activation is fundamental
to peripheral tolerance.
T cell activation requires at least two signals; the first is the TCR binding its cognate antigen
presented on MHC. To be activated, auto-reactive T cells must enter areas where their target
antigen is available. As naïve T cells are restricted to the peripheral blood and lymph nodes,
they cannot access antigens present only within tissue compartments in health and therefore
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do not cause damage unless they encounter the antigen elsewhere (Ohashi et al., 1991), this
phenomenon is termed immune ignorance.
T cells with low affinity auto-reactive TCRs only respond in the setting of high antigen
availability and most high affinity auto-reactive TCRs are removed by negative selection in the
thymus. Therefore, the majority of auto-reactive peripheral T cell TCRs will be of low affinity,
allowing low levels of self-antigen in the periphery to form a further barrier to activation (Zehn
and Bevan, 2006).
T cells also require a costimulation signal. Costimulation can be provided by a range of
receptor-ligand interactions, but is most commonly delivered by T cell CD28 signalling
(Harding et al., 1992) following engagement with its ligands CD80 or CD86, which are
expressed on antigen presenting cells (Lanier et al., 1995, Freeman et al., 1993a, Freeman et
al., 1993b, Azuma et al., 1993, Linsley et al., 1991). Other costimulation receptors are also
expressed by T cells, for example inducible T cell costimulator (ICOS) (Hutloff et al., 1999),
OX40 (Godfrey et al., 1994) and CD2 (Green et al., 2000), which can replace or synergise with
CD28 signalling. Regulation of the availability of costimulation ligands offers a further locus of
control of T cell activation.
Professional APCs, such as dendritic cells (DCs), have a range of receptors that detect
PAMPs and DAMPs, resulting in maturation of the cell. Maturation is associated with
increased surface levels of MHCII and the costimulatory molecules CD80 and CD86 (Mueller,
2010, Steinman et al., 2003). The requirement for costimulation therefore restricts autoreactive T cell activation in the absence of infection or tissue damage, thereby contributing to
peripheral tolerance.
As a result of limited costimulation, immature or “tolerogenic” DCs also prevent autoimmune
responses by the induction of T cell anergy or deletion following the presentation of selfpeptides (Hawiger et al., 2001, Takenaka and Quintana, 2017, Steinman et al., 2003). Anergic
T cells have impaired proliferative responses, limited pro-inflammatory cytokine production
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and resistance to further stimulation with the same antigen (DeSilva et al., 1991, Harding et
al., 1992). Anergy can be induced following T cell engagement with their target antigen in the
absence of sufficient costimulation. Therefore, the strategies that limit the availability of
costimulation ligands to settings of tissue damage or infection control auto-reactive T cell
responses and edit the peripheral immune repertoire.
A further level of control of auto-reactive T cells is via the interaction of naïve T cells with
specific populations of CD103+ DCs in the gastrointestinal tract, which can result in
transforming growth factor-(TGF)-β-dependent generation of peripherally derived Treg by
subversion of conventional T cells (Tcon) to FoxP3+ Treg phenotype (Coombes et al., 2007,
Sun et al., 2007). These peripheral Treg (pTreg) are important in suppressing responses to
self-antigens and to innocuous exogenous antigen (Josefowicz et al., 2012, Kretschmer et al.,
2005). The conversion of naïve auto-reactive T cells to Treg offers a mechanism by which
auto-reactive T cells are not only prevented from generating damaging responses but also
engender self-antigen-specific suppressive activity (Henderson et al., 2015).
Making effective costimulation available only upon sensing of danger signals is not the sole
mechanism for the control of T cells in the periphery. Other mechanisms include regulatory
cytokines, Treg activity (Wing and Sakaguchi, 2010) and catabolic enzymes such as arginase
and indolamine-2,3-dioxygenase (IDO) (Mellor et al., 2004). Arginase and IDO, which
metabolise arginine and tryptophan respectively, are examples of a group of enzymes that
control the availability of amino acids essential for T cell activation (Cobbold et al., 2009). The
role of Treg and the control of CD80 and CD86 availability will be discussed below.
Ultimately, there is an inherent balancing act required of the immune system, as the random
nature of TCR generation needed to generate the necessary diversity of immune repertoire
must be weighed against the risk of auto-reactivity. Whilst there are strict controls offered by
central and peripheral tolerance mechanisms, auto-reactive T cells can escape this, resulting
in autoimmunity.
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1.2 Autoimmunity
Breakdown of self-tolerance results in the activation of auto-reactive immune cells with
resultant tissue damage. The clinical outcome depends upon the tissue location of the target
antigens which may restrict immunopathology to a single tissue or organ, such as with
autoimmune thyroid disease or type 1 diabetes, or be systemic, as with rheumatoid arthritis or
systemic lupus erythematosus (Theofilopoulos et al., 2017). Whilst autoimmune diseases are
individually rare, estimates for the combined population prevalence of a selection of 29
autoimmune disorders range up to nearly 10%, in developed countries (Cooper et al., 2009),
similar in prevalence to common disorders such as obesity or depression (NHS Digital, 2017).
There are multiple models to explain the mechanisms underlying autoimmunity. Genetic
predisposition is important in increasing an individual’s risk of autoimmunity. Patients with an
individual autoimmune disorder have high likelihood of having more than one disorder
(Somers et al., 2009) and a high prevalence of family members with autoimmunity (CárdenasRoldán et al., 2013), suggesting systemic and heritable factors in autoimmunity. Genomic data
has revealed common underling risk loci associated with the majority of autoimmune
syndromes, particularly MHC, T cell costimulation and signalling pathways, and proinflammatory and immunoregulatory cytokines (Lessard et al., 2012, Farh et al., 2015,
Zenewicz et al., 2010). Together, this suggests that the risk of autoimmunity relates to
heritable differences in T cell activation thresholds, perhaps allowing auto-reactive T cells to
be activated more readily in the periphery of susceptible individuals.
Other insights into the initiation of autoimmunity include rare monogenic syndromes of
autoimmunity. For example, CTLA4 (Schubert et al., 2014, Kuehn et al., 2014), FOXP3 (Wildin
et al., 2001, Bennett et al., 2001), and AIRE (Nagamine et al., 1997, Finnish-German
APECED Consortium, 1997) mutations, which lead to ineffective control of CD28
costimulation, absence of Treg and failure of negative selection of auto-reactive T cells in the
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thymus, respectively, illustrate the critical and non-redundant roles of these pathways in selftolerance.
Environmental triggers are also thought to be important in autoimmunity. This can relate to
infections or other tissue damage resulting in the release or increased levels of tissue
restricted antigens, thereby bypassing immunological ignorance. Furthermore, cross-reactivity
or molecular mimicry, where immune cells that target a microbial or exogenous antigen also
recognise a similar self-antigen, may direct damage against the self-tissues. These processes
are implicated in many autoimmune disorders (Rojas et al., 2018).
A similar principle underlies the concept of epitope spreading; because of the initial tissue
damage, other previously tissue restricted antigens then become visible to the immune system
and further auto-reactive immune cells may then respond, amplifying tissue damage.
Additionally, inflammatory mediators including cytokines and chemokines will augment
inflammatory cell recruitment and immune responses to the damaged self-tissue (Rosenblum
et al., 2015).
In summary, autoimmunity is a complex process that is a consequence of the presence of
auto-reactive effector immune cells coupled with genetic and environmental factors that result
in the failure of peripheral tolerance. In addition to the factors outlined above an imbalance in
effector T cells and Treg function has been implicated in many autoimmune disorders and will
be discussed below.

1.3 Treg and CTLA4 in the control of CD28 costimulation
1.3.1 The role of the TCR and CD28 in T cell activation
CD4 T cells require at least two distinct signals to become activated, one delivered via the
TCR binding its cognate antigen and a second signal, referred to as costimulation, typically
delivered via CD28 (as outlined in section 1.1.5).
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The TCR complex is composed of a heterodimer of α and β TCR chains, which determine
antigen specificity, and CD3 subunits arranged as heterodimers of CD3εδ, CD3εγ and a
CD3ζζ homodimer, which provide signalling activity (Smith-Garvin et al., 2009). Following
binding of the TCRαβ to peptide antigen and engagement of the CD4 co-receptor with class II
MHC, the SRC family protein tyrosine kinases Lck and Fyn are recruited to the intracellular tail
of CD4 (Ngoenkam et al., 2018). These enzymes catalyse the phosphorylation of
immunoreceptor tyrosine-based activation motifs (ITAMs), duplicated amino acid motifs
consisting of a tyrosine residue separated from a leucine or isoleucine residue by two other
amino acids (YxxxL/I), on the intracellular tail of CD3 subunits (Love and Hayes, 2010). The
phosphorylated ITAMs recruit another protein tyrosine kinase called ZAP70, which is also
phosphorylated by Lck or Fyn and in turn phosphorylates linker for activated T cells (LAT).
Phosphorylated forms of LAT can interact with a host of signalling molecules, resulting in the
activation of several different signalling pathways (Ngoenkam et al., 2018).
Downstream TCR signals broadly divide into three pathways: 1) calcineurin 2) NF-κB and 3)
mitogen activated protein kinase (MAPK) signalling. Calcineurin activation is achieved by the
recruitment of phosphoinositide phospholipase C-γ1 (PLCγ1) to LAT, which catalyses the
hydrolysis of plasma membrane phosphatidylinositol 4,5-bisphosphate (PIP2) to produce
inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 results in the flux of calcium ions into
the cytoplasm leading to the activation of calcineurin and subsequent activation and nuclear
localisation of the transcription factor nuclear factor of activated T cells (NFAT) (Gaud et al.,
2018).
DAG results in the activation of the transcription factors AP-1 and NF-κB via pathways
involving the kinases Ras and Erk in the former and Protein Kinase C θ (PKCθ) in the later. A
range of other adaptor and signalling proteins are recruited to LAT, such as Grb2 and Gads,
which induce and augment the a range of signalling pathways, converging similarly on the
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activation of the transcription factors such as AP-1 via the JNK and ERK signalling pathways
(Gaud et al., 2018).
TCR signalling, in concert with costimulation signals also results in the activation of
phosphatidylinositol 3-kinase which results in the phosphorylation of PIP2 to PIP3 at the
plasma membrane. PIP3 can then recruit further signalling proteins to the plasma membrane
including PDK1, which in turn activates Akt. Akt then affects a range of other targets reducing
the nuclear localisation, hence transcriptional activity, of the FOXO family of transcription
factors, increasing activity of the mTOR pathways altering cell survival factor transcription
such as Bcl-2 and Bcl-XL (Okkenhaug et al., 2004, Boomer and Green, 2010) (Gaud et al.,
2018).
The consequences of TCR signalling are myriad but overall contribute to the activation,
survival, proliferation, effector function, motility and differentiation of T cells. TCR engagement
results in the transcription of genes including cytokines such as IL2, IFNγ, those involved in
protein synthesis, cell cycle progression, the suppression of the transcription of genes such as
CD62L and the IL7 receptor, changes in glucose and fatty acid metabolism, nutrient uptake
and cytoskeletal rearrangements (Navarro and Cantrell, 2014).
The costimulation signal required by T cells is mainly delivered via CD28 in CD4 T cells. CD28
is a 44kDa homodimeric glycoprotein; each monomer comprises of an extracellular
immunoglobulin-V-like domain, a single transmembrane domain and an intracellular tail with
highly conserved signalling motifs.
CD28 is present on the vast majority of CD4 T cells and most CD8 T cells (Aruffo and Seed,
1987, Boomer and Green, 2010, Esensten et al., 2016) and has a critical role in the
costimulation of T cells (Viola and Lanzavecchia, 1996, Jenkins et al., 1991). CD28 deficiency
in mouse models results in impaired T cell responses, immunoglobulin production and class
switching, potentially related to loss of B cell help from Tfh cells, however cytotoxic T cell
responses are partially preserved (Shahinian et al., 1993, Green et al., 1994). Additionally,
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CD28 is important in negative selection of T cell precursors bearing auto-reactive TCRs in the
thymus, as CD28 deficiency allows the escape of TCRs that bind self-antigen more strongly
(Buhlmann et al., 2003).
CD28 directly augments the signalling pathways initiated by TCR activation In addition to
direct signalling. CD28 engagement with ligands results in actin remodelling (Tan et al., 2014)
and stabilisation and organisation of the immune synapse which serve to directly amplify TCR
signal by improving contact with the APC and excluding inhibitory phosphatases from the
signalling complex (Porciello and Tuosto, 2016). This augments the downstream TCR
signalling pathways including PLCγ1 and resultant NF-κB activation and calcium flux.
Direct signalling via CD28 following engagement with either of its two ligands, CD80 or CD86,
occurs by a complex and not fully delineated pathway (Boomer and Green, 2010). Conserved
signalling residues in the cytoplasmic tail of CD28 including a YMNM motif and a PYAP motif,
undergo tyrosine phosphorylation by Lck (King et al., 1997) and Fyn (Raab et al., 1995). This
allows recruitment of SH2- and SH3-domain proteins including kinases and adaptor proteins
such as PI3K (Pages et al., 1994, Truitt et al., 1994, Cai et al., 1995), Grb-2 (Kim et al., 1998,
Schneider et al., 1995) and Gads (Ellis et al., 2000), amongst others. Grb-2 and Gads
recruitment results in the activation of the PLCγ1, JNK and ERK pathways, similarly to the
TCR, leading to increased AP-1 transcription factor activity (Boomer and Green, 2010). PI3K
recruitment results in increased PIP3, which indirectly activates AKT resulting in stimulation of
the non-canonical p52/RelA NF-κB pathway (Marinari et al., 2004).
The end result of the TCR and CD28 signalling cascades is the activation and nuclear
localisation of transcription factor complexes including NFκB (Coudronniere et al., 2000, Lin et
al., 2000, Shapiro et al., 1997), AP1 (Su et al., 1994) and NFAT (Diehn et al., 2002), which
mediate the transcriptional consequences of TCR and CD28 signalling.
Whilst CD28 costimulation is important in augmenting TCR signalling and reducing the
threshold for TCR activation, signals unique to and independent of the TCR are delivered
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following engagement of CD28 (Porciello and Tuosto, 2016). TCR independent upregulation of
pro-inflammatory cytokine production, such as IL6, IL8 and IL17 via PI3K signalling (Camperio
et al., 2014), IL2 via the adaptor protein Vav1 and increased NFAT translocation (Raab et al.,
2001) and TNFα, CD69 (Diehn et al., 2002), Bcl-XL and IL8 via a non-canonical NFκB
pathway (Marinari et al., 2004), have been described for CD28. CD28 can induce T cells to
enter and progress through the cell cycle independently of IL2, demonstrating that CD28
outcomes are not simply manifest via the actions of IL2 either (Appleman et al., 2000).
These TCR-independent pathways illustrate how CD28 specific cellular outcomes are
achieved, such as IL2 synthesis and response, pro-survival signals (Dodson et al., 2009), and
T cell proliferation (Okkenhaug et al., 2001, Dodson et al., 2009). It is therefore plausible that
the balance of TCR and CD28 signal received by a T cell will alter the final transcriptional and
cellular response obtained (Okkenhaug et al., 2004).
1.3.2 IL2 receptor signalling in T cells
Whilst TCR and CD28 costimulation signals are adequate for T cell activation, IL2 is important,
amongst other cytokines, in stimulating T cell proliferation and effector responses. IL2 is
synthesised predominantly by activated CD4 T cells, although a range of other lymphocytes
and myeloid cells may also produce it (Nelson, 2004, Abbas et al., 2018). The function of IL2
is complex (see section 6.3.9), but it can induce the survival, proliferation and effector
function of lymphocytes, but also the activation induced cell death of Tcon (Refaeli et al.,
1998). Overall IL2 supports immunoregulation due to the greater sensitivity of Treg to IL2,
compared to Tcon (Yu et al., 2009, Almeida et al., 2002) which explains why IL2 deficiency
results in overwhelming autoimmunity, similar to Treg deficiency (Willerford et al., 1995, Malek
et al., 2002).
IL2 is bound by the high affinity IL2 receptor (IL2R), a trimeric complex of IL2Rα (CD25),
IL2Rβ (CD122) and the common γ-chain (CD132) (Takeshita et al., 1992). Whilst an
intermediate affinity complex of IL2Rβ and the common γ-chain can form in the absence of
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IL2Rα, its physiological role appears limited in mature T cells (Willerford et al., 1995). The
upregulation of IL2Rα expression following T cell stimulation therefore engenders their
sensitivity to IL2. IL2Rα is upregulated on conventional T cells following antigen exposure and
CD28 costimulation (see section 1.3.2) (Diehn et al., 2002) and as a result of several
cytokines (Liao et al., 2013) and is expressed constitutively on Treg (Sakaguchi et al., 1995),
which is maintained by IL2 itself (Yu et al., 2009)(see below).
Following binding of IL2 to the receptor complex the signal is transduced via the IL2Rβ and
the common γ-chain subunits. Janus-associated kinases 1 and 3 are complexed with IL2Rβ
and the common γ-chain respectively, and catalyse the phosphorylation of residues in the
cytoplasmic tail of IL2Rβ. This enables recruitment and activation of components of several
signalling pathways: 1) MAPK 2) PI3K and 3) Signal transducer and activator of transcription
(STAT)-5 (amongst others).
The MAPK pathway is activated by IL2 following the recruitment of the adaptor protein Shc,
which then binds Grb2 (Ravichandran and Burakoff, 1994) and ultimately results in the
activation of Erk (Friedmann et al., 1996). Similarly to TCR and CD28 signalling, IL2 receptor
signalling activates PI3K (Augustine et al., 1991) resulting in increased levels of PIP3 and
modulation of Akt with resultant changes in mTOR and other metabolic pathways and changes
in gene transcription resulting in survival and proliferation (Ahmed et al., 1997, Kuo et al.,
1992). STAT5 is the dominant STAT molecule implicated in IL2 signalling and binds to IL2Rβ,
is activated and translocates to the nucleus where it activates transcription of a number of
genes including IL2RA, creating a positive feedback loop in IL2 signalling (Nakajima et al.,
1997) (Kim et al., 2001), FOXP3 and genes relating to metabolic, signalling and the regulation
of apoptosis (Kanai et al., 2014).
The relative activity of these different pathways differs between lymphocyte subsets, for
example the PI3K-Akt pathway is inhibited in Treg due to the high level of phosphatase and
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tensin homologue (PTEN), which dephosphorylates PIP3 to PIP2 (Walsh et al., 2006), hence
rendering Treg resistant to the effects of the mTOR inhibitor rapamycin (Battaglia et al., 2006).
The IL2 axis is regulated by both TCR and CD28 signals, which can operate independently of
each other. IL2 production is enhanced by CD28 signalling (Kim et al., 1998, Fraser et al.,
1991), dependent upon a CD28 responsive element in the IL2 gene promoter, containing
NFκB binding sites (Shapiro et al., 1997, Verweij et al., 1991), and increased IL2 mRNA
stability and nuclear export (Porciello and Tuosto, 2016). Interestingly, NFAT can complex with
AP-1 to increase IL2 transcription or with FoxP3 to inhibit IL2 and increase IL2Rα (CD25, the
high affinity IL2 receptor) and CTLA4 transcription, demonstrating a direct link between the
hallmarks of classical Treg: FoxP3, CTLA4 and CD25 expression and the absence of IL2
production (Wu et al., 2006).
Therefore, it is clear that the activation, phenotype and outcomes of T cell responses are
dependent upon the balance of contributing TCR, CD28 and cytokine signals, including IL2,
and degree of regulatory control of these pathways within lymphocytes. Therefore differing
levels of these signals during T cell activation alter a cell’s biochemical and functional
outcomes.
1.3.3 CD80 and CD86: the ligands of CD28
CD80 and CD86 are both ligands of CD28 and are able to costimulate T cells (Lanier et al.,
1995, Freeman et al., 1993c, Freeman et al., 1993b, Azuma et al., 1993, Linsley et al., 1991)
resulting in overlapping functions in vivo (Borriello et al., 1997). They arose following gene
duplication and are conserved across mammalian species (Hansen et al., 2009, Collins et al.,
2005). However, CD80 and CD86 have undergone significant sequence divergence, and
retain only 26% amino acid sequence identity (Freeman et al., 1993c). CD80 and CD86 have
differing affinities for CD28 (see section 1.4), but despite this are often considered to have
similar roles due to their overlapping functions in vivo. However, careful consideration of
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studies of mice that lack either or both ligands reveals some evidence for CD80 and CD86
having different roles.
Predictably, combined CD80 and CD86 deficient mice have a similar phenotype to CD28deficient animals (Borriello et al., 1997). However, absence of one or other ligand results in a
mild phenotype with normal CD4 T cell frequencies and immunoglobulin levels and evidence
of only modest reductions in T cell costimulation (Freeman et al., 1993b, Borriello et al., 1997,
Santra et al., 2000), supporting the idea of them having overlapping roles. However, CD80-/mice mount humoral and cytotoxic T cell responses to antigen or DNA vaccination, which are
only modestly reduced compared to wild-type. In contrast, CD86-/- mice fail to generate
immunoglobulin, undergo isotype class switching, form germinal centres following antigenic
challenge in the absence of adjuvant and have impaired T cell proliferative and cytotoxic
responses (Borriello et al., 1997, Santra et al., 2000). This suggests that in vivo the
requirements for CD80 and CD86 do differ and their roles in T cell costimulation are not
identical.
CD80 and CD86 expression also differ with regards to the cells that express them
constitutively, the timing of expression and the signals that regulate them. CD86 is
constitutively expressed on the surface of several APCs including monocytes, dendritic cells
and B cells and increases in both CD80 and CD86 occur following APC activation, for example
following exposure to LPS (Hathcock et al., 1994, Buelens et al., 1997). CD86 is upregulated
early and CD80 later following APC activation (Hart et al., 1993, Boussiotis et al., 1993,
Lenschow et al., 1993). Various cytokines also influence the expression of CD80 and CD86;
IFNγ induces CD80 expression on monocytes (Freedman et al., 1991) and CD86 on
macrophages and monocytes (Hathcock et al., 1994, Creery et al., 1996), IL5 induces CD86
on B cells (Hathcock et al., 1994) and IL10, TGFβ and TNFα have been reported to prevent
CD86 expression on monocytes and dendritic cells (Liu et al., 1999, Creery et al., 1996,
Buelens et al., 1995, Geissmann et al., 1999, Chattopadhyay and Shevach, 2013, Buelens et
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al., 1997). CD80 and CD86 levels are also reduced by the action of CD4 Treg (Misra et al.,
2004, Cederbom et al., 2000, Oderup et al., 2006, Onishi et al., 2008) including by their
removal from the surface of APCs by CTLA4 dependent transendocytosis, which may not
affect CD80 and CD86 equally (Qureshi et al., 2011).
Coupled with the evolutionary sequence divergence of the two ligands and their differing
binding characteristics (see section 1.4), the differences in the spatio-temporal regulation of
CD80 and CD86 expression suggest that these proteins may have different functions.
1.3.4 The role of regulatory T cells in im m une regulation
CD4 Treg are critical, non-redundant regulators of the immune system and are defined by the
presence of the transcription factor FoxP3, which maintains Treg phenotype and function (Hori
et al., 2003). Additionally, the Treg phenotype comprises the constitutive expression of CTLA4
and the high affinity IL2 receptor subunit CD25 (Read et al., 2000, Takahashi et al., 2000,
Sakaguchi et al., 1995) and low levels of the IL7 receptor, CD127 (Liu et al., 2006). The
function of Treg is to suppress the proliferation and IL2 production of Tcon (Thornton and
Shevach, 1998, Takahashi et al., 1998).
Deficiency or absence of Treg causes a syndrome of widespread lymphoproliferation and
autoimmunity. Adoptive transfer of CD4 T cells depleted of CD25+ Treg results in the induction
of autoimmunity in syngeneic mouse models (Sakaguchi et al., 1995), which illustrates the
critical role of Treg in the maintenance of self-tolerance. Deletion of FOXP3 in mice and

FOXP3 mutations in humans lead to scurfy and Immune Dysregulation Polyendocrinopathy,
Enteropathy, X-linked syndrome (IPEX), respectively (Wildin et al., 2001, Bennett et al., 2001,
Fontenot et al., 2003, Khattri et al., 2003). These disorders are characterised by autoimmunity
affecting a range of tissues resulting in autoimmune cytopaenias, insulin dependent diabetes,
arthritis, enteropathy and dermatitis. Deletion of Treg in neonatal and in adult mice also
induces a similar phenotype demonstrating that Treg are important in both the establishment
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and the maintenance of self-tolerance by suppressing auto-reactive T cells that have escaped
central tolerance (Kim et al., 2007).
Treg are also important in the maintenance of tolerance to alloantigens; in animal models of
solid organ transplant tolerance, conditional Treg ablation leads to rejection (Miyajima et al.,
2011) and adoptive transfer of Treg has been successful in the induction of tolerance to solid
organ transplants in humans (Todo et al., 2016).
FoxP3+ Treg may be generated in the thymus (tTreg) or induced in the periphery (pTreg).
tTreg are induced from precursors in the thymus following high affinity interaction of their TCR
with self-antigen, and therefore are likely responsible for suppressing immune responses to
self-antigens. Naïve Tcon can be induced to express FoxP3 in the periphery and acquire
suppressive activity under certain conditions. These pTreg are less stable than tTreg and may
function more generally to terminate T cell activation and provide regulation of immune
responses to exogenous antigens, such as in oral tolerance (Kitz et al., 2018, Sakaguchi et al.,
2008).
Treg generation and homeostasis are dependent on several factors including CD28 signalling,
IL2 and IL10. CD28 deficient mice have low Treg numbers (Salomon et al., 2000) due to both
impaired thymic generation and peripheral Treg homeostasis (Gogishvili et al., 2013, Tai et al.,
2005, Tang et al., 2003) and strong CD28 costimulation is required for Treg proliferation
(Hombach et al., 2007). The constitutive presence of low levels of CD28 ligands on APCs in
the periphery is required to maintain Treg populations and self-tolerance in the steady state
(Lohr et al., 2003). Treg selective deletion of CD28 results in the gradual onset of a scurfy-like
disorder, impaired Treg proliferation and suppressive activity, although surprisingly well
preserved Treg numbers in the periphery (Zhang et al., 2013). Similarly, CTLA4 deficiency in
mice and humans, which reduces the regulation of CD28 ligands, results in the expansion of
peripheral Treg populations (Schubert et al., 2014, Schmidt et al., 2009, Paterson et al., 2015,
Klocke et al., 2016). Taken together these observations illustrate the dependence of Treg
upon adequate CD28 signals.
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Treg are also dependent upon cytokines such as IL2 (Fontenot et al., 2005, Setoguchi et al.,
2005, Malek et al., 2002). As a result mice deficient in IL2 or components of the IL2 receptor
develop fatal widespread inflammation and autoimmunity due to a lack of Treg (Suzuki et al.,
1995, Willerford et al., 1995, Sadlack et al., 1993, Almeida et al., 2002, Malek et al., 2002).
Treg also require IL10. Mice with IL10 or IL10 receptor deficiency develop spontaneous
immune mediated colitis and have a propensity for other autoimmune disorders (Kuhn et al.,
1993, Ng et al., 2013) and in humans IL10 receptor defects result in early onset inflammatory
bowel disease (Glocker et al., 2009, Moran et al., 2013). Treg selective IL10 receptor deletion
results in an inability to control induced immune-mediated colitis and also to the spontaneous
onset of colitis (Chaudhry et al., 2011, Murai et al., 2009), suggesting that, at least in part, the
disease seen in IL10 deficiency is due to lack of effective Treg.
Taken together these observations illustrate a complex and critical network of signals that are
required for the generation, maintenance and function of Treg in the periphery and are
therefore important for tuning the balance of Treg and Tcon.
1.3.5 Treg-m ediated suppression: a pivotal role for CTLA4
CTLA4 is a homologue of CD28, with a similar domain structure of a single extracellular Ig-Vlike domain, single transmembrane domain and highly conserved intracellular tail, and exists
as a homodimer. CD28 and CTLA4 arose by gene duplication but have undergone extensive
sequence divergence, with less than 30% homology in humans (Harper et al., 1991). Despite
this evolutionary divergence the ligand-binding motif MYPPPY is conserved, enabling both
proteins to bind CD80 and CD86. CTLA4 is constitutively expressed on Treg but is induced on
Tcon following stimulation. Despite the common ancestry and shared ligands of CTLA4 and
CD28, they have diametrically opposed functions with CTLA4 suppressing T cell activation
and CD28 being critical for T cell stimulation.
Treg have been demonstrated to suppress immune responses by a variety of mechanisms.
Whilst Treg require antigen specific stimulation to suppress effector T cells, once activated
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they suppress responder cells of any antigen specificity (Takahashi et al., 1998). Mechanisms
of suppression employed by Treg include regulatory cytokines such as IL10 and TGF-β
(Asseman et al., 1999, Read et al., 2000), sequestration of IL2 by CD25 (Pandiyan et al.,
2007), metabolism of adenosine triphosphate to adenosine (Deaglio et al., 2007), induction of
IDO expression in dendritic cells (Grohmann et al., 2002), effector T cell killing with perforin
and granzyme (Cao et al., 2007) and prevention of CD28 costimulation by control of CD80 and
CD86 (Paust et al., 2004).
CTLA4 is critical for Treg function and the maintenance of immune tolerance. Germline
deletion of CTLA4 results in lymphoproliferation, multi-organ lymphocytic infiltration, tissue
destruction and autoimmunity driven by self-antigen specific effector T cells (Tivol et al., 1995,
Waterhouse et al., 1995, Ise et al., 2010). Induced CTLA4 deficiency in adulthood also
induces widespread autoimmunity and exacerbates models of collagen-induced arthritis
(Klocke et al., 2016). Treg specific deletion of CTLA4 similarly results in autoimmunity and
systemic lymphoproliferation illustrating the critical role for CTLA4 in Treg function (Wing et al.,
2008). Surprisingly, in two separate models of CTLA4 loss in adulthood, resistance to
experimental autoimmune encephalomyelitis in mice was noted following systemic or Treg
specific loss of CTLA4 (Paterson et al., 2015, Klocke et al., 2016). This may be potentially
explained by the expansion of Treg populations due to greater access to CD28 ligands and
resultant increased non-CTLA4-dependent mechanisms of suppression by Treg (Tang et al.,
2004, Kataoka et al., 2005).
Further evidence for the non-redundant role of CTLA4 in Treg-mediated control of
autoimmunity came from the observation that Treg generated in CTLA4 deficient mice were
unable to control antigen specific pancreatic autoimmunity (Schmidt et al., 2009),
lymphopaenia-induced T cell proliferation, effector function and colitis (Sojka et al., 2009).
Additionally, reconstitution of CTLA4 expression is an absolute requirement for regulatory CD4
T cell activity in the setting of scurfy (FoxP3 deficiency) (Yamaguchi et al., 2013). Taken
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together these observations illustrate the non-redundant and critical role for Treg CTLA4 in
maintaining the balance of Tcon activation and the control of autoimmunity.
CTLA4 haploinsufficiency and deficiency of lipopolysaccharide-responsive and beige-like
anchor protein (LRBA), which has a putative role in CTLA4 trafficking, results in autoimmunity
coupled with immunodeficiency (Schubert et al., 2014, Kuehn et al., 2014, Lo et al., 2015,
Lopez-Herrera et al., 2012, Gamez-Diaz et al., 2016). These syndromes have clear parallels
to animal models, suggesting that in humans CTLA4 fulfils a similar role in the maintenance of
self-tolerance and control of Tcon activation. Further evidence for this role comes from the use
of anti-CTLA4 antibodies in immune checkpoint inhibition for cancer therapy. Over 60% of
patients receiving anti-CTLA4 antibodies develop immune-related adverse events which may
affect any organ systems, fitting with CTLA4’s role in the control of polyclonal auto-reactive T
cells (Rowshanravan et al., 2018). Lastly, common variants in CTLA4 that subtly reduce
protein levels are associated with increased lifetime risks of autoimmunity and reduced risks of
cancer, again suggesting that even subtle alterations in the level of CTLA4 influence the
balance of auto reactivity (Sun et al., 2009).

1.4 The interaction of CD28 and CTLA4 with their shared
ligands, CD80 and CD86
1.4.1 The m echanism of action of CTLA4
Approximately 90% of CTLA4 protein is found in intracellular compartments, but it is highly
trafficked to and from the plasma membrane and then degraded via a lysosomal pathway
(Qureshi et al., 2012). Several models have been proposed for how CTLA4 functions as a
negative regulator of immune responses. Originally it was considered to provide a negative
signal to T cells to repress their activity. In support of this were the observations of high
sequence conservation and putative signalling motifs in the intracellular tail. However, many of
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the observed signalling events have not been replicated (Walker and Sansom, 2015) and this
model does not fit the observed cell-extrinsic nature of CTLA4 function.
In CTLA4 deficient animals, lymphoproliferation and T cell hyperactivation is observed.
However, this phenotype is abrogated in bone marrow chimeras of wild type and CTLA4
deficient cells (Bachmann et al., 1999). In the chimeric animals CTLA4-deficient Tcon had a
quiescent, resting phenotype, akin to the wild type cells. This suggested that the
hyperactivated phenotype of effector T cells in CTLA4 deficiency is not due to an intrinsic
deficit in CTLA4 signalling and that CTLA4 can mediate the regulation of T cells in trans.
CTLA4 binds to CD80 and CD86 with greater affinity than does CD28 (Collins et al., 2002).
This observation explains other potential modes of action. In the simplest model, CTLA4 outcompetes CD28 for binding to CD80 and CD86 (figure 1.1 A-D) (Thompson and Allison,
1997). CTLA4 can therefore deprive effector T cells of a costimulation signal, but as <10% of
CTLA4 is present on the cell surface whereas the majority of CD28 is, this would be an
inefficient process. Subsequently, Treg were observed to alter the phenotype of APCs,
resulting in down regulation of CD80 and CD86 on their surface in a CTLA4-dependent
manner (Onishi et al., 2008, Cederbom et al., 2000, Oderup et al., 2006, Misra et al., 2004,
Wing et al., 2008, Schmidt et al., 2009). It has since been demonstrated that CTLA4
expressing cells can physically remove CD80 and CD86 from the surface of APCs by
transendocytosis depriving effector T cells of adequate costimulation, leading to suppression
(Qureshi et al., 2011) (figure 1.2). This model exploits the higher affinity of CTLA4 than
CD28 for their ligands and the highly endocytic nature of CTLA4 trafficking, allowing efficient
removal of CD80 and CD86. Furthermore it explains why CTLA4 and CD28 share the same
ligands, how Treg suppress in trans and supress T cells of different antigen specificity.
1.4.2 The properties of ligand-receptor interactions of CTLA4 and CD28
Despite the similar structure and ancestry of both the receptors CTLA4 and CD28, and the
ligands CD80 and CD86, significant differences have been observed in their interactions.
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Figure 1.1: Proposed ligand-receptor pairings of C D 86 a nd C D 80 with CD 2 8 and
C T LA4 . A) CD28 interacts monovalently with CD86 monomers to induce T cell survival /
proliferation by CD28 costimulation. B) In the presence of both CD28 and CTLA4, CD86
preferentially binds to CTLA4, due to the higher affinity of this pairing, thereby reducing CD28
costimulation strength. C) CD80 dimers interact with CD28 monovalently, providing CD28
costimulation. D) In the presence of both CD28 and CTLA4, CD80 binds to CTLA4 bivalently
and may form multimeric complexes due to cross-linking between CTLA4 dimers. CD80
binds CTLA4, hence reduces CD28 costimulation, due to the higher affinity of the CD80CTLA4 interaction. E) Measured ligand-receptor binding affinities for each pairing (adapted
from Collins et al, 2002).
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There are four potential ligand receptor couplings that may form between two cells: CTLA4CD80, CTLA4-CD86, CD28-CD80 and CD28-CD86 (see figure 1.1) and the measured
affinities of each coupling differ significantly. CTLA4-CD80 interact with the greatest affinity,
followed by CTLA4-CD86, CD28-CD80 and finally CD28-CD86 (Collins et al., 2002). This
illustrates the hierarchy of interactions that will occur when two cells interact, such as a Treg
and a DC, where one expresses both receptors and the other both ligands (see figure 1.1).
However, these affinity differences have added complexity due to the valency and avidity of
the interactions. The CD28 dimer has been thought to interact monovalently with both CD80
and CD86 (figure 1.1 A and C) (Collins et al., 2002), as binding of one CD28 molecule
sterically inhibits ligand binding to the other CD28 molecule (Evans et al., 2005). However, this
has recently been challenged with evidence for bivalent binding of CD80 (Ganesan et al.,
2018, Sanchez-Lockhart et al., 2014). This potential increased receptor site occupancy on
CD28 would increase CD28 signalling and avidity of CD80 binding.
Crystallisation of the soluble binding domains of CTLA4 homodimers with either ligand
revealed bivalent binding and the formation of lattice or ‘zipper’ structures as a result of each
CD80 or CD86 dimer binding to two CTLA4 dimers (Stamper et al., 2001, Schwartz et al.,
2001). However, whilst this higher order interaction likely occurs with CD80 under
physiological conditions (figure 1.1 D), it does not with CD86, which cannot form dimers in a
membrane (Collins et al., 2002, Bhatia et al., 2005, Girard et al., 2014). This difference
enhances the avidity of CD80’s interaction with CTLA4, compared to CD86.
Comparing the physical characteristics of the receptor-ligand couplings reveals that CTLA4
binds CD80 with 13 fold higher affinity than CD86, whereas for CD28 this difference is only 5
fold. CD80 has 20-fold greater affinity for CTLA4 than for CD28, whereas for CD86 this is only
8 fold (Collins et al., 2002). Therefore, CD86 is more likely to engage with CD28 than CD80
would, when both CTLA4 and CD28 are present. When the valency, avidity and affinity are all
taken into account the half-lives of the potential ligand-receptor complexes may vary by more
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than 10,000-fold (Collins et al., 2002) which could enable significantly different outcomes for
shared ligand-receptor couplings.
These physiochemical observations pose several questions; how do Treg, which have a
requirement for CD28 costimulation but constitutive expression of CTLA4, receive a CD28
signal? Do CD80 and CD86 have equivalent roles in costimulation light of their markedly
different interactions with their receptors? Do the different properties of the receptor-ligand
interactions explain why this system of shared ligands and receptors with opposing functions
evolved?

1.5 Immune regulation and autoimmunity in the liver
1.5.1 The liver as an im m une tolerant organ
The liver is one of the largest organs in the body with an enormous vascular surface area and
a total blood flow of 600-1200mL/min (Richardson and Withrington, 1981). The liver has a dual
blood supply; one third of its blood flow is derived from the hepatic artery and the remainder
from the hepatic portal vein (HPV). The HPV delivers venous blood from the gastrointestinal
tract directly to the liver, thus the liver is situated to sense, regulate and metabolise material
absorbed from the gut. This anatomical arrangement positions the liver at the first systemic
site where innocuous dietary and microbial antigens from the gut are concentrated. The
immune environment of the liver therefore is highly regulated, presumably to prevent
otherwise harmful responses to innocuous antigens (Doherty, 2016, Protzer et al., 2012,
Thomson and Knolle, 2010).
The tolerogenic immune environment of the liver has many consequences. Firstly, the liver is
pivotal in the process of oral tolerance, which is illustrated by abrogation of tolerance caused
by bypassing of the liver by artificial shunting of blood from the HPV to the systemic circulation
(Yang et al., 1994, Callery et al., 1989). Additionally, the liver offers a low immunological
barrier to allo-transplantation. Liver transplantation, unlike some other organs, does not
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require MHC matching (Poli et al., 2001, Balan et al., 2008), yet despite this, significantly lower
doses of immunosuppression are required to prevent rejection. Furthermore, complete
withdrawal of immunosuppression without immune-mediated graft damage may be achieved
in up to 40% of selected liver transplant recipients (Benitez et al., 2013, Feng et al., 2012).
The liver also enables tolerance to alloantigens at distant sites. The majority of liver transplant
recipients have evidence of bone marrow and systemic chimerism, with stably resident donor
cells derived from those carried passively in the transplanted liver (Starzl et al., 1993). In
animal models, co-transplantation of a liver with another organ from the same strain of donor
induces tolerance to the additional donor tissues (Kamada et al., 1980). In humans, this
phenomenon is observed with combined liver-kidney transplantation, where lower rates of
renal rejection are observed, compared to renal transplantation alone (Fong et al., 2003).
Another feature of liver immune regulation is LPS tolerance. LPS is highly immunogenic and
bound by toll-like receptors on APCs. The liver receives a constant stream of LPS from
commensal Gram-negative bacteria residing the gastrointestinal tract. Several liver cells
including DCs, Kupffer cells and the liver sinusoidal endothelial cells (LSEC) do not undergo
maturation or activation in the presence of steady-state levels of LPS, a state termed LPS
tolerance (Uhrig et al., 2005, Biswas and Lopez-Collazo, 2009).
Whilst these features of hepatic tolerance are beneficial, there are downsides. The liver is a
common site of chronic infection and tumour metastases from a range of different primary
sites. Chronic infections, such as hepatitis B and C are associated with exhausted hepatic
lymphocyte phenotypes (Das et al., 2008, Bengsch et al., 2010).
Taken together these observations illustrate that the liver immune environment is highly
tolerant, which is likely required as a result of the high burden of innocuous exogenous
antigens to which it is exposed.
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1.5.2 M echanism s of im m une tolerance in the liver
The high degree of immune tolerance observed in the liver is imparted by many intersecting
mechanisms. The liver contains classical immune cell populations including DCs, tissue
resident macrophages known as Kupffer cells, monocytes and lymphocytes and also liverspecific cells that have immunological activity including the highly specialised LSEC, stellate
cells and hepatocytes themselves.
Antigen presentation in the liver can result in the induction of Treg and production of
immunoregulatory cytokines such as IL10, rather than pro-inflammatory effector lymphocytes
or cytokines. Hepatic DCs produce IL10, induce IL10 production by lymphocytes, and induce
the differentiation of Treg in an IL10 dependent manner, more so compared to DCs from other
sites (Goddard et al., 2004, Bamboat et al., 2009). Liver DCs also express higher levels of the
inhibitory programmed death-ligand 1 (PD-L1) and fail to stimulate T cells as well as DC from
other sites (Castellaneta et al., 2009). Kupffer cells secrete IL10 and mediate T cell tolerance
(Erhardt et al., 2007), even after exposure to physiological levels of LPS (Knolle et al., 1995),
and upregulate a range of other inhibitory signals including PD-L1, prostaglandins, IDO and
arginase (Doherty, 2016).
In addition to the more limited stimulation of T cells by professional APC in the liver, liverspecific cells modulate T cell responses and enhance tolerance. LSEC acts as an antigen
presenting cell to stimulate CD4 T cells. The evidence for LSEC functioning as APCs, capable
of presenting antigen to T cells, is derived from in vitro studies of isolated LSEC loaded with
antigen being capable of stimulating T cell lines, which was dependent upon MHCII (Knolle et
al., 1998, Lohse et al., 1996). Isolation and determination of LSEC purity was achieved with
widely accepted techniques, although potential cross contamination with professional APCs is
possible; LSEC purity assessment by the uptake of acetylated LDL and morphology is not
completely exclusive of classical APCs (Meyer et al., 2016). However, the T cell responses
observed were robust and beyond that expected if a small proportion of the presumed
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LSECwere truly professional APCs. Presentation of antigen by LSEC via MHCII resulted in the
expansion of a population of CD4 T cells with regulatory function (although they are not
classical FoxP3+ Treg) that have been shown to suppress the proliferation of Tcon and liver
inflammation in an antigen-specific model of autoimmune liver disease (Kruse et al., 2009).
Chicken ovalbumin (OVA) pulsed LSEC isolated from wild type mice induce robust
proliferation of OVA specific naïve CD4 T cells, and although this proliferation was lower than
that seen with conventional APCs, it was much greater than would be expected by
contamination with co-isolated conventional APCs (<2% of the isolated cells) (Kruse et al.,
2009). Loading of LSEC with myelin basic protein (MBP) containing nano-particles induced
MBP-specific CD4 Treg in vitro, and in vivo this approach prevented and reversed
experimental allergic encephalomyelitis, suggesting that LSEC can present antigen to CD4
(presumably via MHCII) in a meaningful manner (Carambia and Herkel, 2010). LSEC can also
cross present antigen to CD8 T cells, in a remarkably efficient fashion (Mehrfeld et al., 2018).
LSEC express predominantly CD86 and a small amount of CD80, but both at much lower
levels than DCs (Diehl et al., 2008) and LSEC induced T cell stimulation is markedly inhibited
by IL10 by several mechanisms, including reduced CD80 and CD86 levels (Lohse et al., 1996,
Knolle et al., 1998). LSEC can also cross-present soluble antigen to naïve CD8 cells inducing
tolerant CD8 responses, which is overcome if additional CD28 costimulation is provided (Diehl
et al., 2008). These observations suggest that LSEC induce tolerant T cell responses that are,
at least in part, driven by the absence of effective CD28 costimulation.
Unusually for parenchymal cells, hepatocytes express both MHCI and MHCII (Franco et al.,
1988, Chen et al., 2005) and can therefore present antigen to both CD4 and CD8 T cells.
Isolated resting hepatocytes and hepatocytes in the liver biopsies of healthy individuals were
not observed to express either MHCI or MHCII, however following IFNγ stimulation or in
biopsies from patients with active liver inflammation both MHCI and MHCII were expressed, as
assessed by immunohistochemistry and flow cytometry (Franco et al., 1988, Senaldi et al.,
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1991). Hepatocytes that overexpress MHCII become efficient at inducing T cell proliferation
and cytokine production in in vitro testing (Herkel et al., 2003). Furthermore, hepatocyterestricted expression of MBP in mice resulted in the induction of MBP-specific Treg in the
periphery, which were capable of suppressing EAE, and this was not observed for skin
restricted expression of MBP (Lüth et al., 2008). These observations illustrate the potential of
meaningful presentation of antigens by hepatocytes to T cells. However, another model of
hepatocyte restricted OVA presentation demonstrated that antigen specific CD4 T cells were
activated, but in the spleen and liver draining lymph nodes rather than the liver, and this was
dependent upon bone marrow derived APCs, questioning whether hepatocytes do truly
present antigen directly to CD4 T cells (Derkow et al., 2007, Derkow et al., 2011).
The presence of CD80 and CD86 on hepatocytes has been reported in some studies, but not
confirmed in others (Herkel et al., 2003, Gao et al., 2000) but absence of CD28 costimulation
during T cell activation by hepatocytes has been suggested as a mechanism underlying
activation induced death of CD8 T cells following stimulation by hepatocytes (Bertolino et al.,
1999). Additionally, myeloid derived suppressor cells have been demonstrated to be important
in the regulation of immune responses in the human liver and their differentiation is induced by
hepatic stellate cells (Sendo et al., 2018, Hochst et al., 2013). A range innate–like cells such
as Natural Killer cells, Natural Killer T cells, γδT cells and Mucosal Associated Invariant T
cells have also been implicated in the regulation and activation of immune responses in the
liver (Bottcher et al., 2018, Doherty, 2016).
Taken together the liver immune environment employs a wide range of immunoregulatory
strategies, involving classical immune cells such as DCs, Kupffer cells and lymphocytes and
liver specific cells such as the LSEC and parenchymal cells. The phenotype of DCs,
monocytes and macrophages in the liver differs from those elsewhere and these cells are
important in engendering tolerant immune outcomes (Strauss et al., 2015). Altered antigen
presentation, costimulation, regulatory cytokines and inhibitory receptors all contribute to the
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liver’s uniquely tolerant immune microenvironment (Thomson and Knolle, 2010, Protzer et al.,
2012, Doherty, 2016).
1.5.3 Liver im m une tolerance is critically dependent upon Treg and CTLA4
The atypical antigen presentation strategies that occur in the liver, with skewed CD80 and
CD86 availability and the high levels of IL10, which regulates CD86, suggests that regulation
of CD80 and CD86 availability is important. As outlined in section 1.4.1, Treg CTLA4 is also
important in regulating these ligands. There are several lines of evidence that support the
notion that Treg and CTLA4 are important in liver immune homeostasis.
Monogenic defects in Treg or CTLA4 pathways result in disturbed liver immune regulation.
Patients with Treg deficiency due to IPEX syndrome have been reported to have circulating
autoantibodies against liver antigens and active hepatitis (Tsuda et al., 2010, Lopez et al.,
2011). Similarly, CTLA4 haploinsufficiency and LRBA deficiency, which results in low CTLA4
levels, can both result in lymphocytic liver infiltration and deranged liver function tests
(Schubert et al., 2014, Gamez-Diaz et al., 2016).
There is further evidence that CTLA4 itself is critical in liver immune homeostasis. CTLA4
blockade with monoclonal anti-CTLA4 antibodies in immune checkpoint therapy for cancer,
results in approximately 10% of patients developing an immune-mediated, corticosteroidresponsive hepatitis (Boutros et al., 2016, De Martin et al., 2018). Additionally, several
targeted genotyping studies have identified an association between CTLA4 polymorphisms
and autoimmune hepatitis (Agarwal et al., 2000, Djilali-Saiah et al., 2001, Fan et al., 2004,
Eskandari-Nasab et al., 2015).
Whilst animal models of liver autoimmunity are limited, an interesting observation was made in
a mouse model of direct CD28 agonism, which bypasses CTLA4-mediated control of CD28
costimulation, where an immune mediated hepatitis, which was very similar to human
autoimmune hepatitis was observed to occur (Corse et al., 2013). Other murine models of liver
immunity, such as liver-expressed non-native antigens and concanavalin A-induced liver
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injury, demonstrate that liver-tolerance was mediated by Treg and associated with high levels
of IL10 production by Treg and Kupffer cells (Breous et al., 2009, Erhardt et al., 2007).
Together, these observations illustrate a critical and non-redundant role for Treg and CTLA4,
and furthermore the interplay of Treg, IL10 and the control of CD28 costimulation, in the
maintenance of immune tolerance in the liver
1.5.4 The liver is a site of autoim m unity
Despite the immunotolerant environment, the liver is a frequent site of autoimmunity.
Autoimmune hepatitis (AIH), primary biliary cholangitis (PBC) and primary sclerosing
cholangitis (PSC), plus a range of overlap and variant syndromes, whilst individually rare,
represent a major cause of chronic liver disease when combined together (Feld and
Heathcote, 2003).
AIH is an archetypal single-organ autoimmune disorder, associated with specific MHC
haplotypes, circulating autoantibodies and a mixed multicellular inflammatory liver infiltrate,
which is responsive to corticosteroids (Liberal et al., 2013). A wide spectrum of disease
activity is observed; AIH can present with acute severe hepatitis which may result in acute
liver failure leading death over a period of days to weeks without liver transplantation (Yeoman
et al., 2014), or it may present with more mild liver inflammation which can lead to progressive
fibrosis, cirrhosis and chronic liver failure if untreated (Liberal et al., 2015b). Early studies
suggested very poor 10-year survival rates without treatment (Kirk et al., 1980, Cook et al.,
1971), but with current immunosuppressive therapies, such as corticosteroids and thiopurine
analogues, long-term survival is now in excess of 80% (Feld et al., 2005, de Boer et al., 2018).
However, despite this apparent success up to 15% of patients do not respond to, or are
unable to tolerate, conventional therapy which results in poor outcomes (2015). Additionally,
current treatment approaches require lifelong medication for most patients and the side effects
of current treatment regimens have significant adverse impacts upon patients’ quality of life
(Johnson et al., 1995). Therefore, there is a current focus on improving understanding of the
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aetiopathogenesis of this disorder to enable novel treatments such as regulatory T cell
therapies (Jeffery et al., 2016) and low dose IL2 (Lim et al., 2018).
It is a paradox that despite the highly regulated immune environment, the liver is a significant
site of autoimmunity. The unique tolerant properties of the liver and their potential breakdown
provide an attractive target to study mechanisms that create and maintain immune tolerance
and their failure. Understanding these is of interest in liver and immune physiology, in the
management and development of novel therapies for transplantation and liver diseases, and
may be applicable to engender tolerance to other transplanted organs or autoimmunity in
other organs.

1.6 Project aims
The unique immunoregulatory environment of the liver suggests that there are regulatory
pathways that may be tuned to impose different levels of immunological tolerance at different
anatomical sites. It therefore follows that if we can determine how these differences in
tolerance are controlled, we may be able to identify pathways that could be manipulated to
increase tolerance in the setting of autoimmunity, transplantation or allergy, or reduced in the
setting of infection or cancer. Furthermore, the breakdown of self-tolerance in the setting of
AIH may illustrate critical immunoregulatory pathways in the liver and aid our understanding of
the onset and regulation of autoimmunity. This could potentially help direct the development of
therapeutics in AIH, which are needed to improve treatment responses and patients’ quality of
life.
We therefore aimed to study the intersection of Treg, CD80 and CD86 availability and IL10, as
they are critical to liver immune regulation. These are also important systemic immune
regulation mechanisms that result in altered availability of CD28 and TCR signals, suggesting
that the balance of these two signals may be critical in shaping immune responses. Therefore
aimed to explore the balance of these signals, and the relative importance of CD80 and CD86.
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1.6.1 Specific project aim s
Over the course of this project we aimed to:
• Develop a CD28 costimulation-sensitive stimulation assay with which to explore the
costimulation requirements of CD4 T cells
• Determine whether the balance of TCR and CD28 costimulation influences the quality
or magnitude of CD4 T cell responses
• Explore CD4 T cell outcomes for CD80 and CD86-mediated costimulation and
determine the underlying mechanism explaining any differences in outcome via their
shared receptors
• Validate an assay of Treg CTLA4-mediated transendocytosis for the assessment of
patient Treg samples
• Explore the intersection of transendocytosis and factors important in the regulation of
liver immunity, such as IL10
• Determine the contribution of Treg and CTLA4 to the maintenance of liver immune
tolerance and AIH
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Chapter 2:

Materials and methods

2.1 Patients, healthy subjects and human tissues
Blood samples from healthy subjects were obtained from fresh human leukocyte cones (NHS
Blood and Transplant, UK) or fresh blood draws collected in ethylenediaminetetraacetic acid
(EDTA) containing Vacutainer tubes (Becton Dickinson). Blood samples were obtained from
patients with AIH, after giving informed consent, in the outpatient’s clinic or wards of the Royal
Free Hospital.
AIH was defined using the simplified diagnostic criteria (Hennes et al., 2008) with a score of
≥6 (“probable AIH”) being diagnostic. At diagnosis patients had combinations of elevated
serum IgG, typical circulating autoantibodies, compatible liver histology and the absence of
viral hepatitis. Clinical, demographic and laboratory data were collected, including drug
therapy, liver biochemistry results, age, gender, and disease stage.
Blood samples from patients with LRBA or CTLA4 mutations were collected at referring
hospitals and transported at room temperature the same day. Treating clinicians provided
clinical and genetic data.
Liver samples were acquired from patients with AIH (defined as above) undergoing liver
transplantation, after informed consent. Following explantation the whole liver was stored in
phosphate buffered saline (PBS) at 4°C until first possible review by a clinical histopathologist,
when tissue sections were retrieved. Maximum storage time was 12 hours.
Healthy human liver tissue was retrieved from various sources. Organs offered for
transplantation, but not used, were received in transplant tissue preservation fluid, packed on
ice. Duration of storage varied, but was typically 10 hours. Organs stored for more than 20
hours were not used due to concerns regarding cell viability. Liver tissue collected at the time
of surgical resection for focal liver disease was collected under the UCL Tissue Access for
Patient Benefit programme. Following review by a histopathologist tumour-free samples were
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stored in tissue preservation fluid or PBS at 4°C prior to cell isolation. Tissue was used within
4 hours of collection. Perfusates were obtained from healthy donor livers used in
transplantation, by collection of the tissue preservation fluid used to transport and flush the
liver prior to implantation (a kind gift from Dr V Male).
2.1.1 Ethical approval
Ethical approval for the use of blood samples was given by the London Hampstead Research
Ethics Committee, NHS Health Research Authority (project title: The use of healthy control

blood samples within the Royal Free Hampstead NHS Trust and UCL medical School and
collaborating sites for assisting with research projects. REC reference: 08/H0720/46). Ethical
approval for the use of blood and liver samples from patients with autoimmune hepatitis and
for healthy liver tissue was given from the UCL Biobank Ethical Review Committee – Royal
Free Hospital (project titles: Identification of new biomarkers and inflammatory pathways in

autoimmune liver disease and Organ regeneration and disease modelling using 3D biological
scaffold).

2.2 Isolation of primary human cells
2.2.1 Isolation of peripheral blood m ononuclear cells
Peripheral blood mononuclear cells (PBMCs) were isolated as follows: leukocyte cones were
diluted 1:6 and fresh blood 1:2 with PBS, layered over Ficoll-Paque PLUS (GE Healthcare)
and centrifuged (1060 x g for 25 minutes without brake). The PBMC layer was collected with a
Pasteur pipette and washed three times in PBS (centrifugation: 1060 x g for 10 minutes, 260 x
g for 5 minutes, 490 x g for 5 minutes). Cells were resuspended in MACS buffer (0.5% bovine
serum albumin, 2 mM EDTA in PBS) at 1X108 cells/mL.
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2.2.2 Isolation of intrahepatic lym phocytes (IHLs)
Liver tissue was macerated with scalpel blades in Hanks’ Balanced Salt Solution (with
calcium, magnesium and phenol red) (Life Technologies) containing 0.01% type IV
collagenase (ThermoFisher Scientific) and 0.001% DNase I from bovine pancreas (SigmaAldrich) and incubated for 30 minutes at 37°C with occasional mixing. This mixture was
passed through a metal sieve then a 70 μm cell strainer (Fisher Scientific). The cell
suspension was diluted to 50 mL in complete Roswell Park Memorial Institute media (RPMI)
(Invitrogen) and hepatocytes were removed by centrifugation (50 x g, 2 minutes). The
supernatant was layered over 40% isotonic Percoll (GE Healthcare) (1:9 ratio 10XPBS:Percoll
diluted in RPMI) and Ficoll-Paque PLUS at 1:1:1 volumes and centrifuged (1060 x g, 25
minutes without brake). The cells were collected with a Pasteur pipette and washed twice in
complete RPMI (centrifugation: 490 x g for 15 minutes, 490 x g for 5 minutes) and
resuspended as above.
Perfusate cells were pelleted by centrifugation at 750 x g for 15 minutes, then layered over
Ficoll-Paque PLUS and centrifuged at 400 x g for 20 minutes with no brake. The cell layer was
collected and washed twice in PBS with centrifugation at 750 x g for 15 minutes. Prepared
samples were kindly provided by Dr V Male.
2.2.3 Isolation

of

total

CD4+

T

cells,

CD4+CD25-

T

cells,

m em ory

CD4+CD45RO+ T cells
Total CD4+, CD4+CD25- conventional T cells (Tcon) and memory CD4+CD45RO+ T cell
populations were isolated by immunomagnetic negative selection from PBMC or IHL
preparations suspended in MACS buffer, using either EasySep Human CD4+ T cell
Enrichment Kit, EasySep Human CD4+CD25- custom T Cell Enrichment Kit or the EasySep
Human memory CD4+ T Cell Enrichment Kit (all Stemcell Technologies). Cells were incubated
with 50 μL of enrichment cocktail per 1mL of cells (1X108 cells) for 10 minutes. 100 μL
EasySep D Magnetic Particles were added per 1X108 cells for five minutes then the total
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volume was made up to 2.5 mL or 9 mL with MACS buffer (depending on sample size).
Samples were transferred to EasySep magnets for five minutes, or 2.5 minutes for memory
CD4+ T cells, and then cells were collected and washed twice in PBS.
To isolate CD4+CD25-CD45RO+ conventional memory T cells, the above method for
CD4+CD25- T cell isolation was performed first, and the isolated cells were then used in the
memory CD4+ T Cell enrichment protocol.
Purity, confirmed by flow cytometry, routinely exceeded 95% (90% for memory CD4+, figure
2.1 A). All steps were performed at room temperature.
2.2.4 Isolation of naïve CD4+ T lym phocytes
CD45RA+ naïve CD4 T lymphocytes were isolated from PBMCs using the EasySep human
Naïve CD4+ T cell Enrichment Kit (StemCell Technologies). 50 μl/mL anti-CD45RO antibody
was added to PBMCs for 15 minutes followed by 50 μL/mL enrichment cocktail for 10 minutes
and then 100 μL/mL magnetic nanoparticles for 10 minutes, all at room temperature. The
sample was diluted to 5mL with MACS buffer and placed in a magnet for 10 minutes and the
desired, non-bound cells poured into a fresh tube. Bound cells were resuspended in MACS
buffer and returned to the magnet for 10 minutes and unbound cells combined with those
already collected, to improve yield. The combined cells were returned to the magnet for a
further 5 minutes. Cells were then washed twice with PBS. Purity, by flow cytometry, routinely
exceeded 95% (figure 2.1 A).
2.2.5 Isolation and differentiation of m onocyte-derived dendritic cells
PBMCs in MACS buffer were incubated at 4°C for 10 minutes with 50 μL/mL StemCell
EasySep human Monocyte Enrichment Kit (StemCell Technologies) enrichment cocktail.
Subsequently, 100 μL/mL EasySep D Magnetic Particles were added and incubated at 4°C for
five minutes, then the total volume was made up to 9mL with MACS buffer and transferred to a
magnet for 5 minutes. The monocyte-containing fraction was returned to the magnet for a
further 5 minutes then washed twice in PBS with centrifugation first at 265 x g then at 490 x g
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for 5 minutes. Monocytes were plated at 1X106 cells per well on 24 well plates in 0.5mL
complete RPMI supplemented with 500 U/mL IL4 (Peprotech) and 800 U/mL GM-CSF
(Peprotech) with a further 0.5 mL fresh media and cytokines added after 48 hours. DCs were
matured by the addition of 100 ng/mL LPS (Sigma-Aldrich) 12 hours prior to harvest and
harvested after seven days total culture by incubation on ice for 20 minutes, then washing with
cold PBS and collection of the non-adherent cells. DCs were washed twice in PBS with
centrifugation at 490 x g for 5 minutes and resuspended in complete RPMI.
2.2.6 Isolation of regulatory T cells
Initially, total CD4 T cells were enriched using the protocol as outlined above, but with half of
the volumes of enrichment cocktail and EasySep D Magnetic Particles, then resuspended at
1X108/mL in MACS buffer. Purified Treg were obtained using the EasySep Human
CD4+CD127lowCD49d- Regulatory T Cell Enrichment Kit (StemCell Technologies). All
incubations were performed at room temperature. 50 μL enrichment cocktail was added per
1X108 CD4+ enriched cells, for 10 minutes. Then 100 μL D-magnetic particles per 1X108 cells
were added and incubated for 5 minutes. The sample was diluted to the required volume with
MACS (2.5-10 mL, depending on cell numbers) and placed in an EasySep magnet for 5
minutes. The desired cell fraction was collected by pouring into a fresh tube. Dextran selection
cocktail was added at 1/100 of the final volume placed in the magnet (i.e. 25-100 μL) for 10
minutes. The same volume of D-magnetic particles was added to the sample for a further 5
minutes before transferring to the magnet for 5 minutes. The desired cell fraction was poured
off, returned to the magnet for a final 5 minutes then collected and resuspended at the
required density. Purity was assessed by flow cytometry and typically exceeded 80%, (figure
2.1 B).
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Figure 2.1: Purity of isola te d me mory and naïve C D 4 T cells and re gula tory T
cells. Negative immunomagnetic selection techniques were used to isolate A) memory and
naïve CD4 T cell populations from the same donor (see methods). Representative plots
demonstrating >95% purity of CD4+CD45RA- memory T cells and CD4+CD45RA+ naïve T
cells. B) CD4+CD127lowCD49d- Regulatory T Cells demonstrating >80% purity of FoxP3+
Treg. All plots gated on lymphocytes and singlets by forward and side scatter.
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2.3 Cell culture
2.3.1 Chinese Ham ster Ovary (CHO) cell lines
CHO cells were cultured in Dulbecco’s modified Eagle media (DMEM) (Invitrogen)
supplemented with 10% fetal calf serum (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich)
and 1% penicillin and streptomycin (Invitrogen). Cells were cultured at 37°C, 5% CO2, 95%
humidity in vented culture flasks and passaged approximately every 72 hours, or upon
reaching confluence, by trypsinisation. Untransfected CHO cells (CHO-blank) and CHO cells
expressing human CD80 labelled with Green Fluorescent Protein (GFP), human CD86-GFP,
CD32 (Fcγ Receptor II (FcR)), the CD86 variant H113L-mCherry and CD80-mCherry-CD86GFP co-transfectants were kindly provided by Dr Alan Kennedy. Purity and expression of
CD80, CD86 and FcR were routinely assessed by flow cytometry by both antibody staining
and GFP or mCherry fluorescence.
2.3.2 Prim ary hum an T cells
Primary T cell and monocyte/mDC culture was performed in RPMI (Invitrogen) supplemented
with 10% fetal calf serum (LabTech), 2 mM L-glutamine (Sigma-Aldrich) and 1% penicillin and
streptomycin (Invitrogen) (complete RPMI), with additional cytokines as stated, at 37°C, 5%
CO2, 95% humidity.

2.4 T cell stimulation conditions
Assessment of T cell proliferation and phenotype was undertaken following staining with Cell
Trace Violet (CTV) (ThermoFisher Scientific). Isolated T cells were incubated with 5 μM CTV
in PBS for 20 minutes at 37°C, then washed 3 times in RPMI. Stimulation conditions are
described below. After 5 days, unless otherwise stated, proliferation and phenotype were
assessed by flow cytometry.
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2.4.1 T cell stim ulation with CHO -CD80/CD86
CHO cells expressing CD80 and/or CD86, CD86-H113L, or CHO-blank cells were harvested
following trypsinisation, fixed by incubation in 1 mL 0.025% glutaraldehyde (Sigma Aldrich) for
3 minutes at room temperature. Cells were then washed four times in RPMI and resuspended
at the required concentration. When increasing ratios of T cell to CHO–CD80 or CHO-CD86
were used, the total number of CHO cells was kept constant by the addition of CHO-blank.
1X105 T cells, the required number of CHO cells (typically at 1:10 CHO cell:T cell, unless
otherwise stated) and stimulating antibodies and cytokines were plated per well in roundbottomed 96 well plates and cultured for 5 days, unless otherwise stated. T cells were
stimulated by the addition of 0.5 μg/mL anti-human-CD3 (clone OKT3) (BioXCell) (figure 2.2
A and D).
2.4.2 T cell stim ulation with CHO -FcR and anti-CD3/anti-CD28
T cells were also stimulated by cross-linking CD3 or CD28 with monoclonal antibodies. To
achieve this CHO-FcR or CHO-blank were fixed with glutaraldehyde, as above, and T cells
were added at 1:2.5 T CHO : T cell ratio, with anti-human CD3 or anti-human-CD28 (clone
9.3) (BioXCell) antibodies at 1 μg/mL and cultured for 5 days, as above (figure 2.2 B).
2.4.3 T cell stim ulation by Dendritic Cells
DCs were harvested following LPS treatment and plated at 1:10 mDC : T cell ratio and
cultured with of 0.5 μg/mL anti-human-CD3 for 5 days, as above (figure 2.2 C).
2.4.4 T cell stim ulation with Anti-CD3 / anti-CD28 activator beads
Human T activator anti-CD3 / anti-CD28 Dynabeads (Gibco) were used to simulate purified
total CD4 T cells for the assessment of CTLA4 levels in certain patient samples. 2.5X105 T
cells were plated per well in round-bottomed 96 well plates with 2:1 T cells : beads for 16
hours prior to staining. 50nM bafilomycin A (Sigma Aldrich) was added to inhibit lysosomal
acidification, where stated.
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2.4.5 Cytokine treatm ents and blocking antibodies
Recombinant human IL2 (Peprotech) and recombinant human IL10 (Peprotech) were added to
T cells from day 0 in the above stimulation assays where and at stated concentrations.
Blocking antibodies were added, typically from day 0, at the following concentrations unless
otherwise stated including: 2 μg/mL anti-CD80 (R&D systems), 2 μg/mL anti-CD86 (R&D
systems), 20 μg/mL anti-CTLA4 (tremelimumab) (Pfizer), 1 μg/mL anti-CD28 (clone 9.3)
(BioXCell), 20 μg/mL anti-IL2 (clone MQ1-17H12) (BD Biosciences).

2.5 Assessment of T cell survival, absolute cell number and
proliferation
T cell survival at the end of culture was assessed, where indicated, by staining with a fixable
viability dye (eBiosciences) prior to antibody staining for flow cytometry. Where numbers of
dead cells were quantified, live / dead events were gated and then wide forward and side
scatter gates were applied to ensure that all cells were captured, irrespective of changes in
scatter.
Absolute T cell numbers at the end of stimulation were determined by flow cytometry with the
addition of 1X104 Accucheck counting beads (Invitrogen) at the time of acquisition using the
following equation:
Total cell number =

number of cells detected
.
4
(number of beads detected / 1X10 )

Proliferation was assessed by CTV dilution utilising the Proliferation Analysis function of
FlowJo (Version 9.9.4, Treestar), whereby each generation was identified by the presence of a
peak of CTV fluorescence of progressively reducing intensity allowing the number of cells in
each generation to be counted. The following proliferation statistics were calculated with
FlowJo applying the following formulae (Roederer, 2011):
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1)

Number of precursor cells (n) = N / 2^i
Where:

N = number of cells in a peak
i = division peak number

i.e. n = the number of cells required to divide i times to generate the total number of cells (N) in
that peak (e.g. if 16 cells (N=16) were in generation 2 (i=2), then 8 cells must have been in
generation 1 and therefore 4 cells from generation 0 divided; therefore n=4.
2)

Division index = ∑(i x n) / ∑(n)
represents the mean average number of divisions undertaken by all
precursor cells

3)

Proliferative index = ∑(i x n) / ∑(n) excluding generation 0
represents the mean average number of divisions undertaken by all
cells who divided at least once

2.6 Transendocytosis assays
2X105 total CD4 T cells were plated with freshly harvested CHO-CD80-GFP, CHO-CD86-GFP
(to provide both costimulation and transendocytosis target ligand) or CHO-blank cells at 1:1
ratio in round bottom 96 well pates, with 1 μg/mL anti-CD3 or 1:1 T cells to activator anti-CD3 /
anti-CD28 Dynabeads. After 20 hours, acquisition of CD80-GFP or CD86-GFP was assessed
by flow cytometry. GFP acquisition was expressed as Total Fluorescence Intensity (TFI)
calculated by multiplication of the mean fluorescence intensity of GFP by the frequency of
GFP+CTLA4+ Treg.
Cytokines were added from the start of culture, as described: 20 ng/mL (unless otherwise
stated) recombinant human IL10, 750 IU/mL recombinant human IL2 or 10 ng/mL recombinant
human TGFβ (ImmunoTools). 50 nM bafilomycin A was added from the start of culture to
inhibit lysosomal acidification where stated. 20 μg/mL anti-CTLA4 (tremelimumab) or antiCD210 (IL10RA) (clone 3F9, BD Biosciences) were added as stated (figure 2.2 E).
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Figure 2.2: Sche matic representation of T cell stimula tion a ssays
Continued……
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Figure 2.2: Schema tic representa tion of T cell stimulation a ssays. See sections 2.4
and 2.6 for details of assay set up. A) Stimulation of memory, naïve or CD4+CD25- T cells
with human CD80, CD86 or CD86 variant with soluble anti-CD3. B) Stimulation of T cells with
cross-linked anti-CD3 or anti-CD28 using CHO-FcR. C) Stimulation of memory CD4 T cells
with mature allogeneic monocyte-derived dendritic cells. D) Stimulation of Treg with soluble
anti-CD3 and human CD80 or CD86. E) Assessment of CD80 or CD86 transendocytosis by
Treg following stimulation of total CD4 T cells with GFP labeled human CD80/CD86 and
soluble anti-CD3.
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2.7 Cytokine production assays
Total CD4 T cells were stimulated in CHO-CD80/CD86 or CHO-FcR and anti-CD3/anti-CD28
stimulation conditions (section 2.4.1 and section 2.4.2). After 5 days cells were
restimulated to reveal cytokine production capacity by addition of 50 ng/mL Phorbol 12myristate 13-acetate (PMA) (Sigma Aldrich), 1 μM ionomycin (Sigma Aldrich) and 10 μg/mL
Brefeldin A (Sigma Aldrich) for 6 hours. Cells were then fixed, permeabilised and stained for
cytokines of interest (section 2.8.2).

2.8 Flow cytometry
Flow cytometry was performed using an LSR-Fortessa or LSR II cell analyser (both BD
Biosciences) and analysed using FlowJo Version 9.9.4 (Treestar). Where median
fluorescence intensity (MFI) was compared between samples, either MFI was normalised
against an internal negative population or application settings were used to enable comparison
of raw MFI data between experiments. Antibodies are listed in table 2.1.
2.8.1 Surface staining
Cells were recovered and washed in FACS buffer (2% fetal calf serum in PBS). Fluorophore
conjugated monoclonal antibody mixtures were made up to 50 μL with FACS buffer or Brilliant
Stain Buffer (BD Biosciences), if multiple Brilliant Violet range conjugates were used. Cellantibody mixtures were incubated for 30 minutes at 4°C, washed twice in FACS buffer and
resuspended in 200 μL PBS for acquisition.
2.8.2 Intracellular staining
Surface staining was performed as outlined above and cells washed once with FACS buffer,
resuspended in 500 μL FoxP3 fixation/permeabilisation buffer (eBiosciences) and incubated
for 30minutes at 4°C. Cells were then washed twice with 1mL permeabilisation buffer
(eBiosciences). Appropriate amounts of fluorophore conjugated monoclonal antibodies to
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intracellular antigens were added in 20 μL permeabilisation buffer for 30 minutes at 4°C. Cells
were washed once each in permeabilisation buffer then FACS buffer and resuspended for
acquisition in 200 μL PBS.
2.8.3 Cycling CTLA4 staining
Fluorophore conjugated anti-CTLA4 staining antibodies were added to T cells for the final 10
minutes of culture at 37°C, to label all CTLA4 that trafficked to, and was present at, the cell
surface over that time. Staining antibody was added at the same concentration as for surface
or total CTLA4 stains (3/50 dilution). Cells were then collected and washed with ice-cold PBS
prior to further surface and intracellular staining, as above.

2.9 Statistical analysis
Statistical analysis was performed using Prism (v.6) (GraphPad Software). Categorical
variables were assessed using paired or unpaired T tests, appropriate to the experimental
design, when 2 groups were compared. Analysis of variance testing was used when more
than 2 groups were compared: one-way ANOVA for experiments with a single variable and
two-way for comparisons with more than one variable (unless due to missing data multiple Ttests were required, as stated). P values of ≤0.05 were considered significant, except for
multiple T-tests where the Holm-Sidak method of correction for multiple comparisons was
used to determine the threshold for statistical significance. All results with statistically
significant one-way ANOVA underwent multiple comparison testing with Tukey’s test.
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Target antigen

Fluorophore

Clone

Fixable
viability
CD3
CD4

eF780

CD11c
CD14
CD19
CD25
CD28
CD39
CD45RA
CD69
CD73
CD80
CD86
CD134 (OX40)
CD152
(CTLA4)
CD210
(IL10RA)
CD278 (ICOS)
CD279 (PD1)
FoxP3

HLADR
IFNγ
IL2
IL10
IL13
IL17
goat-α-humanIg
Ki67

-

Dilutio
n
1/1000

Supplier
eBiosciences

V500
AF700
PE-Cy7
BV510
AF700
BV786
BV605
APC
PE-Cy7
PE-Cy7
Percp-Cy5.5
FITC
BV421
PE
BV421
APC
PE-Cy7
PE
BV786
PE
PE

UCHT1
RPA-T4
SK3
B-ly6
M5E2
SJ25C1
2A3
CD28.2
CD28.2
A1
HI100
FN50
AD2
L307.4
IT2.2
2331(FUN-1)
ACT35
BNI3
BNI3
F8
1B1.3a

3/100
3/100
3/100
1/50
3/100
3/100
3/100
3/100
1/100
3/100
1/50
3/50
3/100
3/50
3/50
3/50
3/100
3/50
3/50
3/50
3/50

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend
eBiosciences
BD Biosciences
BD Biosciences
BD Biosciences
Biolegend
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Santa Cruz Biotechnology
Biolegend

BUV395
BV786
APC
BV421
AF488
FITC
Percp-Cy5.5
FITC
PE-Cy7
APC
PE
AF647

DX29
EH12.2HZ
236A/E7
206D
259D/C7
G46-6
4S.B3
MQ-17H12
JES-9D7
JES10-5A2
eBio64CAP/7
-

3/100
3/100
3/50
3/50
3/50
3/50
3/50
3/50
3/50
3/50
3/50
1/500

BD Biosciences
BD Biosciences
eBiosciences
Biolegend
BD Biosciences
BD Biosciences
eBiosciences
eBiosciences
Biolegend
BD Biosciences
eBiosciences
Invitrogen

FITC
BV421
PE-Cy7

B56
B56
B56

3/50
3/50
3/50

BD Biosciences
BD Biosciences
BD Biosciences

T able 2 .1 : List of fluorophores, clone s, working dilutions and suppliers
for all antibodies used in flow cytometry experiments. All antibodies were
anti-human antigens. CTLA4: Cytotoxic T lymphocyte antigen, ICOS: Inducible T cell
co-stimulator, IFN: interferon, Ig: Immunoglobulin, IL: Interleukin, PD1: Programmed
cell death protein 1.
aF: alexaFluor, APC: allophycocyanin, BUV: Brilliant Ultraviolet, BV: Brilliant Violet,
Cy7: Cyanine 7, eF: eFluor, FITC: Fluorescein isothiocyanate, PE: Phycoerythrin,
Percp-Cy5.5: Peridinin-Chlorophyll-protein-complex-Cynanine 5.5
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Chapter 3:

The

influence

of

reducing

CD80

and

CD86 availability upon conventional and regulatory
CD4 T cell proliferation and phenotype
3.1 Introduction
CD4 T cells require two activation signals: signal one is provided by the T cell receptor (TCR)
complex binding its cognate antigen presented by MHC and signal two is a costimulation
signal, typically delivered by CD28 binding either of its ligands, CD80 or CD86 (Esensten et
al., 2016). The availability of both of these signals varies depending upon the amounts of
antigen presented and the levels of CD80 or CD86 expressed on the surface of antigen
presenting cells (APC).
CD80 and CD86 expression are spatio-temporally regulated, with selective expression of
either ligand by different types of APCs, upregulation after PAMP/DAMP exposure and
cytokine regulation by, for example, IFNγ and IL10 (Hathcock et al., 1994, Freedman et al.,
1991, Hart et al., 1993, Liu et al., 1999, Creery et al., 1996, Buelens et al., 1995, Collins et al.,
2005). CD80 and CD86 levels are reduced by the action of Treg (Cederbom et al., 2000, Misra
et al., 2004, Oderup et al., 2006, Wing et al., 2008, Onishi et al., 2008), as a result of
mechanisms such as physical removal from APCs by transendocytosis (Qureshi et al., 2011).
As a result of the variable availability of TCR and CD28 signals T cells receive differing
balances of these two signals depending upon the location within the body, the time in the
immune response and the local cytokine environment where activation is occurring. CD28 and
TCR signals result in differing outcomes for T cells; TCR signals alone promote anergy
(Harding et al., 1992), strong TCR signals in presence of costimulation promote Th1 type
responses and strong CD28 signals promote Th2 type responses (Tao et al., 1997, Lenschow
et al., 1996a, Smeets et al., 2012). Therefore, although T cells integrate TCR and CD28
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signals, whereby CD28 signalling lowers TCR signalling threshold and vice versa (Manz et al.,
2011, Michel et al., 2001, Kundig et al., 1996, Viola and Lanzavecchia, 1996, Manickasingham
et al., 1998), the two signals are neither equivalent nor redundant. As a result, the balance of
the two signals can influence proliferation, phenotype and the resultant function of stimulated
T cells.
We hypothesised that in a CD28 costimulation-dependent T cell activation assay, CD4 T cell
proliferation would be limited by reduced CD28 costimulation. Secondly, the T cells
proliferating following low level CD28 costimulation would have a less activated phenotype
and be skewed away from Treg differentiation and CTLA4 expression, as Treg homeostasis
has a requirement for CD28 signalling (Tang et al., 2003, Fontenot et al., 2005). In settings of
high CD80 and CD86 availability increases in Tregs and CTLA4 expression would be
expected, potentially to act as a negative feedback mechanism to reduce CD80/CD86 levels
thereby limiting excessive and chronic inflammatory responses.
To explore the impact of changes in the level of CD80 or CD86 on CD4 T cell proliferation and
phenotype we employed a model system of co-culturing purified CD4 T cells with a CHO cells
that express human CD80 or CD86. The amount of CD80 or CD86 could be titrated by altering
the ratio of CHO cells to T cells whilst keeping the TCR stimulus at a fixed level. This model
afforded us a CD28 costimulation dependent assay with which we could titrate the strength of
CD28 signal.
3.1.1 Aim s
Utilising the CD28 costimulation-dependent CD4 T cell assay as outlined above we aimed to:
•

Define the dependency of CD4 T cell proliferative responses upon the balance of TCR
and CD28 signal strength.

•

Explore whether there were measurable differences between memory and naïve CD4
T cell subset responses to variation in CD28 costimulation availability.
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•

Determine the impact of reduced CD28 costimulation on proliferating CD4 T cell
phenotype, with reference to CTLA4 expression and expansion of Treg populations.

•

Explore whether the thresholds of CD28 costimulation for proliferation and
differentiation are independent of each other.

3.2 Results
3.2.1 CD4 T cell com m itm ent to division is sensitive to the availability of CD80
or CD86
To explore the impact of changes in the availability of CD80 or CD86 on the proliferation of
CD4 T cells, we first established an assay that allowed the measurement of proliferation in a
costimulation dependent manner. CTV stained CD4+CD25- conventional T cells were
stimulated with anti-CD3 and CHO-CD80, CHO-CD86 or CHO-blank to mimic costimulation
provided by APCs. The ratio of CHO cells to T cells was titrated from 1:2.5 to 1:640 to limit the
availability of the costimulation ligand. After 5 days T cell proliferation was assessed. We
observed that reduction in the availability of either CD80 or CD86 resulted in less proliferation
(figure 3.1 A) suggesting that this experimental approach revealed T cell sensitivity to
changes in CD80 or CD86 availability.
To determine whether this change in proliferation was due to alteration in the commitment to
division or the number of rounds of division a stimulated cell underwent, we calculated the
division index (the average number of divisions undertaken by the total population of cells) and
the proliferative index (the average number of divisions undertaken by those cells that had
undergone at least one division i.e. that had committed to division) (Roederer, 2011). For
multiple healthy donors the division index fell as the availability of either CD80 or CD86 was
reduced (figure 3.1 B and C), however, the proliferative index remained broadly constant
(figure 3.1 D and E). This suggested that limiting the availability of CD28 costimulation in
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this assay reduced commitment to division, but once CD4 T cells had begun dividing they
were less sensitive to the availability of costimulation.
3.2.2 Reduction in CD80 or CD86 levels on each artificial antigen presenting
cell reduces CD4 T cell com m itm ent to division
The model outlined in section 3.2.1 and figure 3.1 was able to demonstrate changes in T
cell commitment division in response to alterations in CD80 or CD86 availability. But, it was
conceivable that reducing the ratio of CHO cells to T cells may simply have reduced the
frequency of T cell interactions with CD80 or CD86, thereby reducing the proliferation of the
population as a whole. However, an individual T cell may still have been in contact with a CHO
cell bearing the same amount of CD80 or CD86. In this setting the balance of CD28 and T cell
receptor signal received by T cells that did proliferate at either end of the range of ligand
availability would have been the same. Therefore, the assay would not truly measure changes
in the balance of CD28 and TCR signals, but simply the frequency of T cell interaction with the
CHO cells. In vivo changes in CD80 and CD86 availability, particularly those due to
transendocytosis activity of Treg (Qureshi et al., 2011), would result in reduced density of
CD80 or CD86 on the surface of APCs (Onishi et al., 2008, Cederbom et al., 2000, Oderup et
al., 2006, Misra et al., 2004, Wing et al., 2008).
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F igure 3. 1: R e duced availability of C D 80 or C D 8 6 limits C D 4 T cell
commitment to division. Cell trace violet stained CD4+CD25- T lymphocytes were
stimulated with anti-CD3 antibody and CHO cells expressing CD80, CD86 or no ligand (no
costimulation) at reducing CHO:T cell ratios. After 5 days proliferation was assessed by flow
cytometry (see figure 2.2 A). A) Representative proliferation traces following costimulation
with CD80 or CD86. B) and C) demonstrate division index with progressively limited
availability of CD80 or CD86, respectively. D) and E) illustrate that proliferative index was
preserved despite reduced CD80 or CD86 availability, respectively. Data from 7 healthy
individuals shown.
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To determine whether our system modelled these changes the assay would need to
demonstrate similar T cell outcomes with lower levels of CD80/CD86 per APC as for lower
model APC frequency. To test this two approaches were used. Firstly, Tcon were stimulated
for 5 days with anti-CD3 and CHO-CD80 or CHO-CD86 at a fixed ratio of 10 T cells per CHO
cell. Blocking anti-CD80 or anti-CD86 antibodies were titrated to reduce the effective
availability of CD80 or CD86 per CHO cell. We observed that increasing anti-CD80 or antiCD86 reduced the proliferation of conventional CD4 T cells, as expected (figure 3.2 A). A
gradual decline in the division index over the range of blockade (figure 3.2 B and C)
suggested that reducing costimulation availability did reduce commitment to division. Again,
the proliferative index remained more constant with reduced CD80 or CD86 availability, until
levels causing complete inhibition were reached (0.1 µg/mL antibody) (figure 3.2 D and E).
This was comparable to the pattern observed in figure 3.1.
In another similar approach, CHO-CD86 cell lines with high or low CD86 expression were
used and the level of surface CD86 was measured by molecular counting techniques.
CD4+CD25- T cells were cultured with either cell line in the presence of anti-CD3 antibody, at
1:1.4 CHO:T cell ratios. This provided 1.4X1011 molecules of CD86 from for the high
expressing clone and 3X1010 molecules from the low expressing clone (figure 3.3 A). This
change in CD86 availability was compared to the low expressing cells at 3:1 or 1:1.4 CHO:T
cell ratios (figure 3.3 B), which again provided 1.4X1011 or 3X1010 molecules of CD86.
Commitment to division was assessed by CD25 and Ki67 co-expression by flow cytometry
after 40 hours. We observed a similar proportion of T cells commit to division with high CD86
and the reductions in commitment to division were similar when CD86 availability was reduced
per-CHO cell or by reducing CHO cell number (figure 3.3). These experiments were
designed, performed and the data provided by Mr C Williams.
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Cell number (% of maximum)
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D)

0.01

0.1

µg/mL anti-CD80

0.1

1

1

CD86 – Proliferative Index

2

1

0
0 0.001

0.01
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0 0.001

0.01

0.1

1
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F igure 3. 2: Blockade of C D 80 or C D 86 re duces C D 4 T cell commitment to
division. Cell trace violet stained CD4+CD25- T lymphocytes were cultured with anti-CD3
antibody and CHO cells expressing CD80, CD86 or no ligand (no costimulation) at a fixed
ratio (10:1) with blocking anti-CD80 or anti-CD86 antibodies. Proliferation was assessed by
flow cytometry after 5 days (see figure 2 .2 A). A) representative proliferation traces
following costimulation with CD80 or CD86. B) and C) demonstrate that division index
gradually fell with reductions in CD80 or CD86 availability, respectively. D) and E) illustrate
relatively preserved proliferative index with reducing CD80 or CD86 availability, respectively.
Data from 3 healthy individuals shown.
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Molecules
CD86 per
well 0.521

A)

B)
17.1

0.557

16.4

52.1

30.9

1.4X1011
à

54.3

28

Decreasing frequency
of CHO-CD86

Decreasing CD86 per
CHO cell
0.705

10

0.864

6.16

78.4

14.6

3X1010
à

Ki67

70.1

19.2

CD25

F igure 3. 3: Lower C D 8 6 availability per ce ll reduces C D 4 T ce ll commitment to
division, similarly to a reduced frequency of C D 86 expre ssing cells. CD4+CD25conventional T cells were stimulated with CHO-CD86 and anti-CD3 antibody. The availability
of CD86 was titrated in column A) by using clones of CHO cells that expressed CD86 at a
higher (upper row) and lower (bottom row) level, at a fixed ratio of 1:1.4 CHO-CD86:T cells.
In column B) CD86 availability was titrated by using a higher ratio of CHO-CD86:T cells (3:1)
(upper row) or a lower ratio (1:1.4) (bottom row) using CHO cells expressing a fixed level of
CD86 per cell. Each condition provided 1.4X10

11

molecules of CD86 per well in the top row

10

or 3X10 in the bottom row. After 40 hours commitment to division was assessed by CD25
and Ki67 coexpression. A representative example from 3 experiments is shown above.
Experiment designed, performed and data provided by Mr C Williams.
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Taken together, the experiments shown in figures 3.1, 3.2 and 3.3 suggested that the
availability of CD80 and CD86 could be manipulated in these in vitro model systems and that
the proliferative responses of T cells change in similar ways whether ligand availability per cell
or the frequency of ligand-bearing cells was altered. This enabled us to model the impact of
changes in CD80 and CD86 such as might be driven by ligand transendocytosis or changes in
APC CD80 and CD86 expression. Furthermore, they confirm that the proliferation of CD4 T
cells is responsive to CD28 costimulation in a dose dependent fashion, specifically with
respect to commitment to division.
3.2.3 Naïve and m em ory CD4 T cells express CD28 at different levels and
naïve cells begin proliferating m ore rapidly following stim ulation
As individuals undergo exposure to immunological stimuli the proportion of naïve and memory
CD4 T cells changes and this will differ between individuals. Naïve and memory cells are
believed to have different requirements for TCR and costimulation signals for activation (Inaba
and Steinman, 1984, Croft et al., 1994, London et al., 2000), hence the proportion of naïve
and memory cells could bias responses to costimulation between individuals. Therefore, we
tested the levels of CD28 and the response to stimulation of naïve and memory CD4 T cells.
PBMCs were isolated from 8 healthy individuals and stained for CD28; naïve CD4 cells were
identified as CD45RA+ and memory as CD45RA-. CD28 expression was found to be
approximately 1.5 fold higher amongst memory CD4 T cells compared to naïve T cells (figure
3.4). This suggested that naïve and memory T cells have differing potential responses to
CD28 costimulation.
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CD28

68.3

31.1

0.302

0.361

CD45RA

CD28 MFI
(normalaised to naive)

2.0

*

1.5
1.0
0.5
0.0

Memory

Figure 3.4: C D 28 expression differs be twe en me mory and naïve subsets of C D 4
T cells. Freshly isolated PBMCs from healthy individuals were stained for CD28 and
CD45RA expression. A representative plot gated on CD3+CD4+ lymphocytes demonstrates
CD28 expression in CD45RA- (memory) and CD45RA+ (naïve) CD4+ T lymphocytes. The
graph illustrates the CD28 MFI fold difference compared to naïve CD4 T lymphocytes from 7
healthy donors. Difference in raw MFI between naïve and memory CD4 T cells analysed by
paired t test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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We undertook time course experiments to determine whether the proliferation of naïve and
memory cells occurred at the same rate and to identify a time point when proliferation of the
two populations could be compared. CD4+CD25- T cells were stimulated with anti-CD3
antibody and CHO-CD80, CHO-CD86 or CHO-blank at 5:1 ratio. The first divisions occurred at
3 days and, by gating on CD45RA, we observed that a greater proportion of naïve cells had
undergone division compared to memory with either CD80 or CD86 (figure 3.5 A and B).
Therefore, to be able to measure comparable, substantial cell division we selected 5 days as
our measurement time point. However, as is evident in figure 3.5 A, CD45RA levels
dropped in proliferating naïve cells meaning that it was not possible to use CD45RA to
discriminate between the two populations at 5 days. Therefore it was decided to use
separately isolated naïve and memory CD4 T cells for further experiments.
3.2.4 Reduction in CD80 or CD86 availability lim its naïve and m em ory CD4 T
cell proliferation to a sim ilar extent
To test whether naïve and memory CD4 T cells had different sensitivity to changes in CD80 or
CD86 in the setting of a fixed TCR stimulus we assessed the proliferation of total naïve and
memory CD4 T cells under the same conditions as above. We selected CHO:T cell ratios of
1:10 and 1:80 as ratios that stimulated proliferation at robust but costimulation-sensitive levels,
based on figure 3.1 B and C.
We observed that reduced availability of costimulation ligands (1:80 compared to 1:10 cell
ratios) resulted in significantly less T cell proliferation with both CD80 and CD86 (figure 3.6
A and B). Furthermore, comparing naïve to memory CD4 T cells revealed similar patterns of
change in proliferation with high and low CD80 or CD86, although a single outlier was seen
with the naïve cells (figure 3.6 B). These findings suggested variation in the level of both
CD80 and CD86 resulted in similar changes in the proliferation of naïve and memory CD4 T
cells.
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Figure 3.5: N aï ve C D 4 T ce lls be gin proliferation more quickly than memory
cells but become equal a fter 5 da ys. CTV stained CD4+CD25- T cells were stimulated
with 0.5μg/mL anti-CD3 and glutaraldehyde fixed CHO cells expressing CD80, CD86 or no
ligand (no costimulation) at 1:5 CHO:T cell ratios. Proliferation was assessed daily by flow
cytometry for 5 days (see figure 2.2 A). A) Representative plots demonstrate proliferation
based on CTV dilution and CD45RA expression for each costimulation condition. B) Graphs
illustrate the proportion of naïve (CD45RA+) and memory (CD45RA-) CD4 T cells that had
divided at each time point, under each costimulation condition. Data are presented as mean
+/- SEM, from 2 individual donors.
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Figure 3.6: Both na ïve and me mory C D 4 T cell prolifera tion a re limited by
reduced availa bility of C D 8 0. CTV stained memory and naïve CD4 T cells were
stimulated with 0.5μg/mL anti-CD3 and glutaraldehyde fixed CHO cells expressing CD80,
CD86 or no ligand (no costimulation) at 1:80 CHO:T cell (low costimulation availability) or
1:10 (high costimulation availability). Proliferation was assessed by flow cytometry after 5
days (see figure 2.2 A). A) Representative proliferation traces for memory and naïve CD4
T cells costimulated with CD80 or CD86. B) Graphs illustrate division index for each
condition. Data are presented from 9 and 4 donors for memory and naïve T cells
respectively, analysed by 1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001
91

3.2.5 Cross-linking of the T cell receptor or of CD28 induces com parable
proliferation but distinct phenotypes in m em ory CD4 T cells
We had hypothesised that the availability of CD28 costimulation in the setting of a fixed TCR
stimulus would alter the phenotype of proliferating T cells. To test this we first asked whether
phenotypic differences could be observed in cells following either strong TCR or CD28 stimuli,
which are capable of driving proliferation in memory CD4 T cells (Ledbetter et al., 1990,
Ohnishi et al., 1995, Gardner et al., 2015), by cross-linking anti-CD3 or anti-CD28 using CHOFcR at 1:2.5 CHO cell: T cell ratio.
Initially, we wanted to test whether cross-linking CD28 or TCR would generate measurable
proliferative responses in CD4 T cells. We observed that after 5 days, memory CD4 T cells
proliferated following stimulation under either cross-linked condition but not without crosslinking (figure 3.7 A), and that the overall level of proliferation was similar whether CD3 or
CD28 was used (figure 3.7 B). This confirmed that both TCR and CD28 signals were
capable of inducing CD4 T cell proliferation and enabled us to test if our assay could reveal
differences in T cell phenotypes driven by either receptor.
To test whether CD3 and CD28 driven stimulation, and later on variation in CD80 and CD86
availability, altered the phenotype of proliferating CD4 T cells we employed the experimental
approach illustrated in figure 3.8. Briefly, CTV stained CD4 T cells were stimulated for 5
days then collected and their phenotype was assessed by flow cytometry. Analysis was
restricted to cells that had undergone at least one division. This was to ensure that we were
only comparing cells that had received adequate signal to commit to division. Amongst the
divided cells we then analysed FoxP3- Tcon or FoxP3+ Treg.
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Figure 3.7: Strong T cell re ce ptor or C D2 8 stimulation by receptor cross-linking
induce s proliferation of memory C D 4 T cells. CTV stained memory CD4 T cells were
cultured for 5 days with fixed CHO cells transfected to express Fcγ Receptor II (CD32)
(CHO-FcR) or untransfected CHO (unstimulated condition) and anti-CD3 or anti-CD28
antibodies. After 5 days cells were collected and proliferation analysed by flow cytometry
(see figure 2.2 B). A) Representative proliferation traces for memory CD4 cells stimulated
under either condition. B) The graph illustrates the division index under either condition. Data
are presented as individual values and mean +/- SEM, from 9 individual donors, analysed by
1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001
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or -CD86
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Cell Number
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CD4 T cell

Cell Trace Violet

FoxP3

CHO-FcR
and
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anti-CD3

Figure 3.8: Outline of the expe rimental approach for assessing the impact of
costimulation conditions on the phe notype of CD 4 T cells. CD4 T cell populations
were isolated by negative immunomagnetic selection and labelled with cell trace violet. Cells
were stimulated for 5 days with glutaraldehyde fixed CHO cells expressing CD80 or CD86
and soluble anti-CD3 antibody, or CHO cells expressing FcγRIIa (CD32) and anti-CD28 or
anti-CD3 antibodies. After 5 days cells were collected and analysed by flow cytometry after
staining for markers of interest (see figure 2.2 A and B). Only cells that had undergone at
least one division were analysed to account for differences in commitment to division due to
differences in affinity and signal strength between conditions.
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We observed that CTLA4, ICOS, PD1 and OX40 were all present at a higher level in divided
cells, stimulated via either cross-linked receptor, compared with unstimulated cells (figure
3.9 A and B). ICOS and OX40 are known to be expressed following CD28 signals (Beier et
al., 2000, Walker et al., 1999, Rogers et al., 2001) and were more highly expressed in dividing
cells stimulated by cross-linked CD28 than cross-linked CD3 (figure 3.9 A), whereas there
was more PD1 following cross-linked CD3 stimulation. Across multiple donors these
associations were reproducible and significant (figure 3.9 B) suggesting that this approach
could be used to observe phenotypic differences in T cells as a result of predominant TCR or
CD28 signals.
3.2.6

Reduced CD80 or CD86 availability does not alter the expression of
CTLA4, ICOS, OX40 or PD1 in dividing m em ory or naïve CD4 T cells

Having established an assay that revealed phenotypic differences in CD4 T cells stimulated
with either CD3 or CD28 signals, we next wanted to test whether we could detect differences
in the phenotype of CD4 T cells following stimulation with different levels CD80 or CD86.
Total memory and naïve CD4 T cell populations were stimulated with anti-CD3 antibody and
CHO-CD80, CHO-CD86 or CHO-blank at 1:10 CHO:T cell ratio (high costimulation) or 1:80
CHO:T cell ratio (low costimulation). We observed that in divided memory Tcon the level of
CTLA4 rose with stimulation. There was a subtle trend towards higher CTLA4 following
stimulation with high compared to low CD80, and similarly for CD86, (Figure 3.10 A). A
similar pattern was observed for ICOS (Figure 3.10 B) and OX40 (Figure 3.10 C) and vice

versa for PD1 (Figure 3.10 D ). This trend was more noticeable for CD86 costimulation, but
did not reach statistical significance. Additionally, we observed that costimulation with CD86
appeared to result in greater levels of Tcon CTLA4, ICOS and OX40, but not PD1 (figure
3.10) compared to CD80.

95

Frequency

A)

CTLA4

ICOS

OX40

anti-CD3 CHO-FcR

B)

PD1

anti-CD28 CHO-FcR

Memory Tcon CTLA4
*

Memory Tcon ICOS

****
****

****
****

15000
10000

5000

0

10000
5000

FcR
aCD3

FcR
aCD28

0

Unstimulated

Memory Tcon OX40
*

15000

FcR
aCD3

FcR
aCD28

Unstimulated

Memory Tcon PD1

****
***

****

8000

****
**

6000

10000

PD1 MFI

Ox40 MFI

***

20000

ICOS MFI

CTLA4 MFI

15000

Unstimulated

5000

4000
2000

0

FcR
aCD3

FcR
aCD28

Unstimulated

0

FcR
aCD3

FcR
aCD28

Unstimulated

Figure 3.9: Phenotypic difference s a re observed in dividing C D 4 T cells
following strong T -cell receptor compa red to strong C D28 a ctivation signa ls.
CTV stained memory CD4 T cells were stimulated for 5 days with CHO-FcR and anti-CD3 or
anti-CD28 antibodies or with blank CHO cells (unstimulated) (see figure 2.2 B). Cells were
gated on divided CD4+FoxP3- T cells (Tcon). A) Representative histograms illustrating
CTLA4, ICOS, OX40 and PD1 expression amongst divided Tcon compared to undivided,
unstimulated Tcon B) Graphs demonstrating MFI of CTLA4, ICOS, OX40 and PD1
expression amongst divided Tcon. Data are presented as individual values and mean +/SEM, from up to 22 individual donors, analysed by 1-way ANOVA. Tukey’s multiple
comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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Figure 3.10: R eductions in C D 80 or C D 86 availability did not influence dividing
F oxP3 - conventional CD 4 T cell CTLA4, ICOS , OX 40 or PD 1 e xpression.
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Figure 3.10: R eductions in C D 80 or C D 86 availa bility did not influence dividing
F oxP3 - conventional CD 4 T ce ll CT LA4, ICOS, OX4 0 or P D 1 expression. CTV
stained memory CD4 T cells were stimulated for 5 days with CHO-CD80, CHO-CD86 or
untransfected CHO (no costimulation) (see figure 2.2 A). Representative plots demonstrate
divided CD4+FoxP3- T cell expression of A) CTLA4, B) ICOS, C) OX40 and D) PD1 following
CD80 or CD86 costimulation, compared to resting cells (no costimulation). Graphs illustrate
MFI for each protein. Data presented as individual values and mean +/- SEM for 9 donors
(OX40 n=7), analysed by 1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001
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Undertaking the same experiment using naïve CD4 T cells revealed similar findings of more
CTLA4, ICOS, OX40 and PD1 in divided compared to unstimulated naïve Tcon, and the levels
of CTLA4, ICOS and PD1 were not significantly different between high and low costimulation
conditions (figure 3.11 A, B and D). However a marked reduction in OX40 was observed
in cells dividing in low CD80 or CD86 conditions compared to high availability (figure 3.11
C). Although this should be interpreted cautiously in light of the low number of replicates, it
may suggest that OX40 is very costimulation sensitive. Furthermore, the differences between
CD80 and CD86 were less pronounced than for memory T cells (figure 3.11).
The fact that we observed a significant reduction in proliferation with reduced costimulation
(section 3.2.4, figure 3.6), but no difference in proliferating cell phenotype, suggested that
phenotype and proliferation have different thresholds or, at the least, that CD28 driven
proliferation and phenotype are in some way uncoupled.
3.2.7 Reduced CD80 or CD86 availability did not influence dividing CD4 T cell
Th polarisation
High levels of CD28 costimulation have been suggested to support and drive the
differentiation of CD4 T cells towards the Th2 subtype (Tao et al., 1997, Smeets et al., 2012)
so we decided to test Th polarisation depending upon the relative level of CD28 costimulation
received by a CD4 T cell. We hypothesised that CD28 costimulation-high conditions would
lead to an increase in Th2 polarisation and low CD28 costimulation to Th1.
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Figure 3.11: R educed C D 80 or C D 86 availa bility results in lower OX 40 le ve ls on
dividing C D4 5R A+ F oxP3 - conventional CD 4 T lymphocytes
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Figure 3.11: R educed C D 80 or C D 86 availability results in lowe r OX4 0 levels on
dividing CD 4 5R A+ F oxP3 - conventional C D4 T lymphocytes. CTV stained naïve
CD4 T cells were stimulated for 5 days with CHO-CD80, CHO-CD86 or untransfected CHO
(no costimulation) and analysed by flow cytometry (see figure 2.2 A). Representative plots
demonstrating divided CD4+FoxP3- T cell expression of A) CTLA4, B) ICOS, C) OX40, D)
PD1 following CD80 or CD86 costimulation, compared to resting cells (no costimulation).
Graphs illustrate MFI for each protein. Data are presented as individual values and mean +/SEM for 2-4 donors, analysed by 1-way ANOVA. Tukey’s multiple comparison test results:
*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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Total memory CD4 T cells were stimulated with anti-CD3 and CHO-CD80, CHO-CD86 or
CHO-blank. After 5 days cells were restimulated with PMA and ionomycin in the presence of
brefeldin A and stained for intracellular cytokine production. We assessed the production of
IFNγ, IL2, IL10, IL13 and IL17 as markers of Th1, Th2, Tr1/regulatory and Th17 subsets
(Raphael et al., 2015).
Amongst cells that had undergone at least one division, we observed that after costimulation
with CD80 or CD86, divided CD4 T cells had a greater capacity to produce IFNγ, IL10 and
IL13 but similar capacity for IL2 and IL17 production upon restimulation, compared to T cells
that had not previously received costimulation, (figure 3.12 A-E). However in general the
effects were modest. IFNγ, IL2, IL13 and IL17 were produced with similar frequency in cells
cultured in high or low costimulation conditions with either CD80 or CD86. In the two donors
tested there was a trend towards IL10 being more frequently produced with low costimulation,
consistent with the evidence that TCR stimulation induces IL10 production (Gabrysova and
Wraith, 2010), but this should be interpreted with caution in light of the low numbers of
replicates. This suggests that our assay conditions could reveal functional changes following
alterations in the balance of TCR and CD28 signals, but that the changes in the majority of the
cytokines, and therefore polarisation of Th subsets, was limited.
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Figure 3.12: R educed C D 80 or C D 86 ava ilability does not alter IF N γ, IL2, IL1 0,
IL13 or IL17 production of dividing CD4 T cells.
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Figure 3.12: R educed C D 80 or C D 86 ava ilability does not alter IF N γ, IL2, IL1 0,
IL13 or IL17 production of dividing CD4 T cells.
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Figure 3.12: R educed C D 80 or C D 86 ava ilability does not alter IF N γ, IL2, IL1 0,
IL13 or IL17 production of dividing CD4 T ce lls. CTV stained memory CD4 T cells
were stimulated for 5 days with CHO-CD80, CHO-CD86 or untransfected CHO (no
costimulation) (see figure 2 .2 A). They were subsequently re-stimulated with PMA and
ionomycin, with brefeldin A, for 6 hours then stained for intracellular cytokines and analysed
by flow cytometry. Cells were gated on divided CD4+ T cells. Representative plots
demonstrate dividing CD4 T lymphocyte expression of A) IFNγ, B) IL2, C) IL10, D) IL13, E)
IL17 following CD80 or CD86 costimulation, compared to cells that received no costimulation
prior to PMA and ionomycin activation. Graphs illustrate the percentage of divided cells
stained positively for each cytokine. Data are presented as individual values and mean +/SEM, from 2 individual donors.
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3.2.8 Lim itation of CD86 and possibly CD80 availability im pairs proliferating
FoxP3+ CD4 Treg phenotype
FoxP3+ CD4 Treg are recognised to be dependent upon and sensitive to CD28 signals for
survival (Salomon et al., 2000), therefore we tested whether limiting costimulation availability
would influence the frequency or phenotype of FoxP3+ Treg. We hypothesised that Treg
stimulated in a costimulation rich environment would be strongly activated, proliferate to a
greater extent and express effector molecules to a higher degree. Memory CD4 populations
were tested as the frequency of Treg in CD45RA+ populations is low (Miyara et al., 2009), and
these cells were stimulated for 5 days under the same conditions as described above.
We observed a significantly greater frequency of FoxP3+ Treg in the divided population
following costimulation with CD86, but not CD80, compared to resting cells (Figure 3.13 A
and B). However, no difference in FoxP3+ T cell frequency was seen between high and low
costimulation conditions. Furthermore, the same CD86 advantage was seen for the level of
FoxP3 (Figure 3.13 A and B).
We then tested whether CTLA4, ICOS, OX40 and PD1 in divided FoxP3+ Treg were
influenced by the availability of CD80 or CD86. We observed that all four increased following
stimulation with either CD80 or CD86, at both high and low levels, compared to unstimulated
Treg (figure 3.14 A – D) suggesting that these were all markers of activated Treg.
Comparing high to low costimulation conditions, significantly more CTLA4, ICOS and OX40
were observed with high CD86 availability (figure 3.14 A – C). With CD80 costimulation this
was observed only for OX40 (figure 3.14 C ) but not CTLA4 or ICOS (figure 3.14 A and
B). PD1 was not increased by higher levels of CD80 or CD86 (figure 3.14 D), in fact a
subtle opposite trend was observed, where PD1 was slightly higher amongst Treg proliferating
in low costimulation conditions.
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Figure 3.13: R eduction in CD 8 0 or C D 86 a vailability does not a lter F oxP3
expre ssion. CTV stained memory CD4 T cells were stimulated with CHO-CD80, CHOCD86 or untransfected CHO (no costimulation) and anti-CD3 antibody. After 5 days cells
were analysed by flow cytometry, gated on divided T cells (see figure 2.2 A). A)
Representative plots demonstrating FoxP3 in divided CD4+ lymphocytes following CD80 or
CD86 costimulation, compared to resting cells (no costimulation). B) Graphs illustrate
frequency of FoxP3+ cells and FoxP3 relative MFI of dividing lymphocytes and resting cells.
Data are presented as individual values and mean +/- SEM, from 9 individual donors,
analysed by 1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001
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Figure 3.14: R eduction in C D 86 availability reduces C T LA4 , I C OS, and OX 40 in
dividing F oxP3+ CD 4 T lymphocytes. CTV stained memory CD4 T cells were
stimulated for 5 days with CHO-CD80, CHO-CD86 or untransfected CHO (no costimulation)
and analysed by flow cytometry (see figure 2.2 A). Cells were gated on FoxP3+ divided
CD4 T cells. Representative plots demonstrate expression of A) CTLA4, B) ICOS, C) OX40
and D) PD1 following CD80 or CD86 costimulation, compared to resting cells (no
costimulation). Graphs illustrate MFI for each protein. Data are presented as individual
values with mean +/- SEM, from 9 individual donors (except OX40 n=7), analysed by 1-way
ANOVA. Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001
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These findings suggested that this assay was truly capable of revealing phenotypic
differences, for example OX40 expression, amongst CD4 T cell populations proliferating under
high or low costimulation conditions. Treg stimulated in high costimulation environments were
more strongly activated and had a phenotype consistent with effector function, specifically
when costimulated with CD86.
3.2.9 Costim ulation with CD80 or CD86 resulted in different Tcon and Treg
phenotypes
During the experiments reported above we observed that memory, but not naïve Tcon,
expressed higher levels of CTLA4, ICOS and OX40 following costimulation with CD86
compared to CD80 (figure 3.10 and figure 3.11). Also, greater frequencies of Treg, which
expressed higher CTLA4, ICOS and OX40, were observed following costimulation with CD86
(figure 3.13 and figure 3.14).
The failure to observe this pattern with naïve T cells raised the question whether there was a
property of memory T cells that would influence their interpretation of the ligands of CD28. We
hypothesised that differences in CTLA4 expression may account for this difference, as CTLA4
can also bind CD80 and CD86 with greater affinity than CD28, hence may influence the ability
of these ligands to deliver a CD28 costimulation signal differently.
To test whether there were differences in the level of CTLA4 expressed by naïve and memory
T cells PBMCs were analysed by flow cytometry. Gating on CD45RA+ naïve and CD45RAmemory CD3+CD4+ lymphocytes revealed that amongst conventional FoxP3- memory CD4 T
cells the level of CTLA4 and frequency of CTLA4+ cells was greater than amongst naïve cells
(figure 3.15) and the same was observed amongst FoxP3+ Treg. Furthermore the difference
in CTLA4 expression between conventional T cells and Treg was greater for memory than
naïve T cells.
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Figure 3.15: C onve ntional F oxP 3- C D 4 T ce lls e xpress le ss C T LA4 than F oxP3+
C D 4 T re g. Peripheral blood mononuclear cells from healthy donors were stained for total
CTLA4 levels. Cells were gated on scatter/CD3+/CD4+ T cells. Representative plots
demonstrate CD45RA- and CD45RA+ T lymphocyte CTLA4 and FoxP3. Graphs demonstrate
the percentage of cells expressing CTLA4 in the naïve and memory compartments, grouped
by FoxP3 expression, and the MFI of CTLA4 amongst CTLA4+ cells in each group. Data are
presented as individual values with mean +/- SEM, from 10 individual donors, analysed by
paired T tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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These observations suggested that there may be systematic differences in the manner in
which CD80 and CD86 influence CD4 T cell responses and that CTLA4 may potentially
modulate this difference. In chapter 4 we continued on to assess this in detail.

3.3 Discussion
In this chapter we have demonstrated a costimulation-dependent CD4 T cell stimulation assay
that allowed us to reproducibly measure changes in T cell proliferation and phenotype as a
result of changing costimulation availability. We determined that the impact of reducing CD28
costimulation upon CD4 T cell proliferation was due to a fall in the commitment of precursors
to division, rather than the number of divisions achieved by committed precursors. Both naïve
and memory CD4 T cell proliferation were sensitive to changes in CD28 costimulation to a
similar degree, although memory CD4 T cells initiated proliferation more slowly. We also
demonstrated that whilst the assay could detect phenotypic differences in T cells following
strong CD28 or TCR signalling, we did not observe differences in conventional naïve or
memory CD4 T cell phenotype in high or low costimulation conditions. However, Treg
phenotype was sensitive to the availability of CD86, with a phenotype of high CTLA4, ICOS
and OX40 expression in the presence of high levels of CD86.
3.3.1 The balance of TCR and CD28 signalling did not influence conventional T
cell phenotype.
We tested whether reducing the availability of CD80 or CD86 in the setting of fixed TCR signal
strength influenced the phenotype of CD4 Tcon. To do this we exploited the ability of T cells to
integrate TCR and CD28 signals to reach a threshold for proliferation and differentiation. By
keeping the TCR signal strength constant, those cells that divided when CD80 or CD86
availability was reduced would have received a combined signal biased towards TCR.
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The two-signal model of T cell activation was derived from initial observations that TCR
engagement alone was insufficient for T cell activation, and in fact could induce a state of
anergy (Jenkins et al., 1988, Mueller et al., 1989). A second signal was required for efficient T
cell activation, which was typically provided by CD28 (Jenkins et al., 1991). CD28
costimulation resulted in a reduction in the threshold for TCR signal required to induce
proliferation, enabling T cell proliferation at levels of antigen that otherwise were insufficient
(Viola and Lanzavecchia, 1996).
We observed that reducing the availability of CD80 or CD86 resulted in a reduction in the
commitment of CD4 T cells to division, but not in the number of divisions that T cells made
after committing to division. This was consistent with evidence that CD28 costimulation
modulates the threshold for activation (Viola and Lanzavecchia, 1996) and increases the
frequency of, and reduces the time to, commitment to division (Gett and Hodgkin, 2000, Viola
and Lanzavecchia, 1996, Iezzi et al., 1998, Bitmansour et al., 2002). However, our model of
reducing CD80 and CD86 availability was intended to represent changes in CD80 and CD86
on APCs due to alterations in expression or the actions of Treg. Our observation was therefore
at odds with a report that Treg suppression of effector T cell proliferation occurred by
reductions in ‘division destiny’, that is the number of divisions a dividing cell completes, rather
than a reduction in the number of cells that commit to division (Dowling et al., 2018). This may
reflect differences in the Treg suppressive strategy tested; we assessed only the contribution
of changes in CD80 and CD86 availability, but other Treg regulatory strategies may have
induced changes in ‘division destiny’. Also, other differences in assay design may have
contributed to our differing observations; Dowling et al used ex vivo murine cells stimulated
with a high APC:effector T cell ratio (4:1), which may have made their system less
costimulation dependent than ours.
We hypothesised that in low costimulation environments proliferating T cells would have a less
activated phenotype and express lower levels CD28-driven proteins such as CTLA4, OX40
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and ICOS. We observed that for both memory and naïve CD4 T cells the levels of these
proteins was significantly higher in stimulated, compared to unstimulated, T cells. However,
there was no significant reduction in the expression of CTLA4 and ICOS in low CD80 or CD86
conditions observed, although there was possibly a reduction in the expression of OX40
consistent with the notion that OX40 is highly CD28 sensitive (Walker et al., 1999, Rogers et
al., 2001). The lack of reduction in the level of these proteins may have been because the
assay did not have sensitivity enough to measure differences in T cell outcomes, although our
data illustrating increased ICOS, OX40 and CTLA4 with cross-linked anti-CD28 compared to
anti-CD3 suggest otherwise.
We also tested whether reduced CD80 and CD86 availability during stimulation altered Th
subset polarisation. We observed that following 5 days of stimulation in low costimulation
environments there was a trend towards an increase in IL10 production in the two donors
tested, but no change in the frequency of IFNγ, IL2, IL13 or IL17 producing cells. Our
observations were at odds with evidence that suggests that the balance of CD28 and TCR
signalling is important in the differentiation of Th subsets. Strong TCR signals in the absence
of CD28 costimulation result in anergy but combined signals enable Th1 responses (Harding
et al., 1992) and CD28 costimulation is required for the induction of Th2 responses (Lenschow
et al., 1996a, King et al., 1995, Rulifson et al., 1997, Schweitzer and Sharpe, 1998),
specifically in the setting of weak TCR signals (Tao et al., 1997). This is supported by the
observation that in CTLA4 deficient mice where CD28 costimulation is increased due to the
lack of CD80/CD86 regulation, effector CD4 T cells are skewed towards a Th2 phenotype,
although only in strains prone to Th2-type responses (Khattri et al., 1999, Tivol et al., 1995,
Oosterwegel et al., 1999). CD28 costimulation has other potential roles in skewing the
outcome of T cell activation, for example under Th17 promoting conditions it can inhibit the
differentiation of Th17 subsets (Revu et al., 2018, Bouguermouh et al., 2009). Also Tfh
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differentiation is dose dependent upon CD28 signalling (Wang et al., 2015, Walker et al.,
1999).
We had predicted that low costimulation environments would lead to a more Th1-skewed T
cell phenotype, but we did not observe this. Firstly, our assay may not have been sensitive
enough to detect differences in Th cell polarisation. CD28 costimulation promotes Th2
responses only in the setting of low TCR signal strength (Tao et al., 1997) hence it may be
that the balance of TCR and CD28 in our assay was not appropriate to reveal differences.
Secondly, it may be that in this reductionist system other signals, such as cytokines or
costimulatory molecules, were missing. Lastly, it may be that T cell integration of the TCR and
CD28 signals resulted in similar T cell phenotype if once the threshold for division had been
reached the thresholds for the differentiation of phenotype had been passed.
In summary, although our assay was able to reveal changes in the commitment of CD4 T cells
to division with reduced costimulation ligand availability, we did not robustly demonstrate
changes in conventional T cell polarisation or phenotype. This suggested that either our assay
was not able to reveal these differences or that under our assay conditions, the relative level
of costimulation ligand availability had little influence. However, it does demonstrate that the
signals determining proliferation and phenotype, although shared, are uncoupled within T cells
in some manner.
3.3.2 M em ory and naïve CD4 T cells were both sensitive to CD28 costim ulation
To ensure that the sensitivity to CD28 costimulation was comparable between individuals we
considered the influence of memory and naïve cell states. We demonstrated that memory CD4
T cells express more CD28 than naïve cells that and there was variation in the level of CD28
expression between individuals. Higher levels of CD28 would be expected to make memory
cells more sensitive to CD80 and CD86, but this would go against the dogma that naïve T
cells are dependent upon costimulation and memory cells can dispense with this (London et
al., 2000, Croft et al., 1994, Inaba and Steinman, 1984). However, there is now increasing
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evidence that memory T cells have a requirement for CD28 (Boesteanu and Katsikis, 2009,
Borowski et al., 2007, Fuse et al., 2008, Teijaro et al., 2009, Ndejembi et al., 2006, Ndlovu et
al., 2014, Villegas et al., 1999, Poirier et al., 2016, Langenhorst et al., 2018, Linterman et al.,
2014). Consistent with this, we observed similar falls in division indices between naïve and
memory CD4 T cells following reductions in CD80 and CD86 availability. Similarly, Tcon
phenotype was minimally affected by the reduced availability of CD80 or CD86 in both naïve
and memory Tcon. Therefore, taken together our data are consistent with the view that both
memory and naïve T cells do require costimulation for proliferation in vitro and that their
proliferative responses are sensitive to changes in CD28 costimulation.
3.3.3 Treg are sensitive to CD86, but not CD80, availability
Although we did not observe marked changes in Tcon phenotype between high and low CD80
and CD86 environments, we hypothesised that T cell responses in a CD28 costimulation rich
environment would be biased towards Treg. We observed that amongst T cells costimulated
with CD86, but not CD80, there was a greater frequency of FoxP3+ T cells and greater FoxP3
MFI compared to unstimulated cells. Additionally, there was a titratable effect of CD86mediated costimulation upon Treg phenotype; in CD86 rich environments Treg expressed
higher levels of CTLA4, OX40 and ICOS than in CD86 low environments, suggesting that Treg
phenotype was costimulation dependent. This suggested that a more activated Treg
phenotype in the setting of high costimulation ligand availability would enable negative
feedback as more FoxP3+ cells with more CTLA4 would be able to control CD80 and CD86
levels, thereby acting as a natural break on the immune response.
The fact that we observed PD1 expression to be equivalent with high or low CD86, but
increased in both compared to unstimulated cells, suggested that PD1 levels reflected Treg
activation. This therefore argues against the activated Treg phenotype of high CTLA4, ICOS
and OX40 with high CD86 simply being due to greater activation overall, but instead that this
was a strong CD86 costimulation specific phenotype.
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Our observation of Treg sensitivity to variations in CD28 ligand availability is consistent with
Treg being highly dependent upon CD28 signalling to differentiate in both the thymus and the
periphery, and to be maintained in the periphery (Tai et al., 2005, Tang et al., 2003, Guo et al.,
2008, Gogishvili et al., 2013, Zhang et al., 2013). As a result of this sensitivity, low Treg
numbers are observed in CD28 or CD80 and CD86 deficient mice, which results in increased
susceptibility to autoimmunity. It appears that in mouse models low basal levels of CD80 and
CD86 expression maintain tonic immune inhibitory function by promoting Treg homeostasis
thus preventing autoimmunity (Lohr et al., 2003, Salomon et al., 2000). It has also been
reported that low doses of anti-CD28 super-agonist antibodies induce the expansion of human
Treg in vitro (Tabares et al., 2013) and blockade of CD80 and CD86 with CTLA4-Ig
administration, which prevents CD28 costimulation, results in a reduced Treg frequencies
(Riella et al., 2012). These findings suggest that the availability of CD28 costimulation is
important for Treg homeostasis and we have been able to demonstrate this using CD86 in

vitro.
However, interestingly, we did not observe dose dependency of ICOS or CTLA4 expression
upon CD80 availability, nor an increase in the frequency or level of FoxP3 with CD80
costimulation, compared to unstimulated cells. This was despite T cells proliferating robustly
with CD80, which demonstrated that CD80 was competent to provide costimulation signals.
This observation suggested that Treg interpreted the costimulation signals provided by CD80
and CD86 differently, which is explored and discussed in chapter 4.
3.3.4 Do CD80 and CD86 interactions with CTLA4 affect their capacity to
costim ulate Treg differently?
CD80 and CD86 are generally considered to be interchangeable, and both are capable of
delivering a costimulation signal via CD28, as we demonstrated with T cell proliferation and
similar Tcon phenotypes following costimulation with either ligand. However, their differing
affinities for CD28, different spatio-temporal regulation and relatively low sequence homology
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all suggest that CD80 and CD86 may have different roles (this will be explored in more detail
in chapter 4, reviewed in (Collins et al., 2005)). This is supported by the differing outcomes we
observed for Treg, where the expression of CTLA4 and ICOS fell with reducing CD86 but not
CD80.
There is evidence from mouse models of CD80 and CD86 deficiency that CD86 may be the
dominant ligand for T cell costimulation, antibody class switching and germinal centre
formation in vivo (Borriello et al., 1997, Santra et al., 2000, Schweitzer et al., 1997). However,
CD80 binds CD28 with higher affinity and is capable of providing a robust costimulation signal
to resting T cells (Manzotti et al., 2006).
It currently remains unclear why Treg have different responses to CD80 and CD86 and why
the lower affinity ligand for CD28 would be the dominant ligand in vivo. To date there is little
evidence that different signaling pathways result from engagement of the two ligands. It may
be that alterations in the availability of CD80 and CD86 to engage CD28, due to the action of
CTLA4, may contribute to different outcomes with the two ligands.
As we demonstrated, Treg constitutively express CTLA4 at a high level. As CTLA4 binds
CD80 with high affinity (Collins et al., 2002) (see figure 1.1), the presence of CTLA4 may
effectively prevent CD80-CD28 interaction at the cell surface, thus depriving the Treg of CD28
costimulation. On the other hand, the lower affinity CD86-CTLA4 interaction may spare CD86
leaving it free to costimulate via CD28. This, combined with the inherent sensitivity of Treg to
CD28 signals, may explain why we observed more FoxP3 expression and changes in CTLA4
and ICOS with CD86 costimulation but not CD80. Furthermore, comparing the level of these
proteins in Tcon we observed that CD86 resulted in higher levels of CTLA4, ICOS and OX40
than CD80 in memory cells, but much less difference was seen in naïve cells (which we tested
directly in chapter 4). Again, when we observed that the level of CTLA4 in memory cells was
higher than in naïve T cells prior to stimulation.
Therefore, the relative balance of the 4 ligand-receptor pairings that can form between CD80,
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CD86 and the receptors CD28 and CTLA4 may be pivotal in determining cell outcomes. The
influence of CTLA4 and the differing roles of CD80 and CD86 will be explored in detail in
chapter 4.
3.3.5 M odelling changes in CD28 costim ulation levels
We modeled varying CD28 costimulation by changing the availability of CD80 or CD86, as this
appears to be critical in the regulation of immune responses. Firstly, availability of CD80 and
CD86 is spatiotemporally regulated hence the levels of CD28 costimulation vary in vivo due to
several factors: the type of APC a T cell is stimulated by, the presence of DAMPs and PAMPs
leading to increased expression, the time within the immune response when a T cell is
stimulated, the local cytokine milieu and the balance of CD80 and CD86 (see section 1.3.2).
Combinations of these factors will result in differing availability of CD80 and CD86 when T
cells are activated. Secondly, Treg themselves can act in a cell extrinsic fashion to reduce the
levels of CD80 and CD86 on the surface of APCs in a CTLA4 dependent manner (Onishi et
al., 2008, Cederbom et al., 2000, Oderup et al., 2006, Misra et al., 2004, Wing et al., 2008).
One mechanism is the physical removal of these ligands by transendocytosis (Qureshi et al.,
2011), although other mechanisms of ligand control such as IL10 secretion may also influence
this. The result is that APCs have less CD80 and CD86 available to provide costimulation to T
cells, thereby altering the balance of TCR and CD28 signal T cells will receive.
Despite the importance of CD80 and CD86 levels to immune regulation, we did not observe
differences in Th polarisation based upon IFNγ, IL13 or IL17 production, nor significant
changes in Tcon CTLA4 or ICOS with reducing CD80 or CD86 availability, as outlined above.
It may be that our assay lacked the sensitivity to detect differences in these outcomes or
possibly that the TCR stimuli used were insufficient to influence differential cytokine output,
whilst being adequate for proliferation. However, we did observe differences in Treg
phenotype between high and low costimulation environments (as discussed above) and
phenotypic differences in CD4 Tcon with strong TCR and CD28 signals (cross-linked anti-CD3
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and anti-CD28). This suggests that our assay was truly able to reveal different cellular
outcomes based upon costimulation availability in these settings. In vivo regulation the
balance of CD28 costimulation and TCR may therefore truly influence the quality of immune
responses.
It is important to understand how CD28 costimulation influences T cell responses as the
availability of CD28 ligands is highly variable and can be tuned in local environments
potentially depending upon the inflammatory stimuli, cytokines, Treg activity, responding cell
CTLA4 level and APCs involved in stimulation.
3.3.6 The clinical im portance of regulating CD28 costim ulation
As we demonstrated, both memory and naïve T cell commitment to division is sensitive to the
availability of ligands of CD28, which suggests that this may alter the magnitude of immune
responses. Furthermore, changes in the availability of these ligands also alters the quality of
the immune response, as shown with limited Treg FoxP3, CTLA4, ICOS and OX40 expression
with reduced CD86 availability. Taken together this suggests that the relative balance of CD28
and TCR signals has the potential to modulate T cell differentiation and the resultant balance
of immune responses.
It is therefore unsurprising that the CD28 pathway has been shown to have importance in
disease pathogenesis. A range of genome wide association studies for autoimmune disorders
have demonstrated associations of CD28, CD80 and CD86 with conditions such as
rheumatoid arthritis (Raychaudhuri et al., 2009), PBC (Mells et al., 2011, Liu et al., 2012), PSC
(Liu et al., 2013), coeliac disease (Trynka et al., 2011), inflammatory bowel disease (Liu et al.,
2015) and multiple sclerosis (International Multiple Sclerosis Genetics et al., 2011) amongst
others. Furthermore, deficiency of CTLA4 or LRBA, a putative trafficking protein for CTLA4,
result in syndromes characterised by immune dysregulation with wide spread autoimmunity
and immunodeficiency being cardinal features (Schubert et al., 2014, Kuehn et al., 2014,
Gamez-Diaz et al., 2016, Lo et al., 2015). Also, the expansion of FoxP3+ Treg populations in
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CTLA4 deficiency (Schmidt et al., 2009, Schubert et al., 2014), which is likely due to excess
CD28 costimulation, illustrates the clinical importance of CD28 costimulation.
Direct modulation of the CD28 costimulation pathway, with the use of CTLA4-Ig (abatacept)
and a modified high affinity variant of CTLA4-Ig (belatacept), has an established role in the
management of autoimmune disorders (Cutolo and Nadler, 2013) including rheumatoid
arthritis (Kremer et al., 2003) and in preventing rejection following kidney transplantation
(Vincenti et al., 2016). Additionally here has been persistent interest in direct CD28 agonism
for the treatment of autoimmunity, although this area of research was hampered by adverse
outcomes in the TGN1412 trial (Suntharalingam et al., 2006). The study of the regulation of
the CD28 axis is therefore of significant clinical importance in many area and also for the
fundamental understanding of T cell biology.
3.3.7 Future perspectives
Treg stimulated in a CD86-rich compared to a CD86-poor environment had a phenotype
associated with activation and function (high levels of CTLA4 (Takahashi et al., 2000, Read et
al., 2000) and ICOS (Wikenheiser and Stumhofer, 2016)). However, we did not directly test
Treg function, either in terms of their ability to suppress effector T cell responses or to
transendocytose CD80 or CD86. It is conceivable that as the amounts of CD80 and CD86
change during an immune response, the activity of Treg would therefore alter. This would
imply dynamic changes in regulatory activity over the course of an immune response as the
relative balance of CD80 and CD86 change, and would be an interesting area of study. We
continue to look at the regulation of this process in chapter 4.
Acute and chronic T cell stimulation both increase CTLA4 expression and chronic stimulation
results in exhaustion, which is characterised by high levels of CTLA4. Therefore, similar
experiments to those presented above, using pre-stimulated T cells may reveal reductions in T
cell sensitivity to CD80 and CD86 costimulation, driven by CTLA4 engaging the ligands. This
would have significant implications in how the exhausted state results in impaired T cell
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responses. These ideas may further help explain the subtleties of CD28 costimulation
sensitivity, mechanism of exhaustion and the mode of action of anti-CTLA4 in cancer therapy.

3.4 Summary
Taken together, we have demonstrated that it is possible to measure changes to in vitro CD4
T cell responses following variation of CD28 costimulation, at fixed levels of TCR stimulation.
We have shown that T cell proliferation is highly sensitive to the availability of costimulation for
both memory and naïve CD4 subsets. However, we did not detect differences in Th
polarisation, nor in the phenotype of Tcon, over the range of availability of costimulation
ligands tested.
We did, however, demonstrate a marked sensitivity of Treg to CD28 costimulation, consistent
with the current literature, where they acquired a more activated phenotype in the presence of
high levels of CD86. The Treg were specifically sensitive to CD86, rather than to CD80, which
raises questions about the mechanism and reasons why CD80 and CD86 have different
effects upon on Treg. Furthermore, this illustrates a potential negative feedback mechanism
for the control of costimulation ligands, whereby high levels of CD86 induce robust Treg
responses including high CTLA4 expression, which would be predicted to increase the
capacity of Treg to further limit CD80 and CD86 availability
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Chapter 4:

Costimulation

with

CD86

selectively

supports Treg proliferation, phenotype and survival
compared to CD80
4.1 Introduction
In chapter three we explored the effect of CD28 costimulation with high and low levels of
either CD80 or CD86 upon CD4 T cell proliferation and phenotype. We observed possible
differences in memory T cell phenotype and Treg frequency following costimulation with CD80
compared to CD86 and therefore sought to explore these differences further.
CD80 and CD86 are both capable of providing costimulation to T cells and appear to have
similar roles in vivo (Lanier et al., 1995, Freeman et al., 1993c, Freeman et al., 1993b, Azuma
et al., 1993, Linsley et al., 1991, Borriello et al., 1997). However, CD80 and CD86 have
significantly different affinities for their receptors as a result of their evolutionary divergence
(Freeman et al., 1993c, Collins et al., 2002). CD80 may also have additional actions such as
binding PD-L1 to transmit inhibitory signals to T cells (Butte et al., 2007). There is also
evidence from in vivo models that CD86 deficiency has a much greater impact on T cell
function than does CD80 deficiency (Borriello et al., 1997, Santra et al., 2000). These
differences and the distinct spatio-temporal expression patterns and regulatory signals for
CD80 and CD86 (discussed in section 1.3.2) suggest that although they may both be
effective in providing CD28 costimulation, they may have differing roles within the immune
system.
We therefore sought to explore the differences in memory Tcon and Treg outcomes following
CD80 or CD86 costimulation, to define differences in the roles and effect of these two
molecules on T cell activation and the mechanisms that may underlie any differences.
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4.1.1 Aim s
Utilising reductionist models of CD28 costimulation-dependent T cell activation and of Treg
survival and proliferation we aimed to:
• Determine whether CD80 and CD86 induce different proliferative responses when
used for T cell costimulation
• Establish whether CD80 and CD86 support Treg number, proliferation, survival and
phenotype to the same degree
• Identify if CD80 and CD86 costimulation lead to different Tcon phenotypes
• Test if the presence of both CD80 and CD86 influences T cell responses
• Describe the influence of other factors such as CTLA4 and cytokines upon CD80 and
CD86 T cell costimulation

4.2 Results
4.2.1 CD80 and CD86 costim ulation result in sim ilar m em ory CD4 T cell
proliferation and activation
To test whether CD80 and CD86 provided equivalent costimulation signals to T cells we first
compared their ability to induce proliferation in the presence of fixed levels of TCR stimulus.
We compared these responses to cross-linked anti-CD28 or cross-linked anti-CD3 antibody
stimulation to reflect strong CD28 or TCR stimuli, respectively. Memory CD4 T cells were
stimulated with CHO-CD80 or CHO-CD86, which expressed the ligands at identical levels (see
section 4.2.5), or with CHO-blank in the presence of soluble anti-CD3 antibody. For the
cross-linking experiments T cells were stimulated with CHO cells expressing an FcR with antiCD3 or anti-CD28 antibody. We observed that after 5 days both CD80 and CD86 resulted in
memory CD4 Tcon proliferation, unlike soluble anti-CD3 alone (figure 4.1 A). Similarly crosslinking CD28 or TCR resulted in increased proliferation compared to the non-cross-linked
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condition (figure 4.1 A). When division indices were calculated, the level of proliferation
observed was similar comparing CD80 to CD86 stimulation and the two cross-linked
conditions (figure 4.1 B).
The proliferation data suggested that CD80 and CD86 provided similar levels of costimulation
to T cells. To confirm this and to test whether there were differences in the rates of T cell
activation, we examined the expression of the early activation marker CD69 daily upon
stimulation. This demonstrated that following costimulation, CD69 rapidly increased to a
maximal level at day one and gradually fell with time (figure 4.2). The level of CD69
expression was the same for CD80 and CD86 costimulation at all time-points. The
upregulation of CD69 following CD28 cross-linking was lower than for TCR cross-linking.
These experiments demonstrated that CD80 and CD86 both provide robust costimulation
signals and memory T cells receiving costimulation with either ligand proliferate and broadly
activate at the same rate and to the same degree.
4.2.2 CD86 costim ulation results in greater FoxP3+ CD4 T cell proliferation
and FoxP3 expression, com pared to CD80
Earlier, we had observed a greater frequency of Treg with CD86 costimulation compared to
CD80 (section 3.2.9). To formally test whether CD80 and CD86 costimulation resulted in
different Treg frequencies we repeated the above stimulations and after 5 days the frequency
of FoxP3+ Treg and the level of FoxP3 was assessed. We observed that following
costimulation with CD86, Treg frequency was significantly higher within the divided memory
CD4 T cells compared to CD80 costimulation (figure 4.3 A and B) and furthermore, the
level of FoxP3 within Treg was significantly higher following CD86 costimulation (figure 4.3
C). Similarly to costimulation with CD86, cross-linked anti-CD28 also induced a larger, more
discrete population of Tregs compared to cross-linked anti-CD3 (figure 4.3 A and B).
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Figure 4.1: C D 80 and C D 86 costimulation or cross-linked C D 3 a nd C D 28 result
in compa rable proliferation of memory C D 4 T ce lls. CTV stained memory CD4 T
cells were stimulated with CHO-CD80, CHO-CD86 or untransduced CHO (no costimulation)
and anti-CD3 antibody, or with CHO-FcR and anti-CD3 or anti-CD28 antibody (see figure
2.2 A a nd B). After 5 days proliferation was assessed by flow cytometry. A) Proliferation
traces illustrate typical patterns observed following CD80 or CD86 costimulation, compared
to resting cells (no costimulation), or following cross-linked CD3 and CD28. B) Graphs
illustrate the division indices observed for each condition. Data are presented as individual
values and mean +/- SEM, from 16 individual donors, analysed by 1-way ANOVA. Tukey’s
multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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Figure 4.2: C D 80 a nd C D 86 costimula tion result in compa rable rates of T cell
activa tion. Memory CD4 cells were stimulated with CHO-CD80, CHO-CD86 or
untransduced CHO (no costimulation) and anti-CD3 antibody, or with CHO-FcR and anti-CD3
or anti-CD28 antibody (see figure 2 .2 A a nd B). Phenotype was assessed by flow
cytometry over five days. Representative plots demonstrate CD69 expression amongst total
CD4 cell population. Graphs show CD69+ cell frequency over time, under each stimulation
condition. Data are presented as mean +/- SEM from 4 independent experiments.
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Figure 4.3: C D 86 costimula tion or cross-linked C D 28 re sult in gre ate r F oxP3+
expre ssion a mongst dividing me mory C D 4 T cells. CTV stained memory CD4 T
cells were stimulated with CHO-CD80, CHO-CD86 or untransduced CHO (no costimulation)
and anti-CD3 antibody, or with CHO-FcR and anti-CD3 or anti-CD28 antibody (see figure
2.2 A and B). After 5 days FoxP3 expression was assessed by flow cytometry. A)
Representative plots demonstrate illustrate FoxP3+ CD4 T lymphocyte frequency amongst
cells that had undergone at least one division (as per inset box) or resting CD4 T
lymphocytes (no costimulation). B) Percentage of FoxP3+ cells in each group. C) Relative
FoxP3 MFI of FoxP3+ CD4 T lymphocytes. Data are presented as individual values and
mean +/- SEM, from 24 individual donors, analysed by 1-way ANOVA. Tukey’s multiple
comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001

128

To test whether the greater frequency of Treg observed following CD86 costimulation was due
to increased FoxP3+ Treg proliferation, or relatively lower proliferation of the FoxP3conventional T cells, the divided cells were gated on FoxP3+ Treg and FoxP3- Tcon. The
proliferation traces for these populations stimulated under each condition, shown in figure
4.4 A, revealed that Treg proliferated more with CD86 costimulation than with CD80, whereas
the Tcon proliferated similarly with either ligand. Aggregated division indices revealed
significantly greater Treg proliferation with CD86 compared to CD80 (figure 4.4 B) whereas
comparable proliferation was seen for the Tcon (figure 4.4 C).
We next confirmed that the increased Treg frequency and proliferation following CD86
costimulation resulted in greater absolute numbers of Treg at the end of culture. Figure 4.5
A illustrates the larger, more discrete population of FoxP3 High effector Treg (see section
4.3.1) seen following CD86 costimulation compared to CD80. We observed that the number
of Treg at the end of culture was consistently greater with CD86 and CD80 costimulation
compared to unstimulated T cells and there was a trend toward a greater number of Treg with
CD86 (figure 4.5 B).
To test the possibility that CD80 caused more activation induced cell death than CD86 we
examined the viability of memory T cells following stimulation. The proliferation traces for live
lymphocytes costimulated with CD80 and CD86 were similar, as were those for dead
lymphocytes (figure 4.6 A). When the absolute numbers of divided live cells and divided
dead cells were compared, these were similar for either CD80 or CD86, but greater than for
unstimulated cells. Similarly undivided live and dead cell numbers were the same following
CD80 and CD86 costimulation (Figure 4.6 B). This suggested that there is no excess
activation induced cell death with either ligand.

129

Cell number (% of maximum)

A)
FoxP3+

FoxP3-

FoxP3+

FoxP3-

Cell Trace Violet
CHO-CD80 + anti-CD3

anti-CD3 CHO-FcR

CHO-CD86 + anti-CD3

anti-CD28 CHO-FcR

No costimulation

B)
FoxP3+ proliferation
****
1.5

****

0.5

CD86

anti-CD3
CHO-FcR

****

***

***
Division Index

Division Index

1.5

1.0

CD80

FoxP3- proliferation
****

**

***

0.0

C)

anti-CD28
No
CHO-FcR costimulation

***

1.0

0.5

0.0

CD80

CD86

anti-CD3
CHO-FcR

anti-CD28
No
CHO-FcR costimulation

Figure 4.4: C D 86 costimula tion induces gre ate r prolife ration of F oxP3 + memory
C D 4 T ce lls than C D 8 0. CTV stained memory CD4 T cells were stimulated with CHOCD80, CHO-CD86 or untransduced CHO (no costimulation) and anti-CD3 antibody, or with
CHO-FcR and anti-CD3 or anti-CD28 antibody (see figure 2.2 A a nd B). After 5 days
proliferation was assessed by flow cytometry. A) Representative proliferation traces for
FoxP3+ and FoxP3- cells, as indicated, under each stimulation condition. B) Division index of
FoxP3+ memory CD4 T cells. C) Division index of FoxP3- memory CD4 T cells. Data are
presented as individual values and mean +/- SEM, from 19 individual donors, analysed by 1way ANOVA. Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001
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Figure 4.5: C D 86 and C D8 0 costimula tion result in greater numbers of dividing
F oxP3+ C D 4 T cells. CTV stained memory CD4 T cells were stimulated with CHO-CD80,
CHO-CD86 or untransduced CHO (no costimulation) and anti-CD3 antibody (see figure 2.2
A). After 5 days proliferation was assessed by flow cytometry. A) Representative plots
demonstrating CTLA4 and FoxP3 in divided memory CD4 T cell populations, under each
stimulation condition. B) Absolute cell number of divided FoxP3 High CD4 T cells under each
condition. Data are presented as individual values and mean +/- SEM from 5 individual
donors, analysed by 1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001
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Figure 4.6: C D 80 and C D 86 costimulation do not differentia lly alter lymphocyte
surviva l. CTV stained memory CD4 T cells were stimulated with CHO-CD80, CHO-CD86 or
untransfected CHO (no costimulation) and anti-CD3 antibody (see figure 2 .2 A). After 5
days survival and proliferation were assessed by flow cytometry. A) Representative
proliferation traces gated on alive or dead, then scatter for lymphocytes and singlets,
showing the proportion of divided and undivided cells that were alive or dead under each
stimulation condition. B) Graphs demonstrate the absolute cell number of live and dead,
divided and undivided lymphocytes under each condition. Data are presented as individual
values and mean +/- SEM, from 3 individual donors, analysed by 1-way ANOVA. Tukey’s
multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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4.2.3 CD86 costim ulation induces the expansion of pre-existing Treg rather
than the induction of FoxP3+ CD4 T cells de novo
As CD28 costimulation with CD86 induced greater proliferation of Treg than CD80, we tested
whether this was due to the expansion of pre-existing populations of Treg or whether CD86
induced the differentiation of FoxP3+ CD4 cells de novo. Paired total memory CD4 T cells and
memory CD4 T cell depleted of Treg were isolated. Figure 4.7 A illustrates the near
complete depletion of FoxP3+CD25+ Treg from the initial starting population compared to the
total memory population. These two cell populations were then stimulated for 5 days with
CD80, CD86, cross-linked CD28 or cross-linked TCR as previously.
Within the total memory population a greater frequency of FoxP3+ CD4 T cells were observed
following CD86 costimulation or cross-linked CD28, compared to CD80 or cross-linked TCR
respectively, as seen previously (figure 4.7 B (upper row) and C (left panel of graph)).
However, in the CD25+ depleted population fewer FoxP3+ cells were seen amongst the
divided cells under any condition, and no difference in FoxP3+ cell frequency was observed
between CD80 and CD86 (figure 4.7 B (lower row) and C (right panel of graph)). These
data suggested that CD86 was not inducing the differentiation of new FoxP3+ cells, but
induced the proliferation and expansion of pre-existing Treg.
4.2.4 CD86 costim ulation results in enhanced FoxP3+ CD4 T cell phenotype,
com pared to CD80, consistent with stronger CD28 signals
As we had shown that CD86 induced greater expansion of Treg populations than CD80 in a
manner similar to strong CD28 signals, we wanted to test whether CD86 induced different
Treg phenotypes. Utilising the same approach we characterised the expression of CTLA4,
ICOS, OX40 and PD1 amongst FoxP3+ CD4 T cells and Tcon proliferating following CD80 or
CD86 costimulation and cross-linked TCR or CD28.
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Figure 4.7: Increased FoxP3+ CD4 T cells following CD86 costimulation a re
de rive d from the expa nsion a nd maintena nce of pre-existing popula tions
rather tha n de novo induction. CTV stained total memory CD4 T cells or memory CD4s
depleted of CD25+ cells were stimulated for 5 days (as in figure 2.2 A and B). A)
Representative plots demonstrating total and CD25 depleted memory CD4 populations prior
to culture. B) Representative plots demonstrating FoxP3+ proportion and CTLA4 expression
after 5 days culture. C) Graph demonstrates frequency of FoxP3+ T cells amongst divided
cells, compared to undivided cells (no costimulation). Data are presented as individual values
and mean +/- SEM, from 6 individual donors. 2-way ANOVA illustrates significant interaction
between the frequency of FoxP3+ cells and costimulation conditions (****) and starting cell
population (***). Tukey’s multiple comparison test results shown. *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001
134

We observed that CTLA4 expression amongst both FoxP3+ CD4 T cells and Tcon was
significantly higher for stimulated, dividing cells under all conditions compared to unstimulated
cells. Furthermore, CTLA4 levels were significantly higher following CD86 costimulation or
cross-linked CD28, compared to CD80 and cross-linked TCR, respectively, for both cell types
(figure 4.8 A). The differences in CTLA4 level between CD80 and CD86 and between crosslinked CD28 and TCR were smaller in Tcon. Similar results for ICOS (figure 4.8 B) and
OX40 (figure 4.8 C) levels were observed. However, there were no differences in PD1 levels
in FoxP3+ CD4 T cells or Tcon comparing CD80 and CD86 costimulation, however,
significantly more PD1 was expressed following cross-linked TCR than cross-linked CD28
stimulation in both cell subsets (figure 4.8 D).
Lastly, we examined the expression of CD39, which has been shown to be a marker of Treg
(Deaglio et al., 2007), following CD80 and CD86 costimulation. Half of the healthy individuals
tested expressed CD39 at high levels (figure 4.9, top row) and half at low levels (figure
4.9, second row), likely due to a common genetic variant that results in low CD39 expression
(Friedman et al., 2009). Analysing these two groups separately revealed that, amongst
individuals with high CD39, there was a greater frequency of CD39+ Treg following CD86
costimulation compared to CD80. However, CD39+ frequency was lower with CD80
costimulation compared to unstimulated cells (figure 4.9, top row, right hand graphs)
suggesting that CD80 stimulation resulted in CD39 loss, or more likely the expansion of a
CD39-FoxP3+ population. Amongst Tcon CD86 again resulted in a greater frequency of
CD39+ dividing cells compared to CD80.
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Figure 4.8: C D 86 costimulation results in a more strongly a ctivated F oxP3 + C D 4
T cell phenotype , akin to stronge r C D 2 8 signalling.
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Figure 4.8: C D 86 costimulation results in a more strongly a ctivated F oxP3 + C D 4
T cell phenotype, akin to stronger C D 2 8 signaling. CTV stained total memory CD4
cells were stimulated under various conditions for 5 days (see figure 2.2 A a nd B). Plots
demonstrate the phenotype of FoxP3+ CD4 T cells and FoxP3- Tcon following stimulation
with CD80, CD86, cross-linked anti-CD3, cross-linked anti-CD28 or undivided resting cells.
Flow cytometry plots illustrate A) CTLA4, B) ICOS, C) OX40 and D) PD1 expression divided
T cells. Graphs demonstrate the MFI for each protein in divided FoxP3+ CD4 T cells and
Tcon stimulated under each condition, or unstimulated cells. Data presented as individual
values and mean +/- SEM, from 14-22 donors, analysed by 1-way ANOVA. Tukey’s multiple
comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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Figure 4.9: C D 86 costimulation results gre ater C D 3 9 e xpression in FoxP 3+ a nd
F oxP3- T cells. CTV stained total memory CD4 cells were stimulated for 5 days and then
their phenotype was assessed by flow cytometry (see figure 2.2 A a nd B). Plots
demonstrate CD39 expression of FoxP3+ T cells and FoxP3- Tcon following stimulation with
CD80, CD86, cross-linked anti-CD3, cross-linked anti-CD28 or undivided resting cells.
Graphs demonstrate the frequency of CD39+ FoxP3+ and FoxP3- T cells following
stimulation under each condition, or in undivided resting cells. As half of the subjects
expressed CD39 at low levels the analysis is divided into high expressing subjects (clear
boxes, upper rows) and low expressing subjects (blue boxes, lower rows). Data are
presented as individual values and mean +/- SEM, from 6 individual donors, each set
analysed by 1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001
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In individuals with low CD39 a similar pattern was seen in FoxP3+ T cells (figure 4.9, second
row, left hand graphs) but only a very small proportion of Tcon expressed CD39. Notably there
was no difference in CD39 expression between cross-linked CD28 and TCR stimulation. This
suggests that CD39 expression is maximal with adequate CD28 costimulation in the setting of
TCR stimulation. Taken together, these data suggest that CD86 is capable of inducing a more
strongly activated, effector FoxP3+ T cell and activated Tcon phenotype compared to CD80,
which mirrored that seen with robust CD28 costimulation.
4.2.5 The differences in T cell phenotype with CD80 and CD86 are not due to
differing levels of ligand or staining artefact
The comparison of T cell phenotype following CD80 or CD86 costimulation was based upon
the assumption that there were equivalent levels of either ligand available. To test this, the
levels of CD80 and CD86 in the CHO cell lines were assessed. Figure 4.10 A demonstrates
a typical histogram of the level of GFP seen in the CHO-CD80-GFP and CHO-CD86-GFP
lines, showing identical levels of the two ligands. CHO lines were checked for expression level
monthly.
It was possible that the comparatively higher level of CTLA4 staining seen with CD86
costimulation was due to CD80 binding to CTLA4 preventing the anti-CTLA4 staining antibody
from binding. As CD80 binds CTLA4 with greater affinity than CD86 (Collins et al., 2002)
CD80 could potentially block antibody binding more to a greater extent. To address this,
staining was performed comparing the anti-CTLA4 clones BNI3 and F8. Anti-CTLA4 F8 binds
an epitope on the intracellular tail of CTLA4 and therefore would not be influenced by ligand
binding to the extracellular domain. In contrast BNI3 binds the extracellular domain. Whilst the
F8 clone is a rather poor staining antibody, CTLA4 levels in Tcon and Treg were greater
following CD86 costimulation when tested with either clone (figure 4.10 B).
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Figure 4.10: C D 80 and C D 86 a va ilability and sta ining were compara ble. CHO
cells transfected to express CD80-GFP and CD86-GFP were assessed by flow cytometry for
levels of GFP expression. A) Histogram demonstrating the level of GFP in the CHO cell lines
used for all experiments. B) CTV stained memory CD4 T cells were stimulated with soluble
anti-CD3 and CHO-CD80, CHO-CD86 or untransfected CHO (see figure 2.2 A). Plots
demonstrate CTLA4 expression in FoxP3+ T cells which had undergone at least one division
using an anti-N terminus CTLA4 antibody (BNI3) or an anti-C terminus CTLA4 antibody (F8).
C) The ratio of the MFI was comparable between the CD80 and CD86 stimulated Treg for
both antibodies (0.36 to 0.51).
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The ratio of the MFI of CTLA4 in Treg following costimulation with CD80 / CD86 was 0.36 with
BNI3 (extracellular) and 0.51 with F8 (intracellular) (figure 4.10 B). This confirmed that the
higher levels of CTLA4 observed with CD86 costimulation were irrespective of the epitope
stained.
To confirm that the differences in T cell phenotype with CD80 and CD86 were robust over a
range of ligand availability we utilised the same experimental approach as previously, but
comparing CD80 and CD86 at CHO:T cell ratios of 1:10 and 1:80. This allowed comparison of
T cell phenotypes over an 8-fold range of ligand availability. We observed that amongst
proliferating memory CD4 T cells there was a discrete population of Treg with significantly
higher CTLA4 expression following CD86 costimulation compared to CD80, irrespective of the
CHO:T cell ratio (figure 4.11 A). Whilst CTLA4 levels were reduced at lower CD86
availability, they were always greater than the levels observed with the highest amount of
CD80. This pattern was repeated for the expression of ICOS (figure 4.11 B), which again
was greater in FoxP3+ T cells following CD86 costimulation compared to CD80, even at low
CD86 availability. As is evident from the plots presented in figure 4.11 A and B, the same
effects were observed in FoxP3- Tcon.
These observations suggested that differences in the measurement of CTLA4 were not an
artefact caused by interference with the staining process and that CD86 stimulation resulted in
a different phenotype compared to CD80, even at 8 fold lower availability. Thus, the two
ligands appeared to provide robust yet distinct costimulation signals.
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Figure 4.11: C D 86 increases T reg C T LA4 and I CO S more than C D 8 0, e ve n at
lowe r liga nd availability. CTV stained memory CD4 T cells were stimulated with soluble
anti-CD3 and CHO-CD80 or CHO-CD86 at 1:10 CHO:T cell or 1:80 CHO:T cell ratios or with
untransduced CHO (see figure 2.2 A). After 5 days FoxP3+ T cell phenotype was
assessed by flow cytometry. A) Representative plots demonstrate CTLA4 and FoxP3
expression and the graph shows cumulative data of dividing FoxP3+ T cell CTLA4 MFI
compared to resting cells. B) similarly demonstrates ICOS expression. Data are presented as
individual values and mean +/- SEM, from 9 separate donors, analysed by 1-way ANOVA.
Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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4.2.6 CD86, but not CD80, polarises m em ory CD4 T cells towards IL17
production
As Th cell polarisation is influenced by the balance of CD28 and TCR signals (Tao et al.,
1997, Lenschow et al., 1996a, Smeets et al., 2012) we wanted to test whether CD86 and
CD80 influenced Th cell polarisation. To determine Th-subsets, the potential of T cells to
produce the cytokines IFNγ, IL2, IL10, IL13 and IL17 as markers of Th1, Th2, Tr1/regulatory
and Th17 cells was tested. After 5 days of stimulation with CHO-CD80, CHO-CD86, crosslinked anti-CD3 or anti-CD28 antibodies memory CD4 cells were restimulated for 6 hours with
PMA and ionomycin plus brefeldin A, then stained for intracellular cytokines.
Examining divided memory CD4 T cells revealed a similar capacity to produce IFNγ and IL2
under all conditions (figure 4.12 A and B). IL10 was more frequently produced following
cross-linked TCR stimulation compared to the other conditions (figure 4.12 C). IL13
however, was most frequently produced following CD28 cross-linking (figure 4.12 D),
consistent with the idea that strong CD28 signalling may be associated with Th2 type
responses (Tao et al., 1997, Lenschow et al., 1996a, Smeets et al., 2012). However, there
were no differences between CD80 and CD86 costimulation in IL13 production. We also
observed that IL17 was more frequently produced following CD86 costimulation compared to
CD80, with 14.6% and 10.4% of cells producing IL17, respectively. We also observed a trend
toward more IL17 following cross-linked CD28 compared to CD3 stimulation (figure 4.12 E).
Taken together, these data show trends that are consistent with the idea that the balance of
costimulation and TCR signals influence CD4 T cell fate, and that CD80 and CD86 may result
in different functional outcomes.
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Figure 4.12: C D 86 costimula tion results in more IL17 production but no cha nge
in T h1 or T h2 polarisation of me mory C D 4 T cells, compared to CD8 0.
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Figure 4.12: C D 86 costimula tion results in more IL17 production but no cha nge
in T h1 or T h2 polarisation of me mory C D 4 T ce lls, compare d to C D 80 . CTV
stained total memory CD4 cells were stimulated with soluble anti-CD3 antibody and CHOCD80, CHO-CD86 or untransfected CHO (no costimulation) or with CHO cells expressing
FcR and anti-CD3 or anti-CD28 antibody (see figure 2 .2 A and B). After 5 days the cells
were restimulated for 6 hours with PMA, and ionomycin in the presence of brefeldin A. Cells
were stained for intracellular cytokines and assessed by flow cytometry. Cytometry plots
demonstrate typical A) IFNγ, B) IL2, C) IL10, D) IL13 and E) IL17 stains after gating on
divided cells (or undivided cells for no costimulation condition). Graphs demonstrate the
percentage of cells positively stained for each cytokine in divided or undivided resting cells.
Data are presented as individual values and mean +/- SEM, from 6 separate donors (4 for
IL2), analysed by 1-way ANOVA (single missing data point for aCD28-CHO-FcR resolved by
mean imputation). Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001

145

4.2.7 The presence of CD80 does not enhance the CD86 -driven phenotype in
m em ory CD4 T cells
We next considered whether the interaction between CD80 and CD86 with their two receptors,
CD28 and CTLA4, might influence the costimulation signal. As CTLA4 binds CD80 with 13
times greater affinity than it does CD86 (Collins et al., 2002) we tested whether the presence
of both CD80 and CD86 improved CD28-driven responses, hypothesising that CTLA4 would
preferentially bind CD80, leaving CD86 free to costimulate via CD28.
Memory CD4 T cells were stimulated with a population of CHO cells transduced to express
human CD80 and human CD86 with or without blocking anti-CD80, or anti-CD86 antibodies.
CHO-CD80 and CHO-CD86 conditions were used as controls. We observed that the
proliferation traces were similar for all conditions (figure 4.13 A) suggesting that all
combinations of ligand could costimulate adequately. On calculation of the division indices
CHO-CD80-CD86 with blockade of CD86 stimulated less proliferation, suggesting that the
available levels of CD80 were lower than CD86, or possibly that CD86 is the dominant ligand
when both are present. The frequency of FoxP3+ T cells amongst the divided population
following costimulation with CHO-CD80-CD86 was between the level observed for CHO-CD80
and CHO-CD86 (Figure 4.13 B). Blockade of CD80 resulted in an increase in FoxP3+ T
cells and the opposite was seen for blockade of CD86, mirroring the observations for the
single ligand conditions. These data suggested that CD80 did not enhance the effect of CD86,
but that altering the available levels of CD80 and CD86 could modulate Treg expansion.
Although the observed differences did not reach statistical significance, these trends were
reproducible and matched those observed for single CD80 or CD86 costimulation.
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Figure 4.13: C D 80 a nd C D 86 co-expre ssion doe s not enhance C D8 6 driven
F oxP3 + T cell e xpansion. CTV stained total memory CD4 cells were stimulated with
soluble anti-CD3 and CHO cells transfected to express both CD80 and CD86, or each ligand
alone. CD80 and CD86 were selectively blocked with anti-CD80 or anti-CD86 antibodies (see
figure 2 .2 A). After 5 days cell proliferation and phenotype were assessed by flow
cytometry. A) Representative proliferation traces for each condition. B) Representative plots
demonstrating FoxP3+CD25+ T cell frequency amongst the dividing cell population. Graphs
demonstrate cumulative results for 6 independent donors. Data are presented as individual
values and mean +/- SEM, analysed by 1-way ANOVA. Tukey’s multiple comparison test
results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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When we examined the phenotype of proliferating FoxP3+ T cells and Tcon costimulated
under the same conditions we observed that the levels of both CTLA4 and ICOS in the setting
of combined CD80 and CD86 was similar to that of CD86 alone (figure 4.14 A and B).
Furthermore, when using the CHO-CD80-CD86 cells, blocking of CD86 resulted in lower
levels of CTLA4 and ICOS, again mirroring the pattern observed for costimulation with single
ligands. This suggests that Treg (and possibly Tcon) phenotype is tuneable depending upon
the costimulation environment, that CD80 does not augment the effects of CD86 and that
CD86 appears to be the dominant ligand when both are present.
4.2.8 Anti-CD80

and

anti-CD86

antibodies

were

sufficient

to

com pletely

prevent T cell costim ulation.
For the experiments outlined in section 4.2.7 and subsequent experiments it was important
to confirm that the anti-CD80 and anti-CD86 antibodies were capable of completely preventing
T cell costimulation in this model system. To test this CD4 T cells were stimulated with CHOCD80 or CHOCD86 in the presence or absence of anti-CD80 or anti-CD86, respectively. We
observed that anti-CD80 antibodies completely prevented T cell proliferation using CHO-CD80
and anti-CD86 antibodies with CHO-CD86 (figure 4.15). This again demonstrated the
dependency of T cells upon CD28 costimulation in this assay and confirmed the efficacy of
these blocking antibodies.
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Figure 4.14: C D 80 a nd C D 86 co-expre ssion doe s not enhance C D8 6 driven
F oxP3 + T cell phenotype . CTV stained total memory CD4 cells were stimulated with
soluble anti-CD3 and CHO cells transfected to express CD80 and CD86, or each ligand
alone. CD80 and CD86 were selectively blocked with anti-CD80 or anti-CD86 antibodies (see
figure 2.2 A). After 5 days phenotype was assessed by flow cytometry. A) Representative
plots demonstrating FoxP3 and CTLA4 expression in divided cells. B) Representative plots
demonstrating ICOS expression in divided cells. Graphs demonstrate the cumulative levels of
CTLA4 and ICOS expression amongst FoxP3+ T cells and Tcon for 6 independent donors.
Data are presented as individual values and mean +/- SEM, analysed by 1-way ANOVA.
Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
When we examined the phenotype of proliferating FoxP3+ T cells and Tcon
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Figure 4.15: C D 80 a nd C D 86 co-stimulation by model antige n pre se nting cells
can be completely a blated with blocking a nti-C D 80 or a nti-C D 86 antibodie s.
CTV stained total memory CD4 cells were stimulated with soluble anti-CD3 and CHO cells
transfected to express CD80, CD86 or no ligand (no costimulation) (see figure 2.2 A), in
the presence or absence of anti-CD80 or anti-CD86 antibodies. Proliferation was assessed
after 5 days by flow cytometry. Representative proliferation traces demonstrate complete
inhibition of proliferation with blocking antibodies.
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4.2.9 On-going CD86 availability was required for the m aintenance of Treg
phenotype, whereas rem oval of CD80 after 48 hours had little im pact
We had demonstrated that CD86 costimulation caused greater proliferation and a more
activated phenotype of FoxP3+ T cells compared to CD80. We next wanted to test whether
CD86 could be dispensed with during proliferation. There is evidence that CD28 signalling is
required after T cell priming to maintain several populations of CD4 T cells including TfH and
Treg and to maintain effective immune responses (Linterman et al., 2014), but is not clear if
either or both ligands are required. To test this we stimulated memory CD4 T cells and after 48
hours added anti-CD80 or anti-CD86 antibodies to block further interaction with CD28.
Following a total of 5 days of culture, we observed that blockade of CD80 or CD86 after 48
hours did not alter the proliferation of Tcon or Treg (figure 4.16 A). Furthermore, the
frequency of FoxP3+ T cells within the divided T cell population was again higher than
unstimulated populations, but not affected by either CD86 or CD80 blockade after 48 hours
(figure 4.16 B).
Next we examined whether CD80 or CD86 blockade 48 hours after stimulation influenced
FoxP3+ T cell phenotype. Following blockade of CD80 at 48 hours, no significant changes in
CTLA4 or ICOS were observed. However, following blockade of CD86 costimulation after 48
hours, significant reductions in CTLA4, ICOS and OX40 were observed in FoxP3+ T cells and
Tcon (figure 4.17 A-C). These data suggested that CD86 is required as an ongoing signal
beyond 48 hours to maintain Treg and Tcon phenotype, although not to maintain Treg
frequency or proliferation. However, CD80 could be removed after 48 hours without impacting
upon on Treg or Tcon phenotype.
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Figure 4.16: Blockade of C D 80 and C D 86 afte r 4 8 hours does not influe nce T con
or F oxP3+ T ce ll prolife ration. Memory CD4 T cells were stimulated with soluble antiCD3 and CHO-CD80, CHO-CD86 or no ligand (no costimulation) (see figure 2.2 A). AntiCD80 or anti-CD86 blocking antibodies were added after 48 hours. Proliferation and
phenotype were assessed after 5 days. A) Representative proliferation traces demonstrate
no impact of costimulation blockade after 48 hours for either CD80 or CD86, amongst
FoxP3+ T cells or FoxP3- Tcon. Graphs show division index for FoxP3+ T cells and Tcon. B)
Representative plots and graph demonstrate CD25+FoxP3+ T cell frequency amongst
divided cells under each condition. Data are presented as individual values and mean +/SEM from 3 independent experiments. All analyses were non-significant by 1-way ANOVA.
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Figure 4.17: C D 86 maintains F oxP3 + T cell phenotype be yond 4 8 hours afte r T
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Figure 4.17: C D 86 maintains F oxP3 + T cell phenotype be yond 4 8 hours afte r T
cell stimulation whe reas C D8 0 does not. CTV stained total memory CD4 cells were
stimulated with soluble anti-CD3 antibody and CHO-CD80, CHO-CD86 or no ligand (no
costimulation) (see figure 2.2 A), with or without the addition of anti-CD80 or anti-CD86
blocking antibodies after 48 hours of culture. Phenotype was assessed by flow cytometry
after 5 days. A) CTLA4, B) ICOS and C) OX40 expression illustrated in representative
cytometry plots. Graphs show the MFI for each protein in FoxP3+ T cells and FoxP3- Tcon
populations. Data are presented as individual values and mean +/- SEM from 3 independent
experiments, analysed by 1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001
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4.2.10

CD28

levels

are

lower

following

Treg

costim ulation

with

CD86

com pared to CD80
CD86 appeared to provide more robust, sustained CD28 costimulation than CD80 despite
having a lower affinity, but it was unclear if this was mediated by CD28 or another mechanism.
There is evidence that following engagement with its ligands the levels of CD28 fall (Linsley et
al., 1993, Eck et al., 1997). Therefore we investigated whether the levels of CD28 changed
differently following costimulation with CD80 or CD86, thereby reflecting strength of CD28
signalling. To test this we assessed CD28 levels on memory CD4 T cells after 5 days of
stimulation, as previously. We observed higher levels of CD28 expression in Treg and Tcon in
all stimulation conditions, compared to unstimulated, undivided cells. CD28 levels were lower
amongst Treg, but not Tcon, following CD86 costimulation compared to CD80 or cross-linked
anti-CD3 antibodies (figure 4.18). This suggested that CD86 costimulation may result in
greater CD28 engagement and signalling in Treg, consistent with the similarity of T cell
outcomes between CD86 and cross-linked CD28 stimulation (see section 4.2.4).
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Figure 4.18: C ostimulation with C D 86 re sults in lowe r C D 28 le ve ls in divided
memory F oxP3+ C D 4 T cells compare d to CD 8 0 costimulation. CTV stained total
memory CD4 cells were stimulated with anti-CD3 antibody and CHO-CD80, CHO-CD86,
CHO-FcR or untransduced CHO (no costimulation) (see figure 2 .2 A). Proliferation and
phenotype were assessed by flow cytometry after 5 days. Representative flow cytometry
plots illustrate CD28 levels in T cells that had undergone at least one division compared to
resting, undivided CD4 T cells. Graphs illustrate the level of CD28 amongst divided FoxP3+ T
cells or FoxP3- Tcon relative to resting, undivided cells. Data are presented as individual
values and mean +/- SEM from 6 independent experiments, analysed by 1-way ANOVA.
Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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4.2.11

CTLA4 influences CD28 costim ulation and Treg phenotype differently
between CD80 and CD86

CD80 has a higher affinity for CTLA4 than CD86 does (Collins et al., 2002) and this binding
may be enhanced further due to increased avidity; CD80 forms homodimers hence may
interact with CTLA4 dimers by bridging between molecules (i.e. each CD80 dimer may interact
with two CTLA4 dimers). This allows the formation of higher order CD80-CTLA4 complexes
thus increasing avidity. In contrast CD28 interacts monovalently and CD86 cannot form
dimers. Therefore these binding characteristics will exaggerate the differences in affinity.
Accordingly, this suggests that CD80 would interact less well with CD28 when CTLA4 is
present, whereas CD86 would be less affected, potentially explaining why CD28 costimulation
is more robust with CD86 than CD80 despite CD86 being the weaker affinity ligand. Similarly,
higher CTLA4 levels in Treg would explain why CD86 is a substantially better ligand for Treg
than for Tcon and why CD86 continues to provide CD28 costimulation to Treg after 48 hours
whereas CD80 does not.
To test these concepts we first attempted antibody blockade of CTLA4 to prevent it binding
CD80 and CD86. Memory CD4 T cells were stimulated with CHO-CD80, CHO-CD86 or CHOblank with or without anti-CTLA4 (tremelimumab). After 5 days, in line with previous
observations, a greater frequency of FoxP3+ T cells and level of FoxP3 expression was seen
following CD86 costimulation (figure 4.19 A). There were no significant differences in
FoxP3+ T cell frequency or FoxP3 expression following CTLA4 blockade with either CD80 or
CD86 (figure 4.19 A and B). When ICOS and OX40 expression were examined, we
observed a small trend towards greater ICOS and OX40 on FoxP3+ T cells after treatment
with anti-CTLA4 during costimulation with CD80 or CD86 (figure 4.19 A and B). However,
the differences were small and not statistically significant.
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Figure 4.19: C T LA4 blockade did not re sult in changes in F oxP3 e xpression or
significant increases in I C OS a nd OX 40 levels during costimulation with CD8 0
and CD 8 6.

Continued……
158

Continued……

B)
CD80
76

OX40

16.8

CD80
anti-CTLA4

CD86
-

CD86
anti-CTLA4

6.67

88.7

5.56

83.5

12.2

91.3

0.521

5.66

0.0983

3.92

0.328

1.2

No costimulation
-

No costimulation
anti-CTLA4

17.4

1.73

26.9

3.74

78.9

1.99

67.6

1.75

7.45

0.0615

FoxP3
FoxP3+ T cell OX40 expression
20000

Ox40 MFI

15000
10000
5000
0

CD80

CD80
anti-CTLA4

CD86

CD86
anti-CTLA4

No
costimulation

No
costimulation
anti-CTLA4

FoxP3- Tcon OX40 expression
*

**
**

20000

Ox40 MFI

15000
10000
5000
0

CD80

CD80
anti-CTLA4

CD86

CD86
anti-CTLA4

No
costimulation

No
costimulation
anti-CTLA4

Figure 4.19: C T LA4 blockade did not re sult in changes in F oxP 3 expression or
significant increases in I C OS a nd OX 40 levels during costimulation with C D 80
and C D 86. Total memory CD4 cells were stimulated with soluble anti-CD3 antibody and
CHO-CD80, CHO-CD86 or no ligand (no costimulation), with or without anti-CTLA4 blocking
antibody (see figure 2.2 A). Representative plots illustrate the levels of ICOS, FoxP3 and
OX40 under each condition amongst divided cells after 5 days. Graphs illustrate the
frequency of FoxP3+ T cells and the MFI of each protein under each condition for FoxP3+ T
cells and FoxP3- Tcon. A) ICOS and FoxP3 expression B) OX40 expression. Data are
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We also assessed the division of CD4 T cells to test if CTLA4 blockade enabled greater
proliferation. As shown in figure 4.20 the addition of anti-CTLA4 did not alter the proliferation
traces or division indices with either ligand.
These observations suggested that blockade of CTLA4 did not dramatically improve CD28
costimulation with either CD80 or CD86 in this model, but there were subtle increases in ICOS
and OX40.
Another approach to test whether the affinities of CD80 and CD86 for CTLA4 altered their
interactions with CD28 was to assess the impact of the CD86 variant H113L, which has a
greater affinity for CTLA4 compared to wild-type CD86. To demonstrate the affinity of CD86H113L for CTLA4 and CD28, CHO cells transduced with the CD86 variant were stained with
CD28-Ig or CTLA4-Ig at 4°C, over a range of concentrations. The amount of bound CD28-Ig or
CTLA4-Ig reflected the binding affinity. This experiment was designed and performed by Dr A
Kennedy. We observed that CTLA4-Ig binding to CD86-H113L was closer to that seen for
CD80 than for wild-type CD86. The level of CD28-Ig binding to CD86-H113L was also higher
than for wild-type CD86, but the relative change was lower than seen for CTLA4 (figure
4.21). These findings confirmed that the CD86-H113L variant had a relatively higher affinity
for CTLA4 compared to wild-type CD86.
We then tested whether costimulation with CD86-H113L resulted in T cell outcomes more
similar to CD80 than wild-type CD86, which would imply that CTLA4 binding influenced the
effect of the two ligands. Firstly, to ensure that we were comparing similar availability of CD80,
CD86 and CD86-H113L, all 3 cell lines were tested for expression levels. CD86 levels
detected by anti-CD86 antibody staining were similar for the wild-type and the H113L variant
(figure 4.22 A, left panel), and as shown previously, the levels of wild-type CD86 and CD80
were similar based on their GFP tag levels (Figure 4.22 A, right panel).
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Experiment performed and data kindly provided by Dr A Kennedy
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costimulation signal to conventiona l T ce lls. CTV stained total memory CD4 cells
were stimulated with soluble anti-CD3 and CHO-CD80, CHO-CD86, CHO-CD86-H113L or no
ligand (no costimulation) (see figure 2.2 A). Proliferation and phenotype was assessed by
flow cytometry after 5 days. A) Histograms of CHO cell lines demonstrate similar expression
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CD80 clones. B) Representative cytometry plots illustrate CTLA4 and FoxP3 expression in T
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To test whether CD86-H113L influenced FoxP3+ T cells differently to CD86 wild-type, we
compared the phenotype of divided memory CD4 T cells following stimulation with CD80,
CD86 wild-type or CD86-H113L. We observed that amongst divided cells the discrete
population of FoxP3+ T cells seen with CD86 wild-type costimulation was absent with CD86H113L, which therefore appeared more similar to CD80 (figure 4.22 B, flow cytometry plots).
There was a trend toward a reduced frequency of FoxP3+ T cells and significantly lower
FoxP3 expression following CD86-H113L costimulation compared to CD86 wild-type. CD86H113L, like CD80, did not lead to increased FoxP3+ cell frequency or level of FoxP3
compared to unstimulated cells, in contrast to wild-type CD86 (figure 4.22 B). A trend
towards lower FoxP3+ T cell CTLA4 and ICOS expression was also observed with CD86H113L compared to CD86 wild-type (figure 4.22 B and C), which was not seen in Tcon.
Taken together these observations support to the idea that CTLA4 binding of CD80 and CD86
may differentially influence their capacity to costimulate via CD28 and may possibly explain
why CD86 provided greater CD28 costimulation to FoxP3+ T cells.
4.2.12

The role of IL2 in CD80 and CD86 m ediated costim ulation of FoxP3+ T
cells

IL2 is known to influence Treg proliferation and phenotype; therefore we wanted to test
whether IL2 could compensate for the relatively poor support for Treg from CD80. Treg are
highly sensitive to IL2 and have an absolute requirement for IL2 for survival and homeostasis
(Fontenot et al., 2005, D'Cruz and Klein, 2005, Bayer et al., 2005). As Treg regulate CD80 and
CD86 costimulation and IL2 is produced by T cells in response to CD28 costimulation (Jenkins
et al., 1991) there is clearly an interplay between the two pathways. We therefore wanted to
explore the relationship between IL2 and the outcome of CD80 and CD86 costimulation on
Treg.
We first considered whether IL2 could enhance Treg frequency and phenotype with CD80
costimulation, hypothesising that poor CD28 costimulation by CD80 resulted in low IL2
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production by Tcon and the opposite for CD86. Therefore additional IL2 may remove the
difference between CD80 and CD86. Memory CD4 T cells were stimulated with CD86, CD80,
cross-linked anti-CD3 or anti-CD28 antibodies, or no costimulation, as previously, with or
without the addition of 750 IU/mL recombinant human IL2. At 5 days we observed that the
addition of IL2 had little impact upon total T cell proliferation with either ligand, suggesting that
the model either generated saturating levels of IL2 or that the cells were maximally stimulated
without exogenous IL2. In contrast, in the setting of cross-linked CD3 or CD28 or with no
costimulation (just soluble anti-CD3) we observed marked increases in proliferation (figure
4.23 A), most strikingly in the conditions without CD28 signals (cross-linked CD3 or soluble
CD3 without costimulation).
We next assessed the frequency and phenotype of divided Treg and Tcon. We observed that
addition of IL2 resulted in an increased frequency of Treg under all stimulation conditions and
increased the levels of FoxP3 following CD80 and cross-linked CD3 stimulation (figure 4.23
B). The MFI of FoxP3 following CD86 stimulation dropped following the addition of IL2. This
was due to an increase in the frequency of intermediate FoxP3 staining cells, whilst the FoxP3
high cells were maintained (figure 4.23 B, flow plots). These data suggested that IL2
increased FoxP3 irrespective of the costimulation ligand or changes in proliferation.
Additional IL2 resulted in a greater frequency of CTLA4+ FoxP3+ T cells under all conditions
(figure 4.23 B, flow cytometry plots). However, due to the presence of more FoxP3+ cells
with intermediate CTLA4 with IL2 treatment, the MFI remained unchanged or fell under most
conditions (figure 4.23 B). Average CTLA4 in Tcon fell with IL2 treatment (figure 4.23 B).
A similar pattern was observed for ICOS levels following the addition of IL2, whereby an
increase in the frequency of ICOS+ FoxP3+ T cells was observed, especially those with
intermediate levels of both proteins, under all stimulation conditions (figure 4.23 C).
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It was notable that although IL2 treatment did result in higher levels of CTLA4 and ICOS
amongst FoxP3+ cells costimulated with CD80 or cross-linked TCR, their peak levels
remained below those seen with CD86 or cross-linked CD28, suggesting that IL2 did not fully
compensate for poor CD28 costimulation.
To further test the dependency of our model on IL2 we attempted to block the effect of
endogenous IL2 with the addition of an anti-IL2 antibody. After 5 days we observed a slight
reduction in proliferation with anti-IL2 for both CD80 and CD86 costimulation (figure 4.24 A).
Treg frequency was observed to be similar (and potentially enhanced with CD86) following IL2
blockade and CTLA4 expression was also similar (figure 4.24 B). However, it should be
noted this was only performed on a single donor with a modest FoxP3+ population.
Taken together these data suggested that whilst IL2 could increase FoxP3+ T cell frequency
and enhance phenotype following CD80 costimulation, it did not result in an identical
phenotype to CD86. CD86 costimulation may have compensated for a lack of IL2 hence
maintained the frequency FoxP3+ T cells in the presence of anti-IL2. However, IL2 clearly
enhanced proliferation in the setting of poor CD28 signalling.
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4.2.13

Intrinsic T cell CD80 and CD86 expression does not influence the
proliferation and phenotype of Treg or Tcon

Since T cells can express CD80 and CD86 following stimulation (Azuma et al., 1993, Sansom
and Hall, 1993) we next tested whether CD80 or CD86 costimulation resulted in different
levels of intrinsic T cell CD80 and CD86 expression and whether these influenced the
resultant T cell phenotype. Memory CD4 T cells were stimulated as previously and CD80 and
CD86 expression was assessed amongst divided cells. We observed that T cell CD80 and
CD86 levels increased following activation compared to unstimulated resting cells (figure
4.25). A greater frequency of CD80+ T cells were observed following CD80 costimulation
compared to CD86 costimulation, whereas both CD80 and CD86 costimulation resulted in
similar frequencies of CD86+ T cells (figure 4.25). Utilising the GFP tags on the CD80 and
CD86 expressed in CHO cells we confirmed that the presence of CD80 or CD86 in the T cells
was not due to transfer from the CHO cells, but was due to endogenous expression.
We next tested whether CD80 induced by CD86 costimulation, and vice versa, influenced Treg
and Tcon frequency and phenotype. We hypothesised that CD86 expression on T cells might
provide costimulation to Treg. We stimulated memory CD4 T cells with CD80 or CD86 in the
presence of the reverse antibody to look for influence of T cell expression of ligand. We
observed that after 5 days the frequency of Treg, level of FoxP3 and levels of CTLA4 in Treg
and Tcon were no different following the blockade of intrinsic CD80 or CD86 expression
(figure 4.26). These findings suggest that although costimulation induces intrinsic T cell
ligand expression, this does not appear to impact Treg expansion or phenotype in our model.
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F igure 4 .2 6: Blocka de of intrinsic C D 80 and C D 86 e xpression by T cells does
not influence C D 4 T ce ll phenotype. CTV stained total memory CD4 cells were
stimulated for five days with soluble anti-CD3 antibody and CHO-CD80, CHO-CD86, with and
without anti-CD86 or anti-CD80 antibodies, respectively, or CHO expressing no ligand (no
costimulation) (see figure 2.2 A). Dividing T cell phenotype was assessed by flow
cytometry. Representative plots illustrate CTLA4 and FoxP3 expression following CD80
costimulation +/- blockade of CD86 and CD86 costimulation +/- blockade of CD80. The
graphs illustrate the frequency of FoxP3+ cells, MFI of FoxP3 and CTLA4 amongst FoxP3+ T
cells and FoxP3- Tcon. Data are presented as individual values and means +/- SEM from 4
independent experiments, analysed by 1-way ANOVA. *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001
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4.2.14

Treg expansion with CD86 costim ulation was CD28 -m ediated

The finding that CD86, despite being the lower affinity ligand, provided dominant CD28
costimulation to T cells compared to CD80 was surprising. We wanted to confirm that CD28
was responsible for this phenotype, as it has been described that CD80 can interact with other
cell surface receptors such as PD-L1 (Butte et al., 2007).
To investigate whether CD28 signalling was responsible for the CD86 mediated phenotype,
we stimulated as before, with or without anti-CD28 antibodies. Importantly, we observed that
culture of T cells with soluble anti-CD3, anti-CD28 and CHO-blank resulted in T cell
proliferation (figure 4.27 A), increased Treg frequency and increased Treg and Tcon CTLA4
compared to without anti-CD28 (figure 4.27 B). This suggested that soluble anti-CD28 had
an agonistic effect on CD28 in the absence of prior CD28 signalling. Accordingly, anti-CD28
made little difference to the proliferation induced by CD80 or CD86. Whilst anti-CD28 did not
obviously influence the frequency of Treg with CD80 costimulation, it did however increase
Tcon and Treg CTLA4 expression (figure 4.27 B). In contrast with CD86 costimulation the
frequency, FoxP3 and CTLA4 levels of Treg actually reduced (figure 4.27 B). Taken
together, these findings suggest that the increased Treg frequency and CTLA4 observed with
CD86 costimulation is mediated via CD28 and that the net effect of anti-CD28 is inhibitory in
this setting. In contrast where CD28 signalling is low or absent (CD80 or no-costimulation) the
there appeared to be agonistic effects of the anti-CD28 antibody.
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F igure 4 .27 : C D 28 blockade interferes with C D 86 mediated FoxP 3+ T cell
expa nsion. CTV stained total memory CD4 cells were stimulated with soluble anti-CD3
antibody and CHO-CD80, CHO-CD86 or CHO expressing no ligand (no costimulation), with
and without anti-CD28 antibody (see figure 2 .2 A). Proliferation and phenotype were
assessed in dividing T cells, compared to unstimulated, resting cells, by flow cytometry after
5 days. A) representative proliferation traces illustrating minimal suppression of proliferation
with aCD28 antibodies in the presence of CD80 or CD86 but enhanced proliferation in the
absence of either ligand, suggesting agonistic action of the antibody. B) Representative plots
illustrating CTLA4 and FoxP3 expression under each condition. Graphs illustrate the
frequency of FoxP3+ cells, MFI of FoxP3 and CTLA4 amongst FoxP3+ T cells and CTLA4 in
FoxP3- Tcon. Data are presented as individual values and mean +/- SEM from 4
independent experiments, analysed by paired T-tests for each costimulation ligand (e.g.
CD80 vs CD80+aCD28). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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4.2.15

Blockade of CD86 on m onocyte derived dendritic cells reduces Treg
CTLA4

The differences we had observed between CD80 and CD86 costimulation were obtained with
the ligands expressed in insolation on CHO cells, hence this model did not represent the
influence of other adhesion and costimulatory molecules during T cell activation by native
APCs. Therefore, we tested T cell costimulation using human APCs with selective blockade of
CD80 or CD86 to explore whether increased Treg frequency and CTLA4 with CD86
costimulation were observed in a more biologically representative setting.
To do this, firstly monocyte–derived dendritic cells were stimulated with LPS and levels of
CD80 and CD86 were assessed. We observed that both CD80 and CD86 were present, with
all DCs being CD80+ and >70% CD86+ (figure 4.28 A). Memory CD4 T cells were
stimulated with allogeneic DCs with soluble anti-CD3 and anti-CD80 or anti-CD86 antibodies
for 5 days. We observed that T cell proliferation was inhibited by either CD80 or CD86
blockade, however, this was more marked for CD86 blockade despite this being the lower
expressed of the two ligands (figure 4.28 B). Whilst no significant differences were observed
in Treg frequency amongst divided cells following CD86 or CD80 blockade, there was a trend
to fewer FoxP3+ cells with CD86 blockade. FoxP3+ T cell CTLA4 was significantly lower in
cells proliferating after CD86 blockade. This suggested that CD86 resulted in greater FoxP3+
T cell CTLA4 than CD80 in the setting of costimulation by human APCs, consistent with our
data from CHO cell models suggesting CD86 is a more stimulatory ligand for Treg.
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F igure 4 .2 8: Blockade of C D 86 on monocyte derived dendritic cells impa irs
F oxP3+ T ce ll C T LA4 . CTV stained memory CD4 cells were stimulated with soluble antiCD3 antibody and lipopolysaccharide (LPS) matured DCs in the presence of anti-CD80 or
anti-CD86 antibodies (see figure 2.2 C ). Proliferation and phenotype were assessed after 5
days. A) Representative plot illustrating CD80 and CD86 expression on LPS stimulated DCs.
B) Cytometry plots illustrate T cell proliferation after 5 days stimulation (upper row).
Representative plots, gated on divided CD4 T cells, illustrate CTLA4 and FoxP3 expression
under each condition (lower row). The graphs illustrate frequency of FoxP3+ T cells and
CTLA4 expression amongst FoxP3+ T cells that had undergone at least one division. Data
are presented as individual values and means +/- SEM from 5 independent experiments,
analysed by 1-way ANOVA. Tukey’s multiple comparison test results: *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001
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4.2.16

CD86 costim ulation lowers the IL2 requirem ent for Treg survival and
proliferation com pared to CD80 or no costim ulation

We next sought to explore further the impact of IL2 and CD80 or CD86 upon Treg survival. IL2
is required for Treg survival (Fontenot et al., 2005, D'Cruz and Klein, 2005, Bayer et al., 2005)
and is likely to be provided by stimulated Tcon within the cultures in previous experiments. By
using purified Treg we removed this source of IL2, generating experimental conditions where
IL2 was limiting. We hypothesised that exogenous IL2 would be required for Treg survival in

vitro and that CD86 may reduce the need for this, in light of the observations in section
4.2.12.
To test these hypotheses, Treg were purified by negative immunomagnetic selection. Purity
was assessed by flow cytometry at the time of isolation and was typically >80% for
FoxP3+CD25+CD4+ Treg. Isolated Treg were cultured with CHO-CD80, CHO-CD86 or CHOblank and soluble anti-CD3 antibody. IL2 levels were titrated and after 5 days FoxP3+CD25+
Treg survival and number were measured. This revealed that without exogenous IL2 a greater
number of Treg survived in the presence of either CD80 or CD86 compared to no
costimulation. However, at low doses of additional IL2 (12.5 IU/mL) survival was significantly
higher in the presence of CD86 compared to CD80 or no costimulation (figure 4.29). CD80
did not enhance Treg survival, compared to no costimulation in presence of low levels of IL2.
High IL2 levels (100 IU/mL) resulted in similar survival of Treg with either CD80 or CD86, but
no further increase in survival without costimulation.

179

+ anti-IL2

-

+ IL2
12.5IU/mL

+ IL2
100IU/mL

66.5

54.3

53.1

33.5

45.7

46.9

57

52.7

49.4

32.4

43

47.2

50.6

67.5

55.2

49.3

26

29.3

44.8

50.7

73.9

70.7

No
costimulation

CD80

Live/Dead

CD86

Scatter

Treg survival after 5 days

% of orginal innoculum

200

*
*

150
100
50
0

aIL2

CHO-blank

No IL2

12.5IU/mL
IL2

CHO-CD80

100IU/mL
IL2

CHO-CD86

F igure 4 .29 : C D8 6 costimulation lowe rs the I L2 requireme nt for T reg survival
compa red to CD 80 or no costimulation. Purified Treg were cultured for 5 days with
soluble anti-CD3 antibody and CHO-CD80, CHO-CD86 or untransduced CHO (no
costimulation) with the addition of anti-IL2 or increasing amounts of supplemental IL2. After 5
days survival was assessed as the absolute number of live FoxP3+CD25+ cells by flow
cytometry (see figure 2.2 D ). Cytometry plots illustrate the proportion of live and dead Treg
after 5 days stimulation under the above conditions. The graph demonstrates Treg survival
as the absolute number of surviving Treg, expressed as a percentage of the number of Tregs
at the start of culture. Data are presented as mean value +/- SEM from 6 independent
experiments. Analysed by multiple T tests, * denotes significance following Holm-Sidak
correction.
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To test whether proliferation increased we assessed the frequency of Ki67+ Treg under the
same experimental settings. Ki67 is a robust marker of proliferation as it is only detectable
during active phases of the cell cycle (Scholzen and Gerdes, 2000). We found that in the
absence of IL2, CD80 and CD86 costimulation supported Ki67+ Treg, which was significantly
greater than without costimulation (figure 4.30). The addition of low dose IL2 (12.5 IU/mL)
resulted in an increase in Ki67+ Treg with costimulation, but the level was significantly higher
for CD86 than CD80 with more evident Ki67Hi staining for CD86. A similar, but less marked
difference was observed at 100 IU/mL IL2.
Taken together these observations support the view that effective CD28 costimulation and IL2
synergise to increase Treg proliferation and survival, and that this effect is more marked at
lower IL2 concentrations for CD86.
4.2.17

CTLA4 blockade im proved Treg survival with CD80 costim ulation

As observed in section 4.2.11 blockade of CTLA4 revealed a trend towards improved Treg
phenotype with CD80 costimulation. We repeated this experiment using purified Treg with or
without anti-CTLA4. This revealed that in the presence of CD80 the addition of anti-CTLA4
antibody resulted in an increase in the proportion of live cells and a trend towards an increase
in the total number of Treg (figure 4.31). With CD86 the number of surviving Treg was
greater than with CD80, but anti-CTLA4 resulted in a trend to a lower number of surviving
Treg. These findings suggest that CTLA4 blockade may improve Treg survival with CD80
costimulation but that CD86 function was impaired by anti-CTLA-4.
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F igure 4. 30: C D 86 costimula tion incre ases T reg proliferation at low and high
concentrations of IL2 , compared to C D80 . Purified Treg were cultured for 5 days with
soluble anti-CD3 antibody and CHO-CD80, CHO-CD86 or untransduced CHO (no
costimulation) with 12.5 IU/mL or 100 IU/mL or no additional IL2 (see figure 2 .2 D).
Proliferation was assessed by Ki67 expression using flow cytometry. Representative
cytometry plots illustrate the proportion of Ki67+ Treg after 5 days stimulation. The graph
demonstrates the proportion of Ki67+ Treg under each condition. Data are presented as
mean value +/- SEM of 3 independent experiments. Interaction of costimulation condition (**)
but not IL2 concentration with % Ki67+ was significant by 2-way ANOVA. Tukey’s multiple
comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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F igure 4. 31: C T LA4 blockade improve s T re g surviva l at low leve ls of IL2 when
C D 80 is provided for costimulation. Purified Treg were cultured for 5 days with soluble
anti-CD3 antibody and CHO-CD80, CHO-CD86 or untransduced CHO (no costimulation) in
the presence of 12.5 IU/mL IL2, with or without anti-CTLA4 antibody (see figure 2 .2 D).
After 5 days, survival was assessed as the absolute number of live FoxP3+CD25+ cells by
flow cytometry. Cytometry plots illustrate the proportion of live and dead Treg after 5 days
stimulation. The graph demonstrates Treg survival as the absolute number of live Treg,
expressed as a percentage of the number of Tregs at the start of culture. Data are presented
as mean value +/- SEM of up to 4 independent experiments. Analysed by multiple T tests, *
denotes significance with Holm-Sidak correction.
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4.2.18

CD86 costim ulation results in higher Treg CTLA4 and ICOS levels
com pared to CD80 costim ulation.

Using purified Treg we also tested the impact of IL2 with CD80 or CD86 costimulation on Treg
phenotype. Addition of IL2 increased FoxP3+ in all conditions (figure 4.32, flow cytometry
plots). At all levels of IL2, CD86 resulted in higher Treg CTLA4 expression than CD80 and
although CD80 costimulation resulted in modest CTLA4 levels with additional IL2 it never
reached the level observed with CD86 (figure 4.32, red and blue dotted lines). The same
pattern was observed for ICOS expression (figure 4.33). Importantly, the effect of CD86 in
enhancing CTLA4 and ICOS levels was more marked in the Foxp3+ compartment, suggesting
that CD86 primarily exerts its effect in the Foxp3 Hi CTLA-4Hi setting.
These findings suggest that CD86 resulted in a more strongly activated Treg phenotype than
CD80 and that IL2 synergised with CD28 costimulation. However, IL2 could not completely
compensate for the absence of CD86 costimulation and CD86 increased the sensitivity of Treg
to lower doses of IL2.
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Figure 4.32: C D 86 costimula tion incre ased Treg C T LA4 e xpression compare d to
C D 80. Purified Treg were cultured for 5 days with soluble anti-CD3 and CHO-CD80, CHOCD86 or untransduced CHO (no costimulation) with 12.5IU/mL or 100IU/mL or no additional
IL2 (see figure 2.2 D ). Phenotype was assessed by flow cytometry. Representative plots
illustrate the expression of CTLA4 and FoxP3 by Treg after 5 days stimulation under the
th

above conditions. Blue and red dotted lines illustrate 95 centile of the CTLA4 MFI with CD80
and CD86, respectively. The graph demonstrates the MFI of CTLA4 amongst FoxP3+ Treg
under each condition. Data are presented as mean value +/- SEM of 4 independent
experiments. A significant interaction between both costimulation condition (*) and IL2
concentration (**) with CTLA4 MFI was observed by 2-way ANOVA. Tukey’s multiple
comparison test results: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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Figure 4.33: C D 86 costimula tion increa se d T reg IC O S expression compared to
C D 80. Purified Treg were cultured for 5 days with soluble anti-CD3 and CHO-CD80, CHOCD86 or untransduced CHO (no costimulation) with 12.5IU/mL or 100IU/mL or no additional
IL2 (see figure 2.2 D ). Phenotype was assessed by flow cytometry. Representative plots
illustrate the expression of ICOS and FoxP3 by Treg after 5 days stimulation under the above
th

conditions. Blue and red dotted lines illustrate the 95 centile for ICOS MFI with CD80 and
CD86, respectively. The graph demonstrates the MFI of ICOS in FoxP3+ Treg under each
condition. Data are presented as mean values +/- SEM of 4 independent experiments. A
significant interaction between costimulation condition (*) but not IL2 concentration with ICOS
MFI was observed by 2-way ANOVA. Tukey’s multiple comparison test results: by 2-way
ANOVA. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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4.2.19

CTLA4 deficiency results in increased Treg proliferation in response to
CD80 costim ulation

Experiments using blockade of CTLA4 or examining the effect of a CD86 variant with higher
affinity for CTLA4 suggested that strong CTLA4 interactions with CD80 may impair its ability to
provide effective CD28 costimulation to Treg. We sought to further test this concept by
exploring the effects of CTLA4 deficiency. Total memory CD4 T cells were isolated from two
patients with low CTLA4 levels. The 1st patient had a homozygous mutation in LRBA. LRBA
protein is a large, BEACH (Beige and Chediak-Higashi) domain containing protein, which has
a putative role in intracellular CTLA4 trafficking (Lo et al., 2015). LRBA mutations result in low
CTLA4 levels and a syndrome of immunodeficiency and autoimmunity (Lo et al., 2015, Hou et
al., 2017). This patient had undergone bone marrow transplantation but had lost donor
chimerism, resulting in reversion to an LRBA deficiency phenotype (figure 4.34). The second
patient was heterozygous for a large deletion involving the promoter and all of exon 1 of

CTLA4 (figure 4.35 A) resulting in adult onset autoimmunity and immunodeficiency
consistent with CTLA4 haploinsufficiency (Schubert et al., 2014, Kuehn et al., 2014).
We observed that patient 1 had low levels of CTLA4 in resting Tcon and Treg as well as
following overnight stimulation with anti-CD3/anti-CD28 beads (figure 4.34 A). However,
CTLA4 levels recovered in the presence of the lysosomal acidification inhibitor bafilomycin,
consistent with a defect in LRBA (Hou et al., 2017). Similarly patient 2 also had low resting
Treg CTLA4, which rose following overnight bead stimulation but to a level lower than the
healthy control (figure 4.35 B) consistent with CTLA4 haploinsufficiency.
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F igure 4. 34: T reg with low levels of C T LA4 derive d from a patient with a
homoz ygous LR BA mutation prolifera te robustly in response to C D 80 . Memory
CD4 T cells were isolated from a patient with a homozygous mutation in LRBA, which results
in low CTLA4 levels, and a healthy subject. The patient had undergone a bone marrow
transplantation but with low levels of donor chimerism. A) Representative plots demonstrating
FoxP3 and CTLA4 expression following 16 hours of stimulation with anti-CD3/anti-CD28
beads +/- bafilomycin or in resting cells, demonstrating low levels of CTLA4 in the patient.
CTV stained memory CD4 T cells were stimulated with soluble anti-CD3 antibody and CHOCD80, CHO-CD86 or untransduced CHO (no costimulation) or CHO-FcR and soluble antiCD3 or anti-CD28 antibodies (see figure 2 .2 A and B). After 5 days T cell proliferation and
phenotype were assessed by flow cytometry. B) Proliferation traces illustrate memory CD4 T
cell proliferation under each stimulation condition. C) Cytometry plots illustrate FoxP3 and
CD25 expression and FoxP3+ T cell frequency and D) FoxP3 and CTLA4 expression,
amongst cells that had undergone at least one division following stimulation compared to
resting unstimulated cells.
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Figure 4.35: T regs with low le ve ls of C TLA4 due to C T LA4 haploinsufficie ncy
prolife rate e quivale ntly in response to C D 80 or C D 86 .
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F igure 4. 35: T regs with low levels of C T LA4 due to C T LA4 ha ploinsufficiency
prolife rate e quivale ntly in response to C D 80 or C D 86 .
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F igure 4. 35: T regs with low levels of C T LA4 due to C T LA4 haploinsufficie ncy
prolife rate e quivale ntly in response to C D 80 or C D 86 .
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F igure 4. 35: T regs with low levels of C T LA4 due to C T LA4 ha ploinsufficiency
prolife rate equivalently in response to C D 8 0 or C D 86. Memory CD4 T cells were
isolated from a patient with a heterozygous deletion of the CTLA4 promoter and exon 1, and
a healthy subject. A) Position of deletion (VEP result) relative to exon 1 of CTLA4
(www.ensembl.org/Tools/VEP). B) Representative cytometry plots demonstrating FoxP3 and
CTLA4 expression following 16 hours of stimulation with anti-CD3/anti-CD28 beads +/bafilomycin or in resting cells.
CTV stained memory CD4 T cells isolated from the patient and from a healthy control were
stimulated with soluble anti-CD3 antibody and CHO-CD80, CHO-CD86 or untransduced CHO
(no costimulation) or CHO-FcR and soluble anti-CD3 or anti-CD28 antibodies (see figure
2.2 A a nd B). After 5 days cell proliferation and phenotype were assessed by flow
cytometry. C) Proliferation traces illustrate memory CD4 T cell proliferation under each
stimulation condition. Cytometry plots illustrate D) FoxP3 and CD25 expression and FoxP3+
T cell frequency E) FoxP3 and CTLA4 expression F) ICOS expression, amongst cells that
had undergone one division.
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Total memory CD4 T cells were stimulated with CHO-CD80, CHO-CD86, CHO-blank or CHOFcR and soluble anti-CD3 or soluble anti-CD28 antibodies. After 5 days proliferation was
assessed by CTV dilution and Treg frequency and phenotype was evaluated amongst divided
cells. We observed adequate T cell proliferation following stimulation for both patients
(figures 4.34 B and 4.35 C), with similar responses to CD80 and CD86 for patient 1 but
reduced responses to CD86 for patient 2. Strikingly, Treg frequency was higher for CD80
costimulation compared to CD86 costimulation for patient 1, whereas little difference was
evident for patient 2 (figures 4.34 C and 4.35 D). For the two healthy controls CD86
costimulation resulted in a greater frequency of Treg as seen previously. Of note, the CD25
levels of Tcon and Treg were similar or even higher with CD86 costimulation compared to
CD80 for both patients, suggesting that CD86 costimulation had resulted in at least similar
levels of activation and CD28 costimulation. Therefore the superior Treg expansion with CD80
was not due to a failure to stimulate with CD86. Additionally, for both patients the typical
pattern of increased frequency of Treg with cross-linked anti-CD28 compared to cross-linked
anti-CD3 was observed (figures 4.34 C and 4.35 D). Taken together these observations
suggest that in the setting of low CTLA4 levels, Tregs expand equally or more readily with
CD80 compared to CD86, in a reversal of the pattern observed with healthy subjects. The
responses to cross-linked CD3 and CD28 were similar in patients and healthy subjects,
suggesting that CTLA4 interaction with CD80 and CD86 underpins the differences, rather than
changes in sensitivity to CD28 or TCR signals in the patients.
It is notable that despite CD80 resulting in greater Treg expansion for patient 1, the level of
CTLA4 was still lower amongst CD80 stimulated Treg than with CD86 costimulation. This
could be due to the increasingly expressed CTLA4 interfering with on-going CD80
costimulation during activation, or a unique property of the interaction of CD86 and CD28
leading to enhanced CTLA4 levels. Since patient 1 did not have a CTLA4 mutation their T
cells were capable producing increasing levels of functional CTLA4 on stimulation (figure
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4.34 D). Patient 2‘s Treg CTLA4 was lower than the healthy control, as expected, but
equivalent between CD80 and CD86 costimulation (figure 4.35 E). Similarly Treg ICOS
levels were the same following CD80 and CD86 costimulation (figure 4.35 F). In comparison
the healthy subjects both demonstrated the typical pattern of higher Treg CTLA4 and ICOS
following CD86 costimulation compared to CD80 (figures 4.34 D and 4.35 E and F), as
seen previously.
Taken together, these experiments illustrated that in settings of CTLA4 deficiency CD80 was
able to provide strong costimulation signals to Treg, suggesting that CTLA4 modulated the
ability of CD80 and CD86 to interact with CD28 in the wild-type setting. This may illustrate an
explanation for the observation that CD86 acts as a more potent costimulation signal for Treg.

4.3 Discussion
The experiments in this chapter aimed to explore the fundamental differences between CD80
and CD86 in terms of their impact upon the survival, proliferation and phenotype of Tcon and
Treg, and the mechanisms that allow distinct T cell outcomes with the two ligands despite their
shared receptors.
4.3.1 CD86 costim ulation results in greater proliferation and a more activated
phenotype of Treg com pared to CD80 costim ulation
We have demonstrated that costimulation of T cells with CD80 or CD86 resulted in markedly
different T cell outcomes. We observed similar levels of Tcon proliferation following stimulation
with CD80 or CD86 at a fixed TCR stimulus, suggesting they both provided robust CD28
costimulation. However, the division index of Treg was significantly higher with CD86
compared to CD80, suggesting that Treg interpret CD86 differently to CD80. We also
observed significantly different Treg and Tcon phenotypes following costimulation with CD86
and CD80. Memory CD4 T cells stimulated with CD86 had a greater FoxP3 expression and
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both Treg and Tcon had a more strongly activated phenotype characterised by higher levels of
the effector proteins CTLA4 and CD39 and of CD28-driven proteins such as ICOS and OX40,
compared to CD80 costimulation. Similarly CD86 costimulation of purified Treg resulted in
greater Treg survival, proliferation and higher levels of CTLA4 and ICOS at limiting levels of
IL2. Importantly, we were able to recapitulate the phenotype of lower Treg CTLA4 expression
and possibly reduced Treg frequency with CD80 compared to CD86 when memory T cells
were stimulated by human DCs using selective blockade of CD86 or CD80, respectively.
In this chapter, we present evidence for enhanced proliferation and expression of ICOS,
CTLA4 and OX40 in FoxP3+ T cells following CD86 costimulation. This population of FoxP3+
T cells will include bona fide Treg but also Tcon, some of which express FoxP3 following
activation (Pillai et al., 2007, Wang et al., 2007, Tran et al., 2007). The role of FoxP3+ Tcon is
unclear; evidence for regulatory function of these cells is inconsistent with the acquisition of
suppressive capability by FoxP3+ Tcon having been shown to be robust (Pillai et al., 2007),
inconsistent (Wang et al., 2007) or absent (Tran et al., 2007) in vitro. Furthermore, the levels
of transiently expressed FoxP3 in activated Tcon were lower than seen in natural Treg and not
associated with the acquisition of other features of Treg (Allan et al., 2007, Tran et al., 2007),
suggesting that they are not truly Treg. Interestingly Tcon from a FoxP3 null hemizygous
individual or following knockdown of FoxP3 were reported to be more proliferative, produce
more cytokines (particularly by Th17s), and have a different transcriptomic signature,
suggesting that FoxP3 may act as an intrinsic suppressor of activated Tcon (McMurchy et al.,
2013).
Whilst the FoxP3+ Treg populations analysed in this chapter will have included non-regulatory
Tcon, this was unlikely to have influenced the interpretation of the data. Firstly, the differences
in T cell phenotype following CD80 and CD86 costimulation (increased FoxP3+ proliferation,
frequency and expression of CTLA4, ICOS and OX40) were consistently observed throughout
the whole FoxP3+ population, suggesting that both bona fide Treg and FoxP3+ Tcon respond
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in the same manner. Secondly, the transient, intermediate levels of FoxP3 observed following
Tcon activation are associated with low levels of CTLA4 (Allan et al., 2007) however we
observed high levels of CTLA4 in the FoxP3 populations dividing following costimulation with
CD86, suggesting that these cells were truly Treg. Thirdly, following depletion of CD25+ T
cells, we did not observe high levels of FoxP3 expression, suggesting that the main FoxP3
high populations seen following stimulation of total memory CD4 T cells represented bona fide
effector Treg populations. Therefore our data is consistent with the previous studies
demonstrating low levels of FoxP3 induction following stimulation of Tcon (Pillai et al., 2007,
Allan et al., 2007, Tran et al., 2007, Wang et al., 2007, McMurchy et al., 2013). As the T cells
expressing FoxP3 following CD80 costimulation did so mainly at intermediate levels this
suggests that the majority of these cells were activated Tcon, rather than Treg, suggesting a
more complete loss of Treg with CD80 compared to the survival and expansion of Treg
observed with CD86.
Addition of IL2 during the activation of total memory CD4 T cells resulted in greater FoxP3
expression following costimulation with CD80, CD86 or stimulation with cross-linked CD3 or
CD28 stimulation, and stimulation of memory T cells with CD80 in the presence of anti-IL2
appeared to reduce the level of FoxP3. This finding was consistent with the observations of
intermediate FoxP3 expression in a proportion of activated Tcon in the presence of IL2 in prior
studies (Tran et al., 2007). Other studies that reported FoxP3 expression in Tcon did not add
exogenous IL2 to cultures, however IL2 would likely have been produced by the activated
Tcon (Pillai et al., 2007, Allan et al., 2007, Wang et al., 2007) suggesting that IL2 may be
important in FoxP3 expression in activated Tcon. IL2 may be less important for FoxP3
expression in Treg, as we observed it to be maintained in Treg following costimulation with
CD86 in the presence of anti-IL2. Taken together these observations are consistent with IL2
acting to support FoxP3 expression and T cell stimulation in Tcon.
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Our data are consistent with other reports of different T cell outcomes with CD80 and CD86
despite their similar capacity to induce proliferation; in vitro CD80 has previously been shown
to be at least equivalent to CD86 for initiating CD4 T cell proliferation (Manzotti et al., 2006).
Dendritic cell-based T cell stimulation models have previously suggested that CD86 drives
Treg proliferation but CD80 does not (Zheng et al., 2004, Ouabed et al., 2008, Yamazaki et
al., 2003) and even that blockade of CD80 enhances Treg proliferation (Zheng et al., 2004).
Intriguingly opposite effects of CD80 and CD86 upon Treg suppressive behaviour and
proliferation have been observed, blockade of CD86 was associated with enhanced Treg
suppressive function but reduced proliferation and CD80 blockade with impaired suppressive
function but enhanced proliferation (Zheng et al., 2004). Whether this is a transient effect
whereby proliferating Treg are generally less suppressive (Walker, 2004), or a persistent
change in functional capacity in response to either ligand remains unclear.
The differences that we observed in Treg phenotype between the two costimulation ligands
was maintained across a range of CD86 availability; when we compared Tregs following
costimulation with 8-fold less CD86 than CD80, CD86 still resulted in significantly higher levels
of ICOS and CTLA4.
Taken together these results suggest that both Treg and Tcon have different responses to
CD80 and CD86, where CD86 induces a T cell response that is characterised by increased
FoxP3+ CTLA4Hi T cells, potentially implying greater immunoregulatory potential.
Our observation that CD86 and CD80 costimulation resulted in different T cell outcomes fits
with evidence that CD80 and CD86 are not interchangeable. CD80 and CD86 are often
considered synonymous, however it is likely that they have different roles in the immune
system. In light of their divergent sequences, different ligand binding characteristics, dissimilar
patterns of expression on APCs, different regulatory signals and that CD86 is expressed
earlier and CD80 later in immune responses (see section 1.3.2) (Hart et al., 1993,
Boussiotis et al., 1993, Lenschow et al., 1993, Hathcock et al., 1994, Liu et al., 1999, Creery et
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al., 1996, Buelens et al., 1995, Buelens et al., 1997, Geissmann et al., 1999, Chattopadhyay
and Shevach, 2013), it is conceivable that the two ligands serve different purposes.
There is prior evidence for different T cell responses to CD80 and CD86, including that CD80
ligation has been reported to result in Th1-type cytokine production and CD86 to Th2
cytokines (Kuchroo et al., 1995, Freeman et al., 1995). However, this finding has not been
replicated in other reports (Lenschow et al., 1996b). Likewise, we did not observe differences
in the polarisation of CD4 T cells towards Th1 or Th2 subtypes when stimulated with CD80 or
CD86, however, we also did not replicate the finding of increased Th2 polarisation with
stronger CD28 signals that has been reported previously (Harding et al., 1992, Tao et al.,
1997, Lenschow et al., 1996a) when we stimulated CD4 T cells with cross-linked anti-CD28
antibodies. As discussed in section 3.2.7, our model may be insensitive to differences in
Th1 and Th2 polarisation, potentially because differences in Th cell polarisation may manifest
following the priming of naïve T cells. Previously differentiated Th1 or Th2 cells may have less
plasticity and therefore the fact that we tested memory CD4 T cells may account for this
difference. We did, however, observe an increase in IL17 production by memory CD4 T cells
following restimulation after CD86 costimulation compared to CD80, which suggested that the
differentiation of CD4 T cells is sensitive to which CD28 ligand they encounter. This finding is
consistent with a mouse arthritis model where blockade of CD86 costimulation, but not CD80,
resulted in reduced IL17 production (Odobasic et al., 2008).
CD80 and CD86 have also been shown to have different immunological outcomes in several
other models of autoimmunity, which may relate to differences in immunoregulatory responses
to the two ligands. We demonstrated increased Treg numbers, survival and expression of
effector proteins with CD86, as discussed above. Consistent with this, in a murine model of
experimental allergic encephalomyelitis (EAE), administration of anti-CD80 antibodies at
disease onset (leaving only CD86-mediated costimulation) resulted in reduced disease
incidence whereas anti-CD86 treatment resulted in worse disease (Kuchroo et al., 1995,
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Racke et al., 1995). However, the converse was reported in murine models of autoimmune
diabetes mellitus, where CD80 blockade worsened disease and CD86 blockade improved
disease (Lenschow et al., 1995). CD86 deficiency in non-obese diabetic mice also prevented
disease, although interestingly this resulted in the onset of autoimmune neuropathy (Salomon
et al., 2001). The timing of CD80 blockade (and presumably greater CD86 costimulation) also
influences disease outcomes in animal models; when administered in established disease
anti-CD80 antibodies resulted in the exacerbation of EAE (Vanderlugt et al., 1997) in contrast
to reduced disease when administered at onset. Taken together these observations suggest
that the balance of CD80 and CD86 influences the activity of autoimmune processes,
consistent with our findings that regulatory T cells interpreted CD80 and CD86 differently,
although in vivo this may be tissue and time specific.
However, these animal data need to be considered with caution; the effects of anti-CD80 and
anti-CD86 antibodies on T cell responses may be driven by reverse signalling via CD80 or
CD86, which has been reported to influence APC activity (Grohmann et al., 2002). Also,
interpreting antibody blocking studies is complicated as blocking one ligand will reduce the
interaction of that ligand with two receptors, and potentially increase the binding of the other
ligand to the same receptors. Therefore, ascribing any outcomes to a change in a single
receptor-ligand pairing is challenging. Our study avoided some of these concerns around
multiple ligand-receptor pairings and reverse signalling by using CD80 and CD86 expressed
singly on a chemically fixed, irrelevant cell type (CHO cells). However, our system could not
therefore reflect the impact of other molecular interactions that may influence the strength and
duration of interaction between T cells and APCs. In our CHO cell model these were
dependent solely on the affinity and binding characteristics of CD80 or CD86 and their
receptors. Other molecules that contribute to adhesion such as lymphocyte functionassociated antigen 1 (LFA1) (Verma and Kelleher, 2017) and the MHC-TCR complex may
increase the likelihood of CD80 and CD86 interacting with their receptors by prolonging cell-
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cell contact. This may affect CD86 and CD80 differently due to their dissimilar receptor
affinities. Therefore, our model represented the contribution of the independent ligands to
CD28 costimulation, but may not have modelled outcomes that occur in more physiological
conditions. Despite this caveat, we were able to demonstrate preferential induction of CTLA4
and possibly Treg frequency with CD86 costimulation compared to CD80 using a human
dendritic cell model, suggesting that the differences we observed in the CHO model were
broadly representative of more physiological settings.
Other lines of evidence for different effects of CD80 and CD86 in vivo have come from cancer
and solid organ transplant models, where the transfection of CD86 into tumour cells resulted in
enhanced immunogenicity and tumour control whereas CD80 did not, suggesting that CD86 is
a more dominant stimulatory ligand. Blockade of CTLA4 was shown to improve the immune
control of CD80+ tumours suggesting that CD80 undergoes more stringent control by CTLA4
than CD86 (LaBelle et al., 2002). Using RNA interference approaches it has been reported
that CD86 is a more potent stimulus of T cell proliferation and that knock down of CD86 results
in tolerance to cardiac allografts, compared to CD80 knockdown (Xiang et al., 2008). These
observations taken suggest that, in vivo, CD86 and CD80 have different T cell outcomes, and
this may be tissue, disease context and time specific. We have demonstrated that Tcon and
Treg respond to CD80 and CD86 differently, and that proliferation and phenotypic outcomes of
CD80 and CD86 are uncoupled.
4.3.2 The differences in Treg outcom e following CD80 or CD86 costim ulation
are m ediated by CD28
Despite both CD80 and CD86 being able to costimulate Tcon proliferation similarly, CD86
induced a Tcon and Treg phenotype more similar to strong CD28 signals. When we compared
cross-linked anti-CD28 to anti-CD3 antibody stimulated memory CD4 T cells we observed a
greater frequency of FoxP3+ cells and higher levels of CTLA4, ICOS and OX40 with antiCD28 antibody crosslinking. This was similar to the differences we observed with CD86 and

201

CD80 costimulation, where CD86 costimulation resulted in greater Treg proliferation and
survival, and CTLA4, ICOS and OX40 expression, suggesting that the CD86 phenotype is
consistent with strong CD28 signals. This is perhaps surprising, as the affinity of CD28–CD80
interaction is 5 fold higher than for CD28–CD86 (Collins et al., 2002). If recent suggestions of
bivalent interaction between CD80 and CD28 are confirmed (Sanchez-Lockhart et al., 2011,
Sanchez-Lockhart et al., 2014, Ganesan et al., 2018) both avidity and CD28 receptor site
occupancy by CD80 would be further increased. As an aside, is interesting to note that the
structural reorganisation of CD28 to allow bivalent interactions with CD80 is driven by TCR
signalling, which therefore illustrates another potential method of integrating of TCR and CD28
signalling by T cells (Sanchez-Lockhart et al., 2011, Sanchez-Lockhart et al., 2014). Given the
relatively weak binding of CD86 to CD28 it is notable that CD86 appeared to be a more
effective ligand than CD80 for Treg homeostasis and proliferation.
To test the importance of CD28 in generating the differences we observed between T cell
outcomes with CD80 and CD86, we demonstrated that costimulation of memory CD4 T cells
for 5 days with CD86 resulted in significantly lower Treg CD28 compared to CD80. This
suggested that CD86 provided stronger CD28 engagement than CD80 as CD28 levels fall
following ligand binding (Linsley et al., 1993, Eck et al., 1997). Additionally, blocking memory T
cells with anti-CD28 antibody during costimulation with CD86 remonstrated a reduction in the
frequency of FoxP3 T cells and a trend towards reduced CTLA4 expression, implying that the
CD86 driven Treg phenotype was due to CD28 engagement.
Taken together, these observations suggested that there was a fundamental difference in the
quality or amount of CD28 signalling that occurred following CD80 and CD86 costimulation,
which was not explained simply by considering the affinities of CD80 and CD86 for CD28, as
that had predicted that CD80 would interact more strongly with CD28.
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4.3.3 CD80 was prevented from providing effective CD28 costim ulation by
CTLA4,

hence

was

im paired

in

supporting

Treg

hom eostasis

or

expansion
Given that CD86 binds CD28 with lower affinity than CD80 does, we hypothesised that the
mechanism enabling stronger CD28 signals from CD86 was CTLA4 preferentially binding to
CD80 preventing it from interacting with CD28. CTLA4 has a 13-fold higher affinity for CD80
than for CD86 and its binding to CD80 is further enhanced by greater avidity (see section
1.4.2 and figure 1.1). CD86 is relatively more able to bind CD28 than CD80 since the
CTLA4/CD28 affinity ratios for CD80 and CD86 are 0.05 and 0.13 respectively (Collins et al.,
2002). This implies that compared to CD80 more CD86 will engage with CD28 when both
receptors are present. We therefore tested whether in the presence of all four molecules CD80
preferentially bound CTLA4 thereby protecting CD86 from CTLA4-mediated regulation, further
improving CD86-CD28 interactions.
We demonstrated that CTLA4 is critical to the different T cell responses to CD80 and CD86.
Firstly, anti-CTLA4 antibody blockade resulted in increased survival of purified Treg when
costimulation was provided by CD80 and also in subtle increases in Treg ICOS and OX40
expression following memory T cell stimulation with CD80. Secondly, costimulation of memory
CD4 T cells with the CD86-H113L variant, which has high affinity for CTLA4 akin to CD80,
resulted in lower FoxP3 and a trend towards lower CTLA4 and ICOS expression in Treg
compared to wild-type CD86. Further supporting a role for CTLA4 in enabling different
outcomes with CD80 and CD86 costimulation was the lack of difference observed between
CTLA4, ICOS or OX40 levels following CD80 and CD86 costimulation of naïve T cells, which
do not express CTLA4 prior to stimulation, as observed in figure 3.11. Our observations
were consistent with the notion that the binding affinities of CD80 and CD86 to CTLA4
determined the amount of CD28 signal delivered.
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Most convincingly however, in monogenic human disorders resulting in low CTLA4, Tregs
proliferated following CD80 costimulation at least as well as, if not better than, with CD86. This
confirmed that CTLA4 interferes more with CD80 than CD86’s ability to provide CD28
costimulation. However, we cannot exclude the contribution of other mechanisms such as
CD80 and CD86 having unique CD28 binding characteristics leading to differences in
downstream signalling pathways of CD28.
Our data support the idea that CD80-CTLA4 interactions may limit CD80’s ability to provide
CD28 costimulation, explaining why, despite its lower affinity for CD28, CD86 acts as the
dominant costimulation ligand in vivo (Borriello et al., 1997, Santra et al., 2000). However
other factors may also be influencing this outcome, as suggested by the CTLA4 insufficient
Treg from both patients tested. When costimulated with CD86 they were observed to attain
higher peak CTLA4 or ICOS expression than with CD80. This suggested either a unique
property of the CD86-CD28 interactions or that the residual CTLA4 (which can be expressed
in the LRBA deficient patient and is predicted to be at 50% of healthy levels in the CTLA4
heterozygote) continues to offer an advantage to CD86 in this setting. The latter idea is
supported by the observations that whilst CTLA4 haploinsufficiency is disease causing in
some individuals, relatives carrying the same mutation may be healthy (Hou et al., 2017,
Schubert et al., 2014, Kuehn et al., 2014) and heterozygous CTLA4 deletion in mice results in
a near normal phenotype (Tivol et al., 1995, Waterhouse et al., 1995). This suggests that
haploinsufficiency is associated with significant residual CTLA4 function (or the presence of
compensatory mechanisms) that may still contribute to CTLA4 function.
The failure of anti-CTLA4 blocking antibodies to robustly reveal the same difference as clinical
CTLA4 deficiency is perhaps surprising. However, antibody blockade experiments in this
setting are challenging. It has been observed that CTLA4 is selectively recruited into the
immune synapse by CD80 (Pentcheva-Hoang et al., 2004) hence blocking antibodies may be
hindered from binding due to the constrained physical space at the site of CD80-CTLA4
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interaction. Furthermore, as the levels of CTLA4 increase with stimulation, newly synthesised
CTLA4 will be trafficked to the cell surface and may interact with APCs in close proximity
hence avoiding blockade. It may be that an anti-CTLA4 Fab may be more effective at
blockade and that using RNA interference or CRISPR-Cas9 deletion of CTLA4 may be a
better model to prove role of CTLA4.
The differing physiochemical properties of CD80 and CD86’s interactions with their receptors
may also have wider effects upon T cell stimulation than simply skewing CD28 toward
interaction with CD86. It has been suggested that CTLA4 binding to CD80 and CD86 is
important in the duration and frequency of interaction between Treg and APCs in vivo (Matheu
et al., 2015). Additionally CD80 is reported to be important for immune synapse formation, to
reduce Treg motility and to increase the duration of Treg-APC interactions (Thauland et al.,
2014). Due to the weaker affinity of CD86 with its ligands compared to CD80, it would be
expected that CD80 would form stronger APC-T cell interactions than CD86, but surprisingly
the opposite has been reported (Lim et al., 2012) although the duration of interaction of CD80
with its receptors is greater than seen for CD86 (Collins et al., 2002). Therefore, the differing
affinities of CD80-CTLA4 and CD86-CTLA4 interactions result in more prolonged Treg-DC
interactions with CD80 compared to CD86.
Together these observations illustrate that CD80 and CD86 have two fundamental differences
in the interactions with their receptors. Firstly, CD80 and CD86 bind to CD28 with different
affinity, valency, avidity and kinetics. Secondly, their affinity and avidity for CTLA4 are
markedly different, resulting in alterations in the availability of the ligands for CD28 binding in
the presence of both receptors. Coupled with the differential regulation of CD80 and CD86,
and particularly their removal by Treg (Qureshi et al., 2011), which may be skewed in favour of
CD80, these features will enable CD80 and CD86 to modulate the overall outcomes of T cell
responses. The established range of ligand-receptor affinities in the CD28 and CTLA4
pathway and our data together allow us to suggest the model illustrated in figure 4.36 which
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suggests that CTLA4 influences the availability of CD80 and CD86 to engage with CD28,
favouring CD28-CD86 interactions thereby preventing CD80 from providing adequate CD28
costimulation in the presence of CTLA4.
4.3.4 CD80 does not augm ent CD28 costim ulation with CD86
A corollary of the model shown in figure 4.36, where CTLA4 preferentially binds CD80
preventing it from engaging with CD28 would be that CD80 may block CTLA4 thereby
preventing CTLA4 from binding CD86. Therefore CD86 would be more able to bind CD28 in
the presence of CD80. We tested this by costimulating memory CD4 T cells with CHO cells
expressing both CD80 and CD86. However, we did not observe that the presence of both
CD80 and CD86 increased the frequency, CTLA4 or ICOS expression of Treg above CD86
alone. This may have been because the CHO-CD80-CD86 cells were a population; hence the
relative amounts of CD80 and CD86 may not have been suitable to provide protection for
CD86.
A further problem with our approach was that antibody blockade, used to try and demonstrate
single CD80 or CD86 costimulation, may not have effectively blocked the ligand-receptor
interactions due to steric hindrance at the point cell-cell contact, as discussed for CTLA4
blockade above. However, this observation and the fact that CD80 could effectively induce the
proliferation of conventional memory CD4 T cells, imply it is a capable ligand of CD28, raised
the question of whether additional factors influence T cell responses to CD80 and CD86.
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Figure 4.36: C D 80 is a poor liga nd for C D 2 8 whe n C T LA4 is prese nt, compa red
to CD86 . Schematic representation of potentially synergistic models for preferential CD28
signaling by CD86 compared to CD80. A) Both CD80 and CD86 are effective ligands of
CD28 in the absence of CTLA4. However, i) CD86 may provide an intrinsically superior
signal compared to CD80. Additionally, ii) due to the monovalent binding properties of CD28,
CD86 monomers will engage as many CD28 molecules as CD80 dimers. B) iii) In the
presence of CTLA4, CD80 will preferentially bind to CTLA4, meaning it cannot costimulate
via CD28. However, CD86 is relatively protected against this due to its relatively lower affinity
for CTLA4 than CD80. Therefore, in the setting of CTLA4 and CD28, such as at a Treg
membrane, CD86 becomes the dominant ligand of CD28.
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4.3.5 Alternative m odels for CTLA4 function
As an alternative to the competitive and cell-extrinsic models of CTLA4 function, where CTLA4
competes with CD28 binding to CD80 or CD86 and can result in their removal, is the cellintrinsic CTLA4 signalling model. In the former, we propose that affinity differences between
the four ligand-receptor couplings prevent CD80 from providing effective CD28 costimulation
to CTLA4 expressing cells. In the later model CTLA4 is proposed to provide an inhibitory
signal following ligand engagement, although the evidence for this is highly debated (Walker
and Sansom, 2015). In this setting, as the affinity of CD80 for CTLA4 greatly exceeds that of
CD86, CD80 would be expected to have a greater inhibitory effect than CD86. Whilst some of
our data could fit this model, for example lower Treg proliferation was observed following
costimulation with CD80 compared to CD86, other data do not. For example, we demonstrated
in chapter 3 that memory Tcon expressed an intermediate level of CTLA4 and we observed
that costimulation with CD80 and CD86 induced equal proliferation. If CTLA4 were transmitting
an inhibitory signal after engagement with its ligands, CD80 would have been predicted to
induce less proliferation than CD86. Additionally, the stimulation of memory CD4 T cells with
CHO-CD80-CD86 did not impair T cell proliferation or impair Treg phenotype compared to
CD86 alone. Again, if CTLA4 were transducing an inhibitory signal, the addition of CD80
would be expected to suppress T cell responses. Lastly, antibody blockade of CD80 after
stimulation of memory CD4 T cells for 48 hours did not influence T cell division or phenotype,
unlike blockade of CD86 at the same time point. If CTLA4 were providing an inhibitory signal
then removal of its highest affinity ligand at 48 hours, when CTLA4 expression is greater than
at baseline, should have prevented this inhibitory signal, enhancing proliferation.
4.3.6 Different

T

cell

outcom es

following

CD80

or

CD86-m ediated

costim ulation could result from differences in CD28 signalling
Whilst preferential binding of CD80 by CTLA4 would explain many of the differences we
observed following CD80 and CD86-mediated T cell costimulation, there remained the
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potential that the two ligands could induce different signals via CD28. Both CD80 and CD86
resulted in robust costimulation of conventional CD4 T cells resulting in similar proliferation.
However, both Tcon and Treg expression of CTLA4, ICOS and OX40 were greater following
CD86 costimulation. This disconnect between phenotype and proliferation suggested that the
outcomes of costimulation including survival, proliferation and differentiation are determined
separately in responding T cells, raising the question of whether CD28 signalling cascades
differ depending upon the costimulation ligand encountered?
We observed that the blockade of CD86 costimulation after 48 hours resulted in the loss of
high CTLA4, ICOS and OX40 expression in Treg and Tcon alike, whereas blockade of CD80
after 48 hours had no effect. This illustrated that CD80 and CD86 interact with CD28 in a
different manner over time with CD86 providing on-going CD28 signals whereas CD80 only
provided a CD28 signal at the start of T cell activation. In support of this we demonstrated
persistent reductions in Treg CD28 levels following CD86, compared to CD80 costimulation,
after 5 days, well beyond the 1-3 days that have been examined previously (Linsley et al.,
1993, Eck et al., 1997). Blockade of either CD80 or CD86 after 48 hours did not influence the
proliferation of Treg or Tcon, which implied that CD86-mediated CD28 signalling was required
to maintain cellular phenotype but not proliferation, whereas CD80 did not influence T cell
outcomes after 48 hours. One interpretation of this observation is that the ligands could induce
different signals via CD28.
Support for the idea that CD80 and CD86 could deliver different signals includes our
observation that even in the presence of high levels of IL2, which resulted in near equivalent
survival and Ki67 expression, purified Treg stimulated with either ligand had lower levels of
ICOS and CTLA4 expression with CD80. This suggested that IL2 compensated for poor CD28
costimulation with regard to proliferation, but despite this CD80 and CD86 still resulted in
different CD28 driven phenotypes. Finally, whilst we observed that following costimulation with
CD80 the frequency of Treg was equal or greater than that with seen with CD86 in the two
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patients with CTLA4 deficiency, the phenotype of the proliferating Treg differed. In patient 1
we observed lower Treg CD25 and CTLA4 expression and with patient 2 there was a
suggestion of lower peak CD25, CTLA4 and ICOS levels with CD80 costimulation. This
suggested that even when CTLA4 levels were low there was still a difference in T cell outcome
with the two ligands.
CD80 and CD86 interact differently with CD28, which may lead to differences in CD28
signalling. CD28 signalling is complex and the pathway is not completely defined (see
section 1.3.1). The structure of CD28 complexed with CD80 or CD86 has not been reported
(Ganesan et al., 2018), but CD28 is believed to bind with CD80 and CD86 at distinct but
overlapping sites. Mutagenesis studies have demonstrated that some, but not all, of the amino
acid residues required for binding to CD28 are common to CD80 and CD86 (Peach et al.,
1995). Mutational analysis of CD28 likewise revealed residues around the conserved proline
rich MYPPPY binding motif that are required for binding both CD80 and CD86, but other
residues that are specifically required for binding to each ligand (Kariv et al., 1996, Truneh et
al., 1996). This suggests that CD80 and CD86 bind to CD28 at unique but overlapping sites.
Furthermore the binding behaviour of the two ligands differs; CD28 was reported to be
capable of binding the isolated extracellular V domain only of CD86 but not of CD80 (Ellis et
al., 1996).
As CD80 and CD86 bind CD28 at overlapping yet unique sites and with different affinities, it is
possible that they may result in different patterns of phosphorylation, protein recruitment and
therefore downstream signalling cascades. In Jurkat models it has been shown that CD80 and
CD86 induce different levels of CD28 tyrosine phosphorylation and PI3K recruitment (Slavik et
al., 1999). Comparable phosphorylation of other signalling proteins was observed in this study
suggesting that similar levels of CD28 engagement occurred, but a different balance in the
activation of downstream signalling cascades resulted. However, another study reported
similar P13K recruitment with CD80 and CD86 (Ghiotto-Ragueneau et al., 1996).
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If CD80 and CD86 are able to induce different CD28 signalling cascades, this may explain
how outcomes of CD28 signalling, such as T cell proliferation and phenotype can differ. We
observed that Tcon proliferation was similar following CD80 or CD86 costimulation, but that
CD86 led to higher CTLA4, OX40 and ICOS expression. Similarly, CD80 costimulation of ex

vivo CD8 T cells has been reported to result in higher CD25 compared to CD86 costimulation
suggesting different cellular outcomes for the two ligands, however, IL2 was produced with the
same frequency implying that the cells received comparable costimulation (Pejawar-Gaddy
and Alexander-Miller, 2006). Further evidence for the uncoupling of the outcomes of CD28
signalling includes the substitution of tyrosine 170 in the cytoplasmic tail of mouse CD28 for
phenylalanine. This resulted in a failure of CD28 signalling to induce Bcl-XL expression and a
consequent increase in radiation induced cell death, but no impact on proliferation or IL2
secretion (Okkenhaug et al., 2001).
Together, all of these data suggest that specific CD28 signalling residues are phosphorylated
in response ligand ligation to lead to specific cellular and presumably physiological outcomes.
As CD80 and CD86 bind at unique sites with different affinities, it is conceivable that they may
induce different patterns or amounts of phosphorylation and hence different cellular outcomes,
although we did not test this directly in our study. These concepts imply a mechanism by
which the proliferative response to CD28 signalling can be uncoupled from other outcomes
consistent with our observation that CD80 and CD86 induced similar proliferation in Tcon but
differing phenotypes. It may be that both unique signalling via CD28 by CD80 and CD86 and
the role of CTLA4 influence T cell outcomes with each ligand (see figure 4.36). Further
investigation, including examination of the biochemistry of CD28 signalling in the presence of
combinations of both ligand and receptors will be of interest.
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4.3.7 IL2 and CD28 costim ulation provide distinct but overlapping signals,
however IL2 cannot com pensate for the absence of CD86-m ediated
costim ulation
We also explored the interaction between CD28 costimulation and IL2; Treg have a
requirement for both CD28 costimulation (Salomon et al., 2000, Gogishvili et al., 2013) and IL2
(Fontenot et al., 2005, Setoguchi et al., 2005, Malek et al., 2002). Both signals result in similar
T cell responses including proliferation (Weiss et al., 1986), survival (Kerstan and Hunig,
2004, Boise et al., 1995) and cytokine production, notably of IL2 itself (Fraser et al., 1991). We
demonstrated that addition of IL2 to memory CD4 T cells stimulated with either CD80 or CD86
did not noticeably increase proliferation but did increase the frequency of FoxP3+ T cells and
resulted in more similar FoxP3, CTLA4 and ICOS expression by FoxP3+ T cells after
costimulation with CD80 and CD86. This suggested that IL2 was capable of inducing similar
phenotypes to strong CD28 costimulation. However, we observed that CD86 still resulted in
greater peak CTLA4 and ICOS levels, suggesting that IL2 and CD28 costimulation signals
were not equivalent. Additionally, blockade of IL2 did not significantly inhibit the proliferation of
CD4 T cells or the phenotype of Tcon or Treg in our CHO model, consistent with the notion
that IL2 is not absolutely required for T cell proliferation. The absence of IL2 signalling in mice
causes overwhelming inflammatory responses due to the selective loss of Treg (Sadlack et al.,
1993), demonstrating that effector T cells can proliferate and activate without IL2.
The interactions of CD86 and CD80-mediated costimulation with IL2 differed. We observed
that CD86 costimulation enabled greater survival, Ki67 expression and an activated phenotype
of higher CTLA4 and ICOS expression in purified Treg at lower concentrations of IL2
compared to CD80. This suggested that CD86 lowered Treg IL2 requirement more so than
CD80 and demonstrated that IL2 and CD28 costimulation do not provide identical signals.
These concord with other evidence that IL2 is not a direct substitute for Treg CD28
costimulation with regard to proliferation, however in Tcon IL2 could substitute for CD28

212

costimulation (Hombach et al., 2007). This may relate to differences in the regulation of IL2
signalling between Treg and Tcon, as in Treg high levels of PTEN blocks accumulation of PIP3
thereby inhibiting downstream, activation of the PI3K pathway (Walsh et al., 2006). Also, in the
thymus Treg development has a requirement for CD28 signalling that is distinct from the need
for IL2 (Tai et al., 2005, Fontenot et al., 2005) and in the periphery IL2 is not sufficient to
maintain Treg populations in the absence of CD28 (Tang et al., 2003). Therefore our findings
were consistent with the view that whilst the outcomes of IL2 and CD28 signalling are similar
and intimately linked, they are not redundant and there is both a unique outcome for and
synergy of the two signals.
4.3.8 Future perspectives
We have postulated that CD86 provides a stronger CD28 signal than CD80. We present
evidence that this may relate to the influence of CTLA4 altering the binding of the ligands to
CD28 to a different extent. However, there were also suggestions that CD80 and CD86 may
signal through CD28 in differing ways. To explore this further, assessment of CD28 signalling
by biochemical and phosphoflow approaches, to assess recruitment and phosphorylation of
CD28 associated signalling proteins, would be of interest. Furthermore, RNAseq experiments
assessing transcriptional responses of T cells to CD80 and CD86 in presence or absence of
CTLA4 will help characterise the importance of CTLA4 and also other differences in
transcriptional outcomes following CD28 signalling with CD80 and CD86.
A range of CD80 and CD86 variants whose affinities skew their binding towards CTLA4 or
CD28 are available. Utilising these variants in similar experiments to those in this study will
allow us to dissect the contribution of ligand-receptor binding affinity to CD28 costimulation
and therefore Treg and Tcon phenotype and proliferation. Coupling these variants with
biochemical and RNASeq approaches to assessing CD28 signalling and downstream would
allow us to test whether affinity, unique binding sites or the ligand itself are responsible for
these differences.
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Confirmation that removal of CTLA4 improves CD80 signalling via CD28 should be undertaken
by deletion of CTLA4 using CRISPR-Cas9 techniques in primary Treg or by Fab blockade of
CTLA4. Then it will be interesting to examine mouse models of selective CD80 and CD86
deficiency combined with CTLA4 deficiency or blockade to test the physiological corollaries of
our experiments, for example to determine whether CD80 and CD86 support Treg differently
and therefore control inflammatory responses in vivo differently. Furthermore, we need to
demonstrate whether Treg stimulated with CD86 are functionally superior to those stimulated
with CD80, as suggested by their phenotype, in T cell suppression assays.
4.3.9 The clinical im plications of different T cells outcom es with CD80 and
CD86
A greater understanding of the relative roles of CD80 and CD86 has been gained from our
observations of improved Treg survival, expansion and phenotype with CD86 compared to
CD80. Furthermore, we have explored the role of CTLA4 in the CD28 pathway and the reason
for the presence of two receptors with opposing roles that share the same ligands. We
hypothesise that CD80 may have a role in protecting CD86 from blockade or degradation by
CTLA4 and that CD86 functions to provide CD28 costimulation even in the presence of
CTLA4. This system would help explain how Treg gain the CD28 costimulation signals that
they are dependent on despite their constitutive expression of CTLA4.
Beyond these ideas, this work has implications for the therapeutic modulation of Tregs and the
CTLA4 and CD28 pathways, which are of great clinical interest. Treg therapies have been
beneficial in the settings of solid organ transplantation (Todo et al., 2016) and graft-versus
host disease (Trzonkowski et al., 2009, Brunstein et al., 2011) and there is growing interest in
the field of autoimmunity (Marek-Trzonkowska et al., 2012, Bluestone et al., 2015). Knowledge
that CD86 specific costimulation signals optimally support Treg survival, expansion and
phenotype, as shown here, may be of use in the generation and application of Treg cell
therapy products. These findings may also provide a perspective on how costimulation
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blockade with CTLA4-Ig (abatacept) for the treatment of autoimmune disorders may be
functioning by modulating the availability of CD80 and CD86 differently. As CTLA4-Ig has a
markedly higher affinity for CD80 than CD86, it will selectively block CD80, thereby reducing
available CD4 T cell costimulation, but based upon the data presented here it would also
increase the ratio of available CD86 to CD80, therefore improving Treg frequency and
activation state. It may be that there is an optimum level of CD86 availability that exploits
Tregs’ greater requirement for CD28 signals to enhance immune regulation without increasing
effector T cell responses.
Lastly, CTLA4-targeting immunotherapy which aims to shift the balance away from regulatory
towards effector responses, enabling the immunological clearance of cancers has been
effective (Rowshanravan et al., 2018). In light of our data showing that Treg expansion and
activation is superior with CD86, it may be that altering the balance of CD80 and CD86 to
favour CD80, combined with CTLA4 blockade, may result in heightened impairment of Treg
and enhanced anti-cancer responses.

4.4 Summary
We have demonstrated that whilst CD80 and CD86 both provide CD28 costimulation to CD4 T
cells thereby enabling proliferation, they have different phenotypic and functional outcomes for
Treg and Tcon. CD86 resulted in greater expansion of Treg and an increase in proteins
associated with effector function and activation, compared to CD80. Similarly Tcon
costimulated with CD86 acquired a more activated phenotype, although proliferation was
similar to with CD80 costimulation. CD86 appeared to skew the balance of T cell cytokine
production towards IL17 synthesis. CTLA4 appeared to negatively regulate the ability of CD80
to provide CD28 costimulation significantly more than CD86. This suggests that CD86 is the
dominant ligand for Treg survival and homeostasis compared to CD80 (figure 4.36). There
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was also a suggestion that CD86 result in different CD28-mediated outcomes, compared to
CD80 beyond the influence of competing CTLA4 binding.
These findings suggest that the distinct regulation and expression of CD80 and CD86 may
have direct influences on the quality of immune responses, whereby CD86 dominant
costimulation may lead to more regulated responses. Furthermore they demonstrate that T
cell proliferation and phenotype following CD28 costimulation have differing CD28 signal
thresholds. Lastly, we demonstrated that the differential effects of CD80 and CD86 upon Treg
homeostasis are lost in the clinical setting of CTLA4 insufficiency and this may influence these
patients’ immunopathology.

216

Chapter 5:

Quantitative assessment of the CTLA4-

mediated transendocytosis of CD80 by Treg
5.1 Introduction
CD4 regulatory T cells are critical regulators of immune responses to exogenous and selfantigens, and their absence or dysfunction results in systemic autoimmunity and
lymphoproliferation (Wildin et al., 2001, Bennett et al., 2001, Fontenot et al., 2003, Khattri et
al., 2003, Kim et al., 2007). Treg limit immune responses using a range of mechanisms, in an
antigen dependent, cell extrinsic manner. Preventing CD28 costimulation by controlling the
availability of the ligands CD80 and CD86 has been postulated as one of the mechanisms by
which Treg exert control over Tcon (Paust et al., 2004).
Treg constitutively express CTLA4, a homologue of CD28, which has higher affinity than CD28
for their shared ligands CD80 and CD86 (Collins et al., 2002). CTLA4 can therefore compete
for CD80 and CD86, preventing engagement with CD28 and resultant activation of effector T
cells. Furthermore, contact with Treg results in reduced levels of CD80 and CD86 on the
surface of APCs (Cederbom et al., 2000, Oderup et al., 2006, Onishi et al., 2008). More
recently Treg have been shown to remove CD80 and CD86 from the surface of APCs using
CTLA4 rendering them less able to costimulate T cells, by a process termed transendocytosis
(Qureshi et al., 2011). Transendocytosis by CTLA4 is dependent upon the cycling of CTLA4 to
the plasma membrane, its engagement with CD80 or CD86 and then clathrin- and dynaminsensitive endocytosis and subsequent degradation or recycling of CTLA4 (Qureshi et al.,
2012, Khailaie et al., 2018).
CTLA4 is pivotal in the maintenance of immune regulation as illustrated by the multisystem
inflammatory and immunodeficiency syndrome seen with CTLA4 deficiency in humans
(Schubert et al., 2014, Kuehn et al., 2014) and mice (Tivol et al., 1995, Waterhouse et al.,
1995), and also by Treg-selective CTLA4 deficiency (Wing et al., 2008). Furthermore, CTLA4
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variants are associated with cancer (Sun et al., 2009) and autoimmunity (Ueda et al., 2003)
potentially representing excessive and inadequate regulatory activity, respectively. It is
therefore of interest to be able to quantitatively test CTLA4 function.
There are currently few readily applicable assays to test Treg function from ex vivo samples.
Whilst conventional Treg suppression assays are commonly used, they present certain
problems. Firstly, they often require a large number of Treg, meaning that the assay may not
be applicable to small clinical samples (Long et al., 2017). Additionally, the appropriate
stimulus for responder T cells is debated. Whilst anti-CD3 / anti-CD28 stimulator beads may
be used, this poses problems; as Treg are added to responder T cells (Canavan et al., 2012,
Long et al., 2017), the ratio of beads to responder T cells falls weakening the strength of
stimulus. Also, the stimulus delivered by anti-CD3 / anti-CD28 beads is not representative of
physiological T cell activation and the addition of Treg may exhaust nutrients in the culture
media, thereby impairing responder T cells indirectly. Additionally, these methods will not test
cell extrinsic CTLA4 function which is pivotal to Treg activity (Schmidt et al., 2009, Sojka et al.,
2009, Yamaguchi et al., 2013, Wing et al., 2008) as the bead-bound anti-CD28 antibody
removes the need for CD80 or CD86 and thereby bypasses this locus of CTLA4-mediated
regulation. Hence, there is the need for alternative methods of assessing Treg function.
There is also a question as to whether conventional suppression assays truly reflect the
activity of Treg as discrepancies between the results of in vitro suppression assays and in vivo
Treg activity have been reported. For example, using CTLA4 deficient Treg, equivalent in vitro
suppressive activity compared to wild-type Treg has been observed, whereas these CTLA4
deficient Treg were unable to regulate T cells and inflammatory colitis in vivo (Sojka et al.,
2009, Tang et al., 2004, Kataoka et al., 2005).
As control of CD28 costimulation by CTLA4 is a potent and non-redundant mechanism of
immunoregulation, we wanted to develop an assay that would allow quantitative testing of
CTLA4-mediated transendocytosis as a measure of Treg function. Further, we wanted to
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ensure that that the assay would be applicable to small, ex vivo clinical samples and reflect
the changes observed in CTLA4-associated disease states. We also sought to use the assay
to test the interaction of immunoregulatory pathways such as cytokines, with CTLA4-mediated
control of CD28 ligands.
5.1.1 Aim s
We aimed to establish an assay of Treg transendocytosis activity to assess the influences of
clinically important CTLA4 variants and regulatory cytokines upon this process. We sought to:
• Establish whether CD80 and CD86 transendocytosis by primary Treg can be
quantitatively measured in vitro
• Determine appropriate time-points and conditions to assess transendocytosis
• Test that measured transendocytosis reflected the level of Treg CTLA4
• Explore the effect of immunoregulatory cytokines upon Treg transendocytosis
• Assess the impact of CTLA4 haploinsufficiency upon transendocytosis activity to
demonstrate whether the assay reflects clinically important variations in CTLA4
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5.2 Results
5.2.1 Transendocytosis of CD80, but not CD86, by prim ary Treg can be
detected by 20 hours
Our group has previously demonstrated that primary CD4 T cell blasts and Treg can acquire
CD80 or CD86 in vitro from model APCs in a CTLA4 dependent fashion (Qureshi et al., 2011,
Schubert et al., 2014). We sought to determine the earliest time point for the assessment of
CD80 and CD86 transendocytosis by Treg from healthy donors. Total CD4 T cells were
cultured with CHO cells transduced to express human CD80 or CD86 with an intracellular Cterminal GFP tag, or untransduced CHO cells and soluble anti-CD3. The CD80 or CD86
provided both a costimulation signal for T cells and acted as a substrate for transendocytosis.
Anti-CTLA4 antibody was included to demonstrate the dependence of transendocytosis upon
CTLA4. Acquisition of CD80 or CD86 by Treg was determined using flow cytometry to assess
the level of GFP acquired Treg, gated on CD4+FoxP3+ Treg (figure 5.1). As discused in
section 4.3.1 effector Treg express high levels of FoxP3, therefore FoxP3 high CD4 T cells
were gated to demonstrate transendocytosis activity in this functionally relevant population
and avoid inclusion of non-regulatory FoxP3-intermediate Tcon.
We observed that GFP acquisition was just discernible in Treg co-cultured with CHO-CD80GFP after 4 hours and increased over time to a maximum at 20 hours. The presence of antiCTLA4 prevented almost all transendocytosis and the absence of CD80 resulted in no change
in

Treg

fluorescence

(figure

5.1).

These

observations

demonstrated

that

Treg

transendocytosis of CD80 from CHO was measureable at 20 hours and was CTLA4
dependent. However, when the same experiment was performed with CHO-CD86-GFP,
minimal acquisition of CD86-GFP by Treg was observed by 20 hours (figure 5.2). This was
despite the Treg having similar levels of CD25 to the previous CHO-CD80-GFP experiment,
suggesting equivalent levels of stimulation.
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F igure 5. 1: T ransfer of GF P labe led C D 80 from C H O -80 -GFP to Tre g can be
obse rved over time. Total CD4 cells were stimulated with CHO-CD80 or untransduced
CHO and anti-CD3 antibody. Acquisition of GFP labelled CD80 by FoxP3+ CD4 T cells was
assessed by flow cytometry over time (see figure 2.2 E ). Representative plots demonstrate
GFP level against CTLA4.
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obse rved over time. Total CD4 cells were stimulated with CHO-CD86 or untransduced
CHO and anti-CD3 antibody. Acquisition of GFP labelled CD86 by FoxP3+ CD4 T cells was
assessed by flow cytometry over time (see figure 2.2 E ). Representative plots demonstrate
GFP level against CTLA4.
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The failure to observe CD86 transendocytosis was unexpected as the transendocytosis of
CD86 has been observed previously (Qureshi et al., 2011, Hou et al., 2015). In this assay, the
level of detectable GFP in Treg would be dependent upon the amount of CD86-GFP
acquisition, the rate of protein degradation and quenching of GFP fluorescence in acidic subcellular compartments such as the lysosome (Patterson et al., 1997). Therefore we wanted to
test whether the level of CD86 acquisition was lower than CD80 or whether the CD86 was
degraded more rapidly.
As CTLA4, and presumably its ligands, are degraded via a lysosomal pathway (Qureshi et al.,
2012) we tested whether bafilomycin A, a vacuolar H+-ATPase inhibitor which prevents
lysosomal acidification, would prevent degradation or quenching of GFP fluorescence, thereby
revealing CD86 transendocytosis. We observed that in the absence of bafilomycin A CD80
acquisition was greater than CD86 (figure 5.3). However in the presence of bafilomycin the
frequency of GFP+ Treg rose from 3.86% to 8.26% with CD86, whereas for CD80 it remained
similar (20.9% to 18.6%). However, CD80-GFP acquisition and the level of CTLA4 at which a
positive GFP signal was evident were reduced (figure 5.3, dotted red lines and blue lines,
respectively). This latter observation suggested that GFP was present in intermediate CTLA4expressing Treg after the transendocytosis of CD80 and CD86, which was not evident without
bafilomycin.
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Figure 5.3: Ba filomycin enhance s de tection of C D 86 -GFP a cquisition by FoxP3 +
C D 4 T cells. Total CD4 cells were stimulated with CHO-CD80-GFP, CHO-CD86-GFP or
untransduced CHO and anti-CD3 antibody +/- the lysosomal acidification inhibitor
bafilomycin. The acquisition of GFP labelled CD80 or CD86 by FoxP3+ CD4 T cells was
assessed by flow cytometry after 20 hours (see figure 2.2 E ). Representative plots
demonstrate the activated FoxP3+ population examined (top row) and the GFP level against
th

CTLA4 under each condition. Dotted red lines illustrate the 95 centile of GFP MFI and blue
lines the level of CTLA4 at which a GFP signal was detected.
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We next wanted to test whether the use of anti-CD3 / anti-CD28 activator beads would give a
strong and reproducible stimulus allowing detection of greater levels of transendocytosis.
Transendocytosis assays were performed comparing soluble anti-CD3 or anti-CD3 / antiCD28 activator beads in the presence of CHO-CD80-GFP. As demonstrated in figure 5.4
CHO-CD80-GFP and soluble anti-CD3 antibody stimulation resulted in robust T cell activation
and transendocytosis of CD80-GFP. CHO-CD86-GFP and soluble anti-CD3 antibody
stimulation resulted in minimal detectable GFP acquisition, as seen previously. When T cells
were stimulated with anti-CD3 / anti-CD28 activator beads in the presence of CHO-CD80GFP, moderate GFP acquisition was observed, however this was lower than for soluble antiCD3 and CHO-CD80-GFP stimulation.
We therefore selected CHO-CD80-GFP and soluble anti-CD3 antibody stimulation for 20
hours to assess the transendocytosis activity of primary Treg ex vivo. Due to the reduction in
peak GFP levels with bafilomycin A (section 5.2.1), we chose not to use this further.
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F igure 5.4 : C D 80 costimulation and uptake is the most robust me asure of
transendocytosis. Total CD4 cells were stimulated with anti-CD3 antibody and CHOCD80-GFP, CHO-CD86-GFP or untransduced CHO-cells (see figure 2.2 E), or with CHOCD80 and anti-CD3 / anti-CD28 stimulation beads, all at 1:1 T cell to CHO cell ratio. After 20
hours the acquisition of GFP labelled CD80 or CD86 by FoxP3+ CD4 T cells was assessed.
Representative plots demonstrate the activated FoxP3+ population (top row) and the GFP
level against CTLA4 under each condition (bottom row). The graph demonstrates the total
fluorescence intensity in each condition. Data are presented as individual values with mean
+/- SEM from up to 15 independent experiments. Analysed by multiple T tests, * denotes
significance following Holm-Sidak correction.
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5.2.3 CD80 transendocytosis is a CTLA4 dependent phenom enon and reflects
CTLA4 levels
We next wanted to test whether increasing detectable GFP acquisition was dependent upon
CTLA4. Transendocytosis assays were performed for 15 healthy donors as outlined above. A
range of CTLA4 levels in Treg were observed between donors (example high and low CTLA4
donors are shown in figure 5.5 A and B). T cells with both intermediate and high FoxP3+
expression were analysed to capture a greater range of CTLA4 expression, enabling testing of
the dependence of transendocytosis upon CTLA4. In all cases we detected increases in GFP
acquisition in Treg after 20 hours, but this was near completely prevented in the presence of
anti-CTLA4 and did not occur in the absence of CD80-GFP (figure 5.5 A and B). When
multiple healthy individuals were examined, Treg GFP levels were significantly higher in the
presence of soluble anti-CD3 and CHO-CD80-GFP than with the addition of anti-CTLA4 or in
the absence of CD80 (figure 5.5 C). Treg GFP fluorescence was significantly correlated with
CTLA4 levels (figure 5.5 D). These data suggested that CD80 transendocytosis was a
specific and CTLA4-dependent phenomenon.
5.2.4 CD80 transendocytosis activity is not restricted to Treg
As transendocytosis of CD80 was dependent upon CTLA4, it was likely to occur most in Treg
as they constitutively express CTLA4 at higher levels than Tcon (see figure 3.15). However,
previous work had demonstrated that T blasts and Tcon expressing CTLA4 can perform
transendocytosis (Qureshi et al., 2011) and CTLA4 cycling, which underlies transendocytosis,
occurs in both Tcon and Treg (Qureshi et al., 2012). We therefore wanted to test whether
Tcon could perform CD80 transendocytosis. We observed that Tcon did acquire CD80-GFP,
which was reduced by anti-CTLA4 antibody and did not occur the absence of CD80 (figure
5.6). GFP acquisition occurred in cells expressing the highest levels CTLA4 (cytometry plots,
figure 5.6). This suggested that CD80 transendocytosis was not restricted to Treg, but was a
feature of T cells that express CTLA4.
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F igure 5 .5 : Acquisition of C D 80-GFP by FoxP3 + C D 4 T cells is C TLA4
de pendent and reflects C T LA4 levels. Total CD4 cells were stimulated with CHOCD80-GFP or untransduced CHO cells at 1:1 T cell to CHO cell ratio with anti-CD3 antibody
+/- anti-CTLA4 antibody. After 20 hours the acquisition of CD80-GFP by FoxP3+ CD4 T cells
was assessed (see figure 2 .2 E). Representative plots demonstrate FoxP3 and CTLA4
expression (left hand column) following stimulation and CD80-GFP acquisition against
CTLA4 in FoxP3+ CD4 T cells for each condition for A) high CTLA4 expressing subject and
B) lower CTLA4 expressing subject. The graphs demonstrate C) the TFI of GFP in the
FoxP3+ CD4 T cells under each condition from 15 independent experiments, analysed by 1way ANOVA (*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001) and D) the correlation between
TFI and CTLA4 expression, from 13 independent experiments.
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F igure 5.6 : Activa te d F oxP3 - conventional C D4 T cells ca n acquire C D 8 0-GFP .
Total CD4 cells were stimulated with CHO-CD80-GFP or untransduced CHO cells at 1:1 T
cell to CHO cell ratio with anti-CD3 antibody +/- anti-CTLA4 antibody. After 20 hours the
acquisition of CD80-GFP by FoxP3- conventional T cells was assessed (see figure 2.2 E).
Representative cytometry plots demonstrate FoxP3 and CTLA4 expression (left hand plot)
and CD80-GFP acquisition against CTLA4 in FoxP3- Tcon under each condition. The graph
demonstrates total fluorescence intensity of GFP under each condition. Data are presented
as individual values from 15 independent experiments, with mean +/- SEM, analysed by 1way ANOVA. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001

229

5.2.5 IL10 and IL2, but not TGFβ, increase total CTLA4 levels and the
transendocytosis activity of Treg
We next wanted to determine whether other factors influenced transendocytosis activity to
identify potential regulators of transendocytosis and to test whether this assay was sensitive to
changes in transendocytosis activity.
We first tested the effect of IL10; we initially observed that ex vivo human Treg expressed
CD210 (IL10 receptor A). Naïve CD45RA+ CD4 T cells expressed no or low level CD210
compared to memory CD4 T cells (left hand cytometry plot, figure 5.7 A). We observed that
all FoxP3+ CD4 T cells expressed CD210, whereas only a proportion of Tcon expressed
CD210 (right hand cytometry plot, figure 5.7 A). The MFI of CD210 in FoxP3+ CD4 T cells
was significantly higher than naïve Tcon (graph, figure 5.7 A).
We next assessed the effect of IL10 upon Treg CTLA4 expression. T cell stimulation assays
were performed with the addition of IL10 with or without anti-CD210. We observed that the
stimulation of FoxP3+ T cells with CD80 alone or CD80 and soluble anti-CD3 resulted in
increased CTLA4 and that addition of 20 ng/mL IL10 resulted in significantly greater levels of
Treg CTLA4, which was prevented by the addition of blocking anti-CD210 antibody (figure
5.7 B and C). By titrating IL10, CTLA4 levels were shown to be dose-responsive to IL10
over 5-20 ng/mL (figure 5.7 C).
To test whether IL10 altered total CTLA4 or its subcellular localisation, we stimulated Treg in
the presence IL10 and measured surface, cycling and total CTLA4. We observed that the
addition of IL10 resulted in significantly greater total levels of CTLA4, but with no change in the
subcellular localisation (figure 5.8).
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Figure 5.7: IL10 induce s a dose depe nde nt increa se in FoxP 3+ CD4 T ce ll
C T LA4 expre ssion. A) Total CD4 T cells were stained for the IL10 receptor subunit
CD210. Plots demonstrate CD210 expression in CD45RA- memory cells and FoxP3+ CD4 T
cells. The graph demonstrates CD210 expression in FoxP3+ CD4 T cells compared
CD45RA+ conventional T cells. Data are presented as values from 7 individuals and mean
+/- SEM. Analysed by paired t test.
Total CD4 cells were stimulated with CHO-CD80-GFP or untransduced CHO cells at 1:1 ratio
with anti-CD3 antibody. IL10 was titrated +/- anti-CD210 blocking antibody. After 20 hours the
acquisition of CD80-GFP by FoxP3+ CD4 T cells was assessed (see figure 2 .2 E). B)
Representative plots demonstrate FoxP3 and CTLA4 expression in FoxP3+ CD4 T cells
under each condition (using 20 ng/mL IL10) (red lines illustrate median CTLA4 fluorescence
intensity). C) The graph demonstrates CTLA4 expression in FoxP3+ CD4 T cells under each
condition (using 20 ng/mL IL10). Data are presented as individual values from 11
independent experiments, with mean +/- SEM, analysed by 1-way ANOVA. D) Dose
response curve of FoxP3+ CD4 T cell CTLA4 to increasing IL10 levels. Data shown as mean
% change in CTLA4 MFI from lowest value for each of 5 individuals, +/- SEM. *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001
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F igure 5. 8: IL10 induce s a n increa se in total CTLA4 levels, but not cycling or
surface CT LA4 . Total CD4 cells were stimulated with CHO-CD80-GFP at 1:1 T cell to
CHO cell ratio with anti-CD3 antibody +/- 20 ng/mL IL10. After 20 hours CTLA4 expression in
FoxP3+ CD4 T cells was assessed. Cytometry plots represent CTLA4 expression in FoxP3+
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(bottom row). Graph represents mean average MFI of each CTLA4 stain +/- SEM from 6
independent experiments. A significant interaction between CTLA4 MFI and both IL10
concentration (**) and CTLA4 pool stained (****) was observed with 2-way ANOVA. Sidak’s
multiple comparisons test: *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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We next wanted to determine whether the increased level of CTLA4 induced by IL10 resulted
in greater transendocytosis activity. Transendocytosis assays were performed in the presence
or absence of IL10 and anti-CD210 blocking antibodies. We observed significantly greater
CD80-GFP acquisition by Treg with the addition of IL10, which could be prevented with antiCD210 antibody (figure 5.9 A and B). The increase in CD80-GFP acquisition by Treg was
dose dependent upon IL10, with the greatest increase over the range 5-20 ng/mL IL10,
similarly to CTLA4 levels (figure 5.9 C).
As Tregs are sensitive to many cytokines we next explored whether IL2 and TGF-β also
augment CTLA4 expression and CD80 transendocytosis. We observed a significant increase
in the level of Treg CTLA4 and a commensurate increase in CD80 transendocytosis with the
addition of IL2, but not with TGFβ (figure 5.10).
Taken together these observations demonstrate that ex vivo human Treg were sensitive to
IL10 and IL2, which resulted in increased CTLA4 and transendocytosis of CD80. This
suggested that the local cytokine environment influenced Treg transendocytosis and that our
assay was sensitive to biologically relevant regulatory factors.
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Figure 5.9: IL10 induce s a dose depe nde nt increase the acquisition of CD8 0GFP by FoxP3+ C D 4 T ce lls. Total CD4 cells were stimulated with CHO-CD80-GFP or
untransduced CHO at 1:1 T cell to CHO cell ratio with anti-CD3 antibody. IL10 was titrated
+/- anti-CD210 blocking antibody. After 20 hours the acquisition of CD80-GFP by FoxP3+
CD4 T cells was assessed by flow cytometry (see figure 2.2 E ). A) Representative
cytometry plots demonstrate CD80-GFP acquisition and CTLA4 expression in FoxP3+ CD4 T
cells under each condition (using 20ng/mL IL10). B) GFP total fluorescence intensity in
FoxP3+ CD4 T cells under each condition (using 20 ng/mL IL10). Data are presented as
individual values from 11 independent experiments, with mean +/- SEM, analysed by 1-way
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each condition. Graphs show the MFI of CTLA4 and GFP-TFI in FoxP3+ CD4 T cells. Data
are presented as individual values from up to 11 independent experiments, with mean +/SEM, analysed by t- tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001

235

5.2.6 M easurem ent

of

CD80

transendocytosis

is

sensitive

to

clinically

significant CTLA4 variants
We next wanted to test whether clinically significant CTLA4 variants resulted in altered levels
of transendocytosis of CD80 or CD86. Transendocytosis assays were used to compare total
CD4 T cells from a healthy individual with a patient heterozygous for CTLA4 T124P mutation
(Schubert et al., 2014, Schwab et al., 2018). We again gated on both FoxP3 high and
intermediate expressing T cells to include all potential Treg in the analysis.
We observed that the patient’s Treg and Tcon had lower CTLA4 levels at rest and following
costimulation with either CD80 or CD86 and soluble anti-CD3 antibody (figure 5.11 A). The
level of CD80 transendocytosis was markedly lower for the patient’s Treg than the healthy
control after 20 hours (total fluorescence intensity (TFI) 3202 vs 11,837, respectively, figure
5.11 B). Also, the frequency of GFP positive Treg was lower in the patient compared to the
healthy individual (8.75% vs 21.6%, respectively). Interestingly, the amount of GFP acquired
at a given level of CTLA4 was lower in the patient (red dotted lines, figure 5.11 B) and the
level of CTLA4 at which GFP was first detectable was higher in the patient (blue dotted lines,
figure 5.11 B). This suggested that not only was there a reduction in the level of CTLA4, but
also reduced transendocytosis capacity for a given level of CTLA4 in the haploinsufficient
patient. No significant CD86 transendocytosis was observed for the patient or the healthy
control.
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F igure 5 .1 1: C D 80 transendocytosis reveals the impact clinically re levant
altera tions in C T LA4 function in a patie nt with C T LA4 deficiency. Total CD4 cells
from a healthy individual and a patient with a heterozygous CTLA4 mutation (T124P) were
stimulated with CHO-CD80-GFP or untransduced CHO at 1:1 ratio with anti-CD3 antibody.
After 20 hours CD80-GFP acquisition by FoxP3+ CD4 T cells was assessed (see figure 2.2
E). Representative cytometry plots demonstrate A) CTLA4 and FoxP3 expression after
stimulation and B) CD80-GFP acquisition and CTLA4 expression in FoxP3+ CD4 T cells.
Red dotted lines illustrate the maximum CD80-GFP acquisition at the highest level of CTLA4
(identical between the two individuals). Blue dotted lines illustrate the lowest level of CTLA4
at which CD80-GFP acquisition was detectable. Numbers in red show the GFP total
fluorescence intensity.
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5.3 Discussion
In this chapter we sought to establish whether it was possible to assess CTLA4-dependent
transendocytosis of CD80 or CD86 from model APCs using small samples of ex vivo Treg.
This assay quantitatively reflected total cellular CTLA4 levels, the influence of regulatory
signals and the impact of clinically significant CTLA4 mutations.
5.3.1 Transendocytosis of CD80, but not CD86 can be quantitatively m easured
We were able to robustly detect the transendocytosis of CD80, but not CD86, by FoxP3+ CD4
T cells after 20 hours of stimulation with CD80 and soluble anti-CD3 antibody. Whilst this
represents a process that occurs in vivo (Qureshi et al., 2011), it does not imply that 20 hours
is a physiologically relevant time, but simply that 20 hours was required for a GFP signal to be
clearly detectable in this model. Treg-APC contact in vivo has been shown to last for 3-4
minutes (Matheu et al., 2015), however our assay likely revealed the cumulative acquisition of
GFP from multiple Treg-donor cell contacts. We did not test whether that the removal of CD80
from APCs by Treg resulted in the suppression of effector T cell responses, although this has
previously been shown (Qureshi et al., 2011, Hou et al., 2015). As such, although this assay
was not a direct measure of Treg suppressive activity but instead a measure of the
transendocytosis activity of Treg, it could reasonably be assumed to imply suppressive
activity. Furthermore, we observed that CD80-GFP acquisition by FoxP3+ CD4 T cells was
positively correlated with total CTLA4 level, suggesting that the assay quantitatively reflects
Treg activity.
The failure to observe robust acquisition of CD86-GFP from CHO cells by FoxP3+ CD4 T cells
after 20 hours was surprising, in light of the previous demonstration of CD86 transendocytosis
(Qureshi et al., 2011, Hou et al., 2015). However, we did observe acquisition of CD86-GFP
when lysosomal acidification was prevented with bafilomycin A, which fitted with the known
lysosomal targeting of CTLA4 (Qureshi et al., 2012). We observed different effects of
bafilomycin upon measurable CD80-GFP and CD86-GFP acquisition; the peak detectable
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GFP dropped for CD80 acquisition whereas it increased for CD86 following the addition of
bafilomycin.

This

suggested

that

bafilomycin

increased

the

efficiency

of

CD86

transendocytosis and reduced it for CD80; one interpretation of this was that there might be
different trafficking or degradation pathways for CD80 and CD86. It was unclear why this might
have been; perhaps CTLA4-CD86 interactions resulted in CTLA4 degradation via a pH
sensitive pathway that was rescued by bafilomycin, allowing CTLA4 to recycle to the cell
surface for further rounds of transendocytosis. However, against this interpretation is the
observed ‘left shift’ of the CD80-GFP acquisition curve with bafilomycin, where GFP was
detectable at lower levels of CTLA4. This suggested that GFP was acquired but not
observable in the absence of lysosomal inhibition, consistent with lysosomal degradation of
CTLA4 following CD80 engagement. In light of the different T cell outcomes following CD80
and CD86 engagement and the different binding affinities and potential formation multimeric
‘rafts’ with only CD80 and CTLA4 (see chapter 4), different processing of CD80 and CD86
following transendocytosis would not be surprising and is area for future research. Due to the
manner in which bafilomycin A altered detectable CD80 transendocytosis signal by
diminishing the maximal detectable GFP, it was not used further.
5.3.2 The advantages of using CTLA4 -m ediated transendocytosis of CD80 as a
m ethod of assaying Treg function
This assay of CTLA4 mediated transendocytosis has several useful characteristics as a
method of assessing Treg function. Firstly, it requires small numbers of cells, which are readily
available from ex vivo samples. In these experiments we used 2X105 CD4 T cells per
condition, of which typically 5-10% will be FoxP3+. We have also assessed clinical paediatric
samples using an adapted version of this method requiring 1X105 CD4 cells per condition
(Davies et al., 2017). Additionally, the processing of cells was kept to a minimum, as the cells
did not require sorting, pre-culturing or expansion of Treg, but simply negative
immunomagnetic selection from PBMCs. This limited processing requirement and short assay
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time may allow the detection of differences in Treg activity that might be lost during extended
processing. Furthermore, the stimulus for Treg activation is more physiological than anti-CD3 /
anti-CD28 activation beads, as we avoided cross linked CD3 and employed native ligands of
CD28. Therefore, although not a complete assessment of Treg function, this assay does allow
the testing of an important Treg effector mechanism, in setting of limited sample availability.
5.3.3 A potential role for transendocytosis of CD80 by conventional CD4 T
cells
We observed that CTLA4-expressing FoxP3- Tcon could also acquire CD80-GFP from CHO
cells. This was not surprising as it has been observed previously (Qureshi et al., 2011, Hou et
al., 2015) and suggests therefore that CD80 transendocytosis is not unique to Treg, but a
feature of cells that express CTLA4. A corollary of this is that the large number of non-Treg
CTLA4+ cells in vivo may therefore be contributing to the regulation of CD80 and CD86. The
milder phenotype of Treg specific CTLA4 deficiency, compared to systemic CTLA4 deficiency
in mice, suggests a role for non-Treg CTLA4 (Wing et al., 2008). Direct evidence for cell
extrinsic regulatory function of CTLA4 in Tcon has been derived from mouse studies where
the proliferation of antigen specific CTLA4-/- Tcon was restrained by the co-transfer of
CTLA4+/+ Tcon in the absence of Treg (Wang et al., 2012, Corse and Allison, 2012). However,
CTLA4+/+ Tcon alone, unlike Treg, were not able to control the inflammatory disease induced
by systemic CTLA4 deficiency, suggesting that although Tcon CTLA4 may have a regulatory
role, it cannot substitute for Treg CTLA4 completely (Wang et al., 2012). This difference in role
may relate to different CTLA4 levels between Treg and Tcon and also kinetic differences in
CTLA4 availability. Earlier Tcon CTLA4 expression, achieved by placing CTLA4 under the
control of the IL2 gene promoter resulting in its expression within hours of Tcon activation,
enabled Tcon to suppress disease in CTLA4-/- mice (Jain et al., 2010). Taken together, our
observation of CTLA4 mediated transendocytosis of CD80 by Tcon, coupled with the ability of
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Tcon to regulate effector T cell responses in trans, suggests that CTLA4-mediated control of
CD80 and CD86 by transendocytosis is not restricted to Treg.
Further evidence for the importance of Tcon CTLA4 in regulating immune responses has
come from the field of tumour immunology where Treg depletion and antibody blockade of
CTLA4 can enable the immune-mediated destruction of tumours. It has been observed that
the addition of anti-CTLA4 antibodies to Treg depletion strategies results in greater antitumour responses than Treg depletion alone, suggesting a role for CTLA4 beyond Treg
(Sutmuller et al., 2001). In a separate animal model, blockade of Tcon CTLA4 was essential to
enable anti-tumour responses whereas selective blockade of Treg CTLA4 was not (Peggs et
al., 2009). These studies further support a role for Tcon CTLA4-mediated immunoregulation in

vivo.
As the levels of CTLA4 on Tcon increase two to three days following activation (Walunas et
al., 1994), effector T cells may begin to control the availability of CD80 and CD86 as an
adaptive immune response becomes established. This would potentially act as an inbuilt
break upon immune responses, thereby preventing excessive, potentially harmful immune
responses.
It is interesting to consider whether other cell types could also contribute to CD80 and CD86
regulation, for example CD8+ T cells express CTLA4 following activation (Walunas et al.,
1994) and in the state of ‘exhaustion’ high CTLA4 expression is observed (Wherry and
Kurachi, 2015). Therefore, it is conceivable that cytotoxic CD8 T cells or ‘exhausted’ cells may
regulate CD80 and CD86 availability by transendocytosis. This would have significant
implications for our understanding immune regulation and T cell activation in exhausted states
such as chronic viral infections.
5.3.4 CD80 transendocytosis by Treg is regulated by IL10 and IL2
The interplay observed between IL10 and IL2 with CTLA4 expression and transendocytosis
illustrated that transendocytosis is a regulated process. We observed that treatment of CD4 T
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cells with IL10 or IL2 resulted in increased CTLA4 expression and increased transendocytosis
of CD80. Treg are dependent upon IL10 signalling; IL10 or IL10 receptor deletion leads to
enterocolitis and increased susceptibility to autoimmunity in mice (Kuhn et al., 1993, Chaudhry
et al., 2011, Murai et al., 2009, Ng et al., 2013) and an immune dysregulation syndrome in
humans, characterised by aggressive, neonatal onset inflammatory bowel disease (Glocker et
al., 2009, Moran et al., 2013). It has previously been demonstrated that IL10 increases the
frequency of Treg, levels of FoxP3 and CTLA4 and the suppressive activity of Treg induced in

vitro with TGFβ (Hsu et al., 2015). We have demonstrated that this phenomenon occurs
during the early activation of ex vivo Treg without the requirement for additional TGFβ, Treg
induction nor differentiation. Enhanced suppressive activity of Treg by IL10 was observed
upon Tcon stimulated with anti-CD3 / anti-CD28 beads (Hsu et al., 2015), which would
therefore have bypassed CTLA4-mediated control of costimulation. This, coupled with our
observation of increased transendocytosis with IL10 therefore suggests that IL10 enhances
multiple Treg effector mechanisms.
As Treg and Tr1 produce IL10 (Asseman et al., 1999, Groux et al., 1997) and IL10 induces
regulatory cell differentiation (Groux et al., 1997, Hsu et al., 2015), combined with our
observation that IL10 enhances transendocytosis and therefore regulation, this implies the
presence of positive feedback loop. Additionally, there is likely synergy between this and the
effects of IL10 upon APCs; IL10 decreases the expression of CD86 on APCs (Buelens et al.,
1995, Tze et al., 2011) and as we demonstrated results in increased CD80 transendocytosis
and suppression by other mechanisms (Hsu et al., 2015). Therefore the combined effects of
IL10 upon APCs and Treg may result in profound reductions in Tcon responses (see figure
6.16).
We also demonstrated that treatment of CD4 T cells with additional IL2 resulted in greater
Treg CTLA4 expression and greater CD80 transendocytosis. As discussed in sections 1.3.3
and 4.2.7 Treg are dependent upon IL2 (Fontenot et al., 2005, D'Cruz and Klein, 2005,
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Setoguchi et al., 2005, Malek et al., 2002), and IL2 deficiency results in excessive Tcon
activation and inflammation. It is therefore consistent that IL2 also results in the upregulation
of CTLA4 and transendocytosis activity, as these are critical mediators of Treg function.
5.3.5 CTLA4 m utation im pairs transendocytosis activity by FoxP3+ CD4 T cells
We demonstrated markedly reduced CD80 transendocytosis by FoxP3+ CD4 T cells from a
patient with a pathogenic CTLA4 variant, compared to a healthy individual. This suggested
that this assay was sensitive to clinically relevant changes in CTLA4. CTLA4 deficiency is a
rare disorder characterised by immunodeficiency and autoimmunity that is inherited in an
autosomal dominant manner, with incomplete penetrance (Schubert et al., 2014, Kuehn et al.,
2014).
We had observed in healthy subjects that the transendocytosis of CD80 by FoxP3+ CD4 T
cells significantly correlated with the level of CTLA4 present. Therefore as the T124P CTLA4
variant that we tested resulted in lower CTLA4 levels it was predictable that transendocytosis
would be reduced. However, we also observed that the level of CTLA4 at which GFP was first
detectable was higher in the patient’s FoxP3+ T cells compared to the healthy control. This
suggested that the efficiency of transendocytosis was reduced in the presence of the CTLA4
variant. This was consistent with the previous observation that CTLA4 T124P expressed in
CHO cells was impaired in its ability to bind CD80Ig (Schubert et al., 2014). As the patient was
heterozygous for the CTLA4 T124P mutation they would express both wild-type and variant
CTLA4. Assuming equal rates of dimerization of the two species of CTLA4, one would predict
that 25% of the CTLA4 dimers were wild-type homodimers, 25% were CTLA4-T124P
homodimers and 50% were heterodimers of the two species. As CTLA4-T124P is known to
have impaired CD80 binding (Schubert et al., 2014) and CTLA4 binds CD80 bivalently,
heterodimers may be expected to have reduced ligand binding and therefore impaired
transendocytosis. This phenomenon might explain why we observed reduced acquisition of
CD80-GFP at a given level of CTLA4 in the patient compared to the healthy control, as
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potentially up to 75% of CTLA4 dimers in the cell may have impaired ligand binding. Therefore
this assay may reflect impairment in both CTLA4 level and in CTLA4 function, as seen in
disease states.
5.3.6 Future perspectives
Further developments of this assay may enable comparison of the transendocytosis of CD80
and CD86. We were unable to reliably measure CD86 transendocytosis, but the use of pH
stable fluorescent protein markers (Shaner et al., 2005) would potentially enable the
measurement of CD86 transendocytosis. This would allow us to explore whether CD80 and
CD86 undergo transendocytosis to the same degree and with the same kinetics in primary
human cells. Furthermore, we could explore whether CD80 acts to protect CD86 from
transendocytosis, as discussed in chapter 4, by using CHO cells that express both ligands,
labelled with different fluorescent markers. Thus the interplay of relative CD80 and CD86
levels on APCs with CTLA4-mediated transendocytosis could be explored.
This assay could be used to test other pathways that may influence Treg activity, for example
vitamin D is known to result in increased CTLA4 expression and suppressive activity (Jeffery
et al., 2009) and deficiency is associated with autoimmune disease (Dankers et al., 2017). It
would be interesting to assess whether Vitamin D deficiency and supplementation therefore
modulates transendocytosis activity. Furthermore, as discussed above, the relative
contribution of CD8, CD4 Tcon and other cells that express CTLA4, to the removal of CTLA4
from APCs could also be explored in disease states and in health.
There is a range of potential clinical applications for this assay. Firstly we have demonstrated
that we can test effect of CTLA4 variants upon transendocytosis. As the clinical phenotype of
CTLA4

deficiency

overlaps

with

the

more

prevalent

disorder

common

variable

immunodeficiency and penetrance of mutations is low (Schubert et al., 2014, Kuehn et al.,
2014, Schwab et al., 2018), CTLA4 variants of unknown significance are often identified. By
validating this assay across the range of known pathogenic CTLA4 variants, we may be able
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to readily test transendocytosis function in clinical samples, allowing rapid identification of
disease causing and functionally irrelevant variants.
Beyond identifying monogenic CTLA4 defects, it will be interesting to test whether Treg
transendocytosis varies between individuals or between non-CTLA4 disease states. In cancer,
regulatory pathways may be over active and targeting of CTLA4 has been successful in
immune checkpoint blockade. Conversely, CTLA4 may be critical to the maintenance of selftolerance (Rowshanravan et al., 2018) and CTLA4-Ig therapy is efficacious for the
management of rheumatoid arthritis (Kremer et al., 2003). Therefore assessment of the
activity of transendocytosis in these different contexts may enhance our understanding of
disease aetiopathogenesis and the biology of the CD28-CTLA4 pathway. Finally this assay
has a potential role in testing Treg cell therapy products to establish functionality prior to
clinical use; particularly as current tools to test Treg activity and quality are limited. However,
prior to this the relationship between measured transendocytosis activity with this assay and
the suppressive capacity of Treg needs to be formally established.

5.4 Summary
We have demonstrated that we could quantitatively assess the activity of CTLA4-mediated
transendocytosis of CD80 on ex vivo samples of primary human Treg. The assay was rapid,
involved minimal processing and could be performed on small samples. We used this system
to reveal the positive impact of both IL10 and IL2 on Treg CTLA4 levels and resultant
transendocytosis activity. The assay was sensitive to the levels of CTLA4 and to clinically
relevant CTLA4 mutations. We continued on to apply this assay to the assessment of
transendocytosis activity of Treg isolated from the livers of patients with autoimmune hepatitis
in chapter 6.
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Chapter 6:

The role of CD80 and CD86 costimulation

and the Treg-CTLA4 axis in liver immune tolerance
and autoimmune hepatitis
6.1 Introduction
Autoimmune hepatitis (AIH) is an immune mediated disorder that results in damage to the liver
parenchyma, for which the trigger and target autoantigens have remained elusive (Liberal et
al., 2013). Disease presentation and activity ranges from acute severe hepatitis and acute liver
failure to chronic hepatitis that may lead to cirrhosis and end stage liver failure (Yeoman et al.,
2014, Liberal et al., 2015b). Current pharmacological management with immunosuppressant
medications including corticosteroids and thiopurine analogues is associated with significant
adverse events, negative impact on quality of life and non-response rates of up to 15% (2015,
Johnson et al., 1995). Hence, there is a need for greater understanding of the causes of AIH
to identify novel therapeutic targets, for the rational application of existing immunomodulatory
drugs and for the development of new treatment approaches including those targeting the
Treg axis (Jeffery et al., 2016, Lim et al., 2018)
AIH has characteristic immunopathology with elevated serum IgG and typical detectable
autoantibodies including anti-nuclear antibody (ANA), anti-smooth muscle antibody (ASMA)
and anti-liver kidney microsomal antibody (ALKM) amongst others (Alvarez et al., 1999,
Hennes et al., 2008). A mixed inflammatory infiltrate is observed in the liver containing CD4 T
cells, CD8 T cells, Natural Killer cells, monocytes and macrophages, eosinophils and plasma
cells, amongst others (Tiniakos et al., 2015). Notably the infiltrate is CD4 T cell rich, resulting
in a reversal of the typical CD8 predominance seen within the healthy liver T cell population
(Senaldi et al., 1992, Lohr et al., 1994).
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Treg are believed to be important in AIH. They are essential for the maintenance of selftolerance and their absence is associated with widespread autoimmunity (Fontenot et al.,
2003, Khattri et al., 2003, Wildin et al., 2001, Bennett et al., 2001, Kim et al., 2007). However,
the findings of studies investigating Treg in AIH have been contradictory, with reports of Treg
from the peripheral blood being either increased or reduced in frequency, showing increased
or reduced expression of CTLA4 and FoxP3, and with impaired or preserved suppressive
activity or impaired IL10 production (Okumura et al., 2008, Longhi et al., 2004, Ferri et al.,
2010, Liberal et al., 2015a, Longhi et al., 2005, Grant et al., 2014, Peiseler et al., 2012, Liu et
al., 2018, Liang et al., 2018, Jeffery et al., 2018, Diestelhorst et al., 2017, Taubert et al., 2014,
Oo et al., 2010). The discrepancies between these findings are likely related to differences
between the studies in the definitions used for both Treg and AIH, differences in disease
activity, subtype and stage and between the ages and treatments of patients included.
Furthermore, few studies have investigated Treg from the liver (Jeffery et al., 2018,
Diestelhorst et al., 2017, Taubert et al., 2014, Oo et al., 2010) and these have been limited to
assessment of the frequency of FoxP3+ T cells by immunofluorescence microscopy, without
detailed phenotypic assessment. It is conceivable that important T subsets will be sequestered
to sites of disease such as the liver, and hence changes in the abundance, phenotype or
activity of Treg may not be evident in peripheral blood (Chen et al., 2016, Taubert et al., 2014).
Despite the conflicting findings of studies assessing the relationship of Treg with AIH, there is
considerable evidence that Treg and their CTLA4-mediated control of T cell CD28
costimulation is pivotal in the maintenance of immune self-tolerance in the liver. As outlined in
section 1.5.3, there is an association between AIH and polymorphisms in CTLA4 (Agarwal
et al., 2000, Djilali-Saiah et al., 2001, Fan et al., 2004, Eskandari-Nasab et al., 2015) and the
steroid-responsive, immune-mediated hepatitis seen as a side effect of anti-CTLA4
immunotherapy for cancer has parallels with classical AIH (Boutros et al., 2016, De Martin et
al., 2018). Lymphocytic infiltration of the liver and deranged liver function are observed in
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CTLA4 deficiency and with homozygous mutations in LRBA, which encodes a putative CTLA4
trafficking protein, (Schubert et al., 2014, Gamez-Diaz et al., 2016), again analogous to AIH.
Taken together, it is clear that disturbances in the CTLA4 pathway, which is a critical, nonredundant effector mechanism of Treg-mediated suppression (Wing et al., 2008, Schmidt et
al., 2009, Sojka et al., 2009, Yamaguchi et al., 2013), can result in the loss of self-tolerance
and the generation of liver autoimmunity.
In addition to the evidence suggesting a role for CTLA4 in the maintenance of immunological
tolerance in the liver, there is also evidence specifically for Treg in this role. For example, Treg
deficiency in IPEX syndrome is associated with liver inflammation and circulating liver specific
autoantibodies (Tsuda et al., 2010, Lopez et al., 2011). Additionally, as one of the key roles of
Treg is control of the CD28 costimulation of T cells using CTLA4, direct agonism of CD28,
which bypasses the potential for Treg CTLA4 mediated regulation, results an immune
mediated hepatitis in mice that recapitulates human AIH (Corse et al., 2013). Taken together,
these observations suggest that CTLA4 and Treg are critical to the maintenance of selftolerance in the liver and therefore potentially important in the pathogenesis of AIH.
Understanding the contribution that Treg make to the maintenance of liver self-tolerance and
the development of AIH is important in understanding the biology of liver immune regulation
and for potential novel therapies in AIH. However, as outlined above, previous studies have
reported conflicting results despite multiple strands of evidence suggesting the importance of
Treg. Therefore, we aimed to study intrahepatic Treg from patients with AIH and healthy
individuals to determine the frequency, phenotype and functional activity of hepatic Treg, with
respect to CTLA4-mediated control of the T cell costimulatory ligands CD80 and CD86, to gain
insight into their role in AIH and hepatic immune tolerance. Improved understanding of the role
of Treg in the liver represents an opportunity for better understanding of an important
mechanism of tolerance and has the potential to improve care for patients.
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6.1.1 Aim s
By examining the immune cell populations from the peripheral blood and from within the livers
of patients with AIH we aim to:
• Explore the frequency and phenotype of Treg in the peripheral blood of patients with
AIH
• Determine if the levels of CD80 and CD86 differ in peripheral immune cells from
patients with AIH
• Assess whether there are differences in Treg frequency and phenotype or CD80 and
CD86 availability between non-AIH human liver and peripheral blood
• Examine differences in liver Treg frequency and phenotype, or CD80 and CD86
availability with and without AIH
• Assess whether liver Treg from patients with AIH have maintained capacity for the
transendocytosis of CD80

6.2 Results
6.2.1 Peripheral blood Treg frequency and CD80 and CD86 availability are
norm al in AIH, although Treg CTLA levels m ay be reduced
Initially we tested the peripheral blood of patients with AIH for the frequency of Treg,
compared to healthy controls. Previous studies have reported conflicting results; hence we
wanted to determine whether Treg frequency and phenotype were comparable between AIH
patients and healthy subjects. Treg were defined as CD3+CD4+CD25+FoxP3+ lymphocytes
(Sakaguchi, 2005). Throughout this chapter for the enumeration of Treg all CD25+FoxP3+
cells were counted to capture the entire population capable of contributing to immune
regulation. Contamination by activated Tcon would be minimal as we assessed unstimulated

ex vivo samples. For measuring Treg effector proteins only FoxP3 high effector Treg were
selected (see section 4.3.1) to characterise those Treg that were likely to be functional at
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the time of sampling. Peripheral blood was obtained from seven patients and 11 healthy
subjects. AIH was defined using the simplified diagnostic criteria for AIH (Hennes et al., 2008).
Patient information is displayed in table 6.1; the biochemical parameters shown (ALT, AST,
IgG) are those at the time of blood sample acquisition, demonstrating that none of the patients
were in biochemical remission. All patients were on immunomodulating drugs including:
corticosteroids

(prednisolone,

budesonide),

anti-proliferative

thiopurine

analogues

(azathioprine) or calcineurin inhibitors (tacrolimus). Serum autoantibodies represent any
positive result over the course of the patient’s disease. Disease scores were calculated for
data at the time of diagnosis, except for two patients, for whom the laboratory data at
diagnosis was not available but a confident clinical diagnosis had been made. Demographic
and clinical data were not available for healthy subjects.
Cell frequency and phenotype within PBMCs were assessed by flow cytometry. The gating
strategy is shown in figure 6.1 A. We tested whether there was an increase in total CD4
frequency amongst CD3 T cells and observed that for patients and healthy subjects the
frequency of peripheral CD4 T cells was similar (52.9% and 57.8%, respectively) (figure 6.1
B). Next we assessed the frequency of FoxP3+CD25+ Treg within the CD45RA- memory
CD4 T cell gate. Analysis was restricted to CD45RA- cell populations to account for variation
balance of naïve and memory CD4 lymphocytes, as CD45RA- memory populations have
greater Treg frequencies with higher expression of effector proteins (Miyara et al., 2009). We
observed that within the CD45RA-CD4 memory T cells the frequency of Treg was the similar
in both groups (11.9% in AIH patients and 12.1% in healthy subjects) (figure 6.1 C). We
next tested Treg proliferation, defined as Ki67+, and observed a trend towards a lower
frequency of Ki67+ Treg amongst AIH patients, not reaching statistical significance (10.3%
compared to 17.3%, p=0.09) (figure 6.1 D). Frequency of Ki67+ Tcon was similar between
both groups. These findings demonstrate that CD4 T cell and Treg frequencies were similar
between patients with AIH and healthy subjects.
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Female
Male
Female
Female
Male
Female
Female

46
22
28
30
43
41
28

24
88*
35
37*
50*
309*
482*

ALT
U/L

32*
30
40*
29
28
197*
624*

AST
U/L
11.9
15.8
14.6
10.6
12
40*
40.5*

IgG
g/L
ANA
Negative
Negative
Negative
>1/100
Not done
Not done
>1/100

ASMA
+
++
Negative
+
++
+++
++

ALKM
Negative
Negative
Negative
Negative
Negative
Negative
Negative

Serum autoantibodies

Not done
7
Not done
6
7
8
8

Disease
score**

Bud.
Aza., Pred.
Aza., Bud.
Aza.
Aza., Bud.
Tac., Aza., Pred
-

Medication

9
9
17
28
6
380*
29

Bilirubin
μmol/L

1
1.1
1.4*
1
1
2.4*
1.4*

INR

Table 6.1: Clinical and diagnostic characteristics of patients with AIH whose peripheral blood was studied.
* denotes laboratory value outside of the normal range ** Simplified diagnostic criteria, Hennes et al, 2008.
ALT: alanine transaminase, AST: aspartate transaminase, IgG: Immunoglobulin G, ANA: anti-nuclear antibody, ASMA: anti-smooth muscle
antibody, ALKM: anti-liver-kidney-microsomal antibody, Bud: Budesonide, Aza: Azathioprine, Pred: Prednisolone, Tac: Tacrolimus

Gender

Age

A)

FSC-W

SSC-A

FSC-A

B)

Live/Dead

Gating strategy to identify peripheral blood T lymphocytes

FSC-A

Healthy control
28.6

CD3

AIH patient
29.4

41.5

CD4 T cell frequency

41.6

100

% CD4+

80
60
40

CD4

20
8.84

6.96

21.1

22.1

0

Healthy control

AIH

CD45RA

C)

Healthy control

AIH patient
FoxP3+CD25+ Treg frequency
30
6.34

CD25

% Treg

10.3

92.6

88.5

20

10

0

Healthy control

AIH

FoxP3

D)

Healthy control
2.24

1.1

AIH patient
3.01

Ki67 expression in Treg and Tcon

1.64

50

Ki67

% Ki67+

40
30
20
10
86.9

FoxP3

9.71

81.3

14

0

Healthy control
FoxP3+ Treg

AIH

Healthy control

AIH

FoxP3- T cells

Figure 6.1: C D 4 a nd T reg fre quency and proliferation a re unchanged in the
pe riphe ral blood of patients with AIH . Blood from healthy individuals or patients with
AIH was stained and analysed by flow cytometry. A) Gating strategy to identify CD3 T
lymphocytes. B) Identification of CD45RA- CD4 T cells and frequency of CD4 T cells
amongst the CD3+ lymphocyte population. C) Frequency of CD25+FoxP3+ Treg amongst
CD45RA- CD4 T cells and D) frequency of Ki67+ Treg and conventional T cells.
Representative plots from 11 healthy individuals and 7 patients with AIH shown and
aggregate data are presented as individual values with mean +/- SEM. All analysed by
unpaired t tests.
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We next tested whether there were differences in the phenotype of Treg with respect to
markers of Treg differentiation and effector proteins including FoxP3 (Hori et al., 2003,
Fontenot et al., 2003, Khattri et al., 2003), the high affinity IL2 receptor CD25 (Pandiyan et al.,
2007), CTLA4 (Wing et al., 2008, Walunas et al., 1994), the adenosine metabolising enzymes
CD39 and CD73 (Deaglio et al., 2007) and PD1 (Gianchecchi and Fierabracci, 2018). We
observed that Treg from patients with AIH had broadly similar levels of FoxP3 and CD25
compared to healthy subjects (figure 6.2 A, black box and blue dotted lines respectively).
However, Treg CTLA4 was significantly lower in patients compared to healthy subjects
(figure 6.2 A, red dotted lines and right hand graph). The frequency of CD39, CD73 or PD1
expression was the same between patients and healthy subjects (figure 6.2 B and C,
respectively). Taken together these findings suggested that peripheral blood Treg frequency
and phenotype were broadly similar between patients with AIH and healthy subjects, however
Treg CTLA4 was lower in patients with AIH.
6.2.2 Peripheral blood m onocyte and B cell levels of CD80 and CD86 are
unchanged in AIH
As Treg use CTLA4 to regulate the levels of CD80 and CD86 on other cells (Qureshi et al.,
2011) and Treg CTLA4 was lower in AIH, we tested whether CD80 and CD86 levels on
circulating immune cells were different. We selected monocytes and B cells as readily
identifiable, abundant peripheral blood cells that express CD80 and/or CD86. The gating
strategy for monocytes and B cells is shown in figure 6.3 A, monocytes were defined as
CD3-CD4LowCD14+HLA-DR+ and B cells as CD3-CD4LowCD19+HLA-DR+.
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A)
Gated on live lymphocytes: CD3+CD4+CD45RAHealthy control

Healthy control

AIH patient

CD25

CTLA4

AIH patient

FoxP3

FoxP3
Treg FoxP3

Treg CD25
Relative CD25 MFI

Relative FoxP3 MFI

20
15
10
5

Healthy control

10

5

0

AIH

Relative CTLA4 MFI

15

25

0

Treg CTLA4
*

25
20
15
10
5
0
Healthy control

AIH

Healthy control

AIH

B)
Gated on live lymphocytes: CD3+CD4+CD45RA-FoxP3+CD25+

CD73

Healthy control

AIH patient

4.94

3.23

3.94

2.68

31.5

60.3

36.9

56.4

CD39
Treg CD39 and CD73 expression
100
80

%

60
40
20
0

Healthy control
CD39-CD73-

AIH

Healthy control

AIH

CD39+CD73-

Healthy control

AIH

CD39-CD73+

Healthy control

AIH

CD39+CD73+

Figure 6.2: T reg C T LA4 is reduce d in the periphe ral blood of patients with AIH
but T reg are othe rwise similar to those of hea lthy controls.
Continued……
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Continued……

C)
Gated on live lymphocytes: CD3+CD4+CD45RA-FoxP3+CD25+
Healthy control
AIH patient
Treg PD1
100

34.5

80

% PD1+

35.6

60
40

PD1

20
0

Healthy control

AIH

FoxP3

Figure 6.2: T reg C T LA4 is reduce d in the periphe ral blood of patients with AIH
but T reg are otherwise similar to those of healthy controls. Blood from healthy
individuals or patients with AIH was stained and gated on CD4+ CD45RA- CD25+ FoxP3+
and analysed for A) FoxP3, CD25 and CTLA4 expression level; all relative to naïve
conventional CD4 T cells as an internal negative. Blue and red dotted lines illustrate median
fluorescence intensity for CD25 and CTLA4 staining, respectively. B) demonstrates the
frequency of surface expression of adenosine metabolising enzymes CD39 and CD73 and C)
the frequency of PD1+ Treg. Representative plots displayed from up to 11 healthy individuals
and 7 patients with AIH and aggregate data presented are as individual values with mean +/SEM. All analysed by unpaired T tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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A)

FSC-A

HLADR

CD4

SSC-A

FSC-W

Monocytes

CD3

FSC-A

CD14
B cells

HLADR

Gating strategy to identify monocytes and B cells

CD19

B)

Monocytes

100

Gated on scatter: CD3-CD4Lo CD14+HLADR+

99.3

0.615

AIH patient
91.8

80

% CD80+

Healthy control

Monocyte CD80

7.89

60
40
20
0

Healthy control

AIH

Monocyte CD86
80

0.122

0.0118

0.28

0.0127

CD80

% CD86+

CD86

100

60
40
20
0

C)

100

Gated on scatter: CD3-CD4-CD19+HLADR+

80

Healthy control
1.21

1.84

% CD80+

B cells
AIH patient
1.54

2.99

Healthy control

AIH

B Cell CD80

60
40
20
0

100

Healthy control

AIH

B cell CD86

76.3

CD80

20.7

61.5

33.9

% CD86+

CD86

80
60
40
20
0

Healthy control

AIH

Figure 6.3: T he fre quency of circula ting C D 80 and CD 8 6 expressing antigenpre se nting cells is unchanged in AIH . Blood from healthy individuals or patients with
AIH was stained and assessed by flow cytometry. A) Gating strategy to identify monocytes
and B cells. CD80 and CD86 expression was assessed in B) monocytes and C) B cells.
Representative cytometry plots from 11 healthy controls and 7 patients with AIH are
presented demonstrating the proportion of each cell type expressing CD80 or CD86. Data
are presented as individual frequencies with mean +/- SEM. All analysed by unpaired t
tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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We observed that monocytes were all CD86+, only a small minority were CD80+ and the
overall frequency of CD80+ or CD86+ monocytes was the same between healthy subjects and
patients with AIH (figure 6.3 B). The opposite pattern was observed for B cells where CD80
was more frequently present, CD86 was only present on a minority of cells and likewise no
differences were observed between AIH and healthy subjects (figure 6.3 C). These
observations suggested that despite low Treg CTLA4 levels, CD80 and CD86 levels remain
similar on circulating immune cells in AIH.
6.2.3 Intrahepatic lym phocytes from non-AIH liver tissue contain fewer CD4 T
cells and fewer Treg com pared to peripheral blood
As we observed only limited differences in peripheral blood Treg, monocytes and B cells
between patients with AIH and healthy subjects, we next assessed whether there were
differences within intrahepatic leukocyte populations. We hypothesised that functionally
relevant effector and regulatory leukocytes in AIH would be sequestered to the liver and
draining lymph nodes, hence we may identify important differences within liver immune cell
populations. We initially sought to determine Treg frequency, phenotype and CD80 and CD86
availability in non-AIH liver samples, compared to peripheral blood to determine their relative
enrichment or depletion in the specialised immune environment of the liver.
Non-AIH liver samples from a variety of sources were obtained. Organs offered for
transplantation but not implanted were typically rejected for transplantation due to steatosis,
vascular/biliary tract injury at retrieval or unexpected extrahepatic disease. The cellular content
of liver perfusion fluid, in which livers used in transplantation were transported, was also used.
These perfusates contain immune cell populations representative of liver tissue (Jonsson et
al., 1997). Finally, disease-free margins from surgical liver resections for focal lesions were
also used. These are colour coded in the figures to illustrate that the source of tissue did not
seem to influence the cell populations observed. These tissue samples were compared to
unmatched peripheral blood samples from healthy subjects.
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We observed that amongst CD3 T cells, the frequency of CD4 cells was significantly lower in
the intrahepatic lymphocytes (IHLs) compared to peripheral blood. Additionally the frequency
of CD45RA- CD4 T cells was significantly higher in the IHL (figure 6.4 A). We therefore
again restricted our analysis to the CD45RA- CD4 T cell population to account for differences
in memory and naïve populations. Within CD4+CD45RA- T cells, CD25+FoxP3+ Tregs were
identified at a significantly lower frequency in IHL compared to peripheral blood (5.9% and
12.1%, respectively, p=0.0008) (figure 6.4 B).
We next considered whether there were differences in Treg proliferation and observed that
amongst IHL and blood Treg, the frequency of Ki67+ cells was similar (15.8% and 17.3%
respectively) (figure 6.4 C). Taken together these observations suggest that, considering the
lower frequency of both CD4 and Treg, there was a marked paucity of Treg within the liver
environment, but those Treg that were present had maintained proliferation.
6.2.4 Intrahepatic Treg have m ore CTLA4 and PD1 com pared to peripheral
blood Treg
As liver Treg were less frequent we assessed whether markers of activation and function were
enhanced, potentially compensating for their low number. We observed that levels of FoxP3
and CD25 were similar but CTLA4 was significantly higher in hepatic Treg compared to
peripheral blood Treg (figure 6.5 A). The frequency of CD39 and CD73 expression was
similar between liver and blood Treg (figure 6.5 B). This suggested that similar levels of
proteins required for Treg suppressive behaviour, such as IL2 sequestration and adenosine
metabolism, were present, but there was more CTLA4 in liver Tregs.
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blood and non-AIH intrahepatic mononuclear cells were stained. A) The cytometry plots
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259

A)

Gated on live lymphocytes: CD3+CD4+CD45RAIntrahepatic
lymphocytes

Intrahepatic
lymphocytes

CD25

FoxP3
Treg CD25

FoxP3
Treg FoxP3

20

Intrahepatic
lymphocytes

10

5

Intrahepatic
lymphocytes

Intrahepatic
lymphocytes

CD73

*

40

20

0

0

Peripheral blood

B)

Relative CTLA4 MFI

40

0

Treg CTLA4
60

15

Relative CD25 MFI

60

Relative FoxP3 MFI

Peripheral
blood

CTLA4

Peripheral
blood

Peripheral blood

Intrahepatic
lymphocytes

Peripheral blood

Peripheral
blood

7.26

5.81

24.9

62

6.53

12.5

24

Gated on live lymphocytes:
CD3+CD4+CD45RAFoxP3+CD25+

57

CD39
Treg CD39 and CD73 expression

100
80

%

60
40
20
0

Intrahepatic
lymphocytes

Peripheral blood

CD39-CD73-

Intrahepatic
lymphocytes

Peripheral blood

CD39+CD73-

Intrahepatic
lymphocytes

Peripheral blood

Intrahepatic
lymphocytes

CD39-CD73+

Peripheral blood

CD39+CD73+

 Liver tissue  Liver perfusion fluid  Resection margin
Figure 6.5: Intrahepatic Treg have re lative ly grea te r CTLA4 expre ssion
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When we tested the frequency of CTLA4+PD1+ Treg, significantly more were present in the
liver compared to blood (figure 6.6 A and B). Whilst there were inadequate numbers of
Treg for functional assessment from these samples, assessment of Ki67+ frequency
suggested that CTLA4+PD1+ Treg in peripheral blood were proliferating more than those
expressing only CTLA4 (figure 6.6 C ). A broadly similar pattern was observed for IHL Treg
(figure 6.6 C). This suggests that CTLA4+PD1+ Treg are enriched in the liver and that this
phenotype is associated with a proliferative, and therefore not exhausted, state.
6.2.5 Intrahepatic m onocytes have lower HLADR and CD86 but m ore CD80
expression com pared to peripheral blood
As we had observed that Treg were less frequent in the liver, but had enhanced levels of
CTLA4, we wanted to test whether the availability of the ligands of CTLA4 was altered in the
liver. We selected monocytes on which to test CD80 and CD86 levels as they are known to be
important in liver immune responses (Liaskou et al., 2013, Brempelis and Crispe, 2016) and
could be readily isolated from the same density gradient as the lymphocytes from these limited
samples.
Monocytes were identified as CD3-CD4Low/-CD14+. We observed similar frequencies of
monocytes between the liver and peripheral blood leukocyte populations (figure 6.7 A),
however their phenotype differed. Significantly lower levels of HLA-DR were detected on
hepatic monocytes (figure 6.7 A). We observed a trend towards a greater frequency of
CD80+ monocytes in the liver and a greater MFI of CD80, but a lower frequency of CD86+
monocytes with lower CD86 MFI in the liver (figure 6.7 B). Taken together these
observations suggested that monocytes in the specialised liver environment had a different
phenotype compared to those of peripheral blood, characterised by lower HLADR and CD86
but higher CD80 levels.
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non-AIH intrahepatic mononuclear cells were stained and FoxP3+CD25+ Treg phenotype
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6.2.6 Liver CD4 T cell and Treg frequency and proliferation are m aintained in
AIH
We next wanted to determine whether liver Treg from patients with AIH were maintained
compared to non-AIH liver. As discussed in section 6.1, CTLA4 appears to be an important
for immunological tolerance in the liver. Whilst previous studies of peripheral blood Treg in AIH
have been undertaken with conflicting findings, very few studies have examined hepatic
lymphocytes in AIH and there is no functional data regarding hepatic Treg in AIH published.
Liver tissue was obtained from patients undergoing liver transplantation for AIH. AIH was
defined as previously (section 6.2.1). Liver transplantation was performed for 5 patients with
advanced, end-stage chronic AIH with attendant cirrhosis and two patients with acute
fulminant AIH, who had no evidence of cirrhosis and a short disease history (in the range of
days to weeks) (see table 6.2 for patient information). Four of the five patients with chronic
AIH and cirrhosis had minimally elevated transaminases (which may be consistent with
cirrhosis), normal IgG and no or minimal inflammatory activity or infiltrate on the explanted
liver histology, suggesting that they were in remission at the time of transplantation with no
active inflammation. The 2 patients with fulminant acute AIH had markedly elevated liver
enzymes and IgG and on histopathological examination of their explanted liver necrosis and
inflammation were observed (table 6.2). All patients were taking immunomodulating drugs
including corticosteroids (prednisolone, hydrocortisone), thiopurine analogues (azathioprine, 6mercaptopurine) and/or calcineurin inhibitors (tacrolimus). The only male patient had evidence
of an overlap syndrome of AIH and PSC on histological examination.
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Female
Female
Female
Female
Female
Male
Female

47
42
25
32
33
27
57

20
309*
44*
27
16
284*
227*

ALT
U/L
ALKM
Negative
Negative
+
++
Negative
Not done
Negative
6
8
6
6
6
7
8

Aza., Pred.
Tac., Aza., Pred.
6MP., Pred.
Aza., Pred.
Aza.
Tac., HC.
Aza., Pred.

M edication

25
380*
34*
34*
78*
478*
480*

Bilirubin
μmol/L

1.2
2.4*
1.2
1.2
1.2
1.7*
1.2

INR

Bridging necrosis, mild lymphocytic infiltrate

Cirrhosis, mild lymphocytic infiltrate, duct loss

Cirrhosis, minimal interface hepatitis
Severe acute hepatitis, panacinar necrosis
Cirrhosis, no interface hepatitis, mild lymphocytic infiltrate
Cirrhosis, no interface hepatitis, mild lymphocytic infiltrate
Cirrhosis, no interface hepatitis, mild lymphocytic infiltrate

ASMA
Negative
++
Negative
Negative
Negative
Not done
>1/80

Disease
score**

Advanced cirrhotic type 1 AIH
Subacute fulminant AIH
Advanced cirrhotic type 1 AIH
Advanced cirrhotic type 2 AIH
Advanced cirrhotic type 1 AIH
Advanced cirrhotic type 1 AIH, with some
features of PSC overlap
Subacute fulminant AIH

ANA
>1/100
Not done
Not done
Not done
Negative
>1/100
>1/100

Serum autoantibodies

Histological findings of explant

Not done
40*
6.1
12.2
10
18.3*
8.6

IgG
g/L

Clinical presentation

27*
197*
22
38*
23
154*
105*

AST
U/L

Table 6.2: C linical a nd diagnostic cha racte ristics of patients with AI H whose liver mononucle ar cells were studied
following transplantation.
* denotes laboratory value outside of the normal range ** Simplified diagnostic criteria, Hennes et al, 2008.
ALT: alanine transaminase, AST: aspartate transaminase, IgG: Immunoglobulin G, ANA: anti-nuclear antibody, ASMA: anti-smooth muscle
antibody, ALKM: anti-liver-kidney-microsomal antibody, Bud: Budesonide, Aza: Azathioprine, Pred: Prednisolone, Tac: Tacrolimus, 6MP: 6mercaptopurine, HC: hydrocortisone. PSC: primary sclerosing cholangitis

Gender

Age

We initially compared the frequency of hepatic CD4 T cells, Tregs and Ki67 expression
between AIH and non-AIH liver. We observed that the frequency of CD4+ cells within the
CD3+ T lymphocyte population was maintained in AIH, with a trend towards higher frequency
with AIH (36.6% in AIH compared to 28.0% in healthy liver, p=0.2) (figure 6.8 A). Within the
CD45RA- memory CD4 T cell population the frequency of Treg was also maintained, with a
trend towards an increased frequency in AIH compared to non-AIH liver (8.6% compared to
5.9%, p=0.15) (figure 6.8 B). The frequency of Ki67+ Treg in AIH was generally lower than
that seen in non-AIH liver, except for a single outlier (9.5% and 15.8%, respectively, p=0.39)
(figure 6.8 C). These observations illustrate that in the setting of both acute and quiescent
AIH, Treg numbers are maintained, suggesting that AIH is not associated with a loss or
absolute deficiency in intrahepatic Treg.
6.2.7 Liver Treg in AIH have variable CTLA4 and ICOS com pared to non-AIH
liver
As we had observed that Treg populations were maintained in AIH livers, we next wanted to
test whether proteins associated with activation and effector function were normal in AIH. We
observed that levels of FoxP3 and CD25 were similar between Treg from AIH and non-AIH
liver (figure 6.9 A). The CTLA4 levels in AIH Treg were highly variable; as can be seen in
figure 6.9 A (right hand two cytometry plots) some individuals with AIH had higher liver Treg
CTLA4 than was seen in non-AIH liver. However, average CTLA4 levels were similar between
AIH and non-AIH liver Treg (figure 6.9 A). The frequency of CD39+ and CD73+ Treg was
also similar between the two groups, although there were trends towards fewer CD39-CD73Treg and more CD39+CD73+ Treg in AIH (figure 6.9 B). We also examined the expression
of ICOS, an important costimulation molecule for Treg function and the maintenance of selftolerance (Herman et al., 2004), and observed a trend towards an increased frequency of
ICOS+ Treg in AIH compared to non-AIH liver (34.8% compared to 20.8%, respectively),
especially for acute fulminant AIH (figure 6.9 C).
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Figure 6.8: T otal C D 4 T ce ll frequency, Treg fre que ncy and prolife ration are
pre se rved in liver tissue from patie nts with autoimmune hepatitis. Intrahepatic
mononuclear cells were isolated from non-AIH liver tissue and from patients with AIH then T
cell phenotype was assessed by flow cytometry. A) Cytometry plots illustrate the expression
of CD45RA and CD4 amongst the CD3+ lymphocytes and the graph shows the frequency of
CD4+ cells within CD3 T lymphocytes. B) Frequency of CD25+FoxP3+ Treg within memory
CD4+ cells. C) Ki67 expression within Treg and FoxP3- conventional T cells. Plots are
representative of 10 non-AIH and up to 7 AIH patient samples. Graphs show individual
values with mean +/- SEM. Analysed by unpaired t tests. *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001
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Figure 6.9: Intrahepatic Treg from patients with AIH have varia ble CTLA4 and
ICO S expre ssion compared to those from non-AIH liver. Intrahepatic mononuclear
cells were isolated from non-AIH liver tissue and from patients with AIH and T cell phenotype
was assessed by flow cytometry. A) Expression of FoxP3, CD25 and CTLA4 amongst Treg,
relative to naïve conventional CD4 T cells. Blue and red dotted lines illustrate the median
fluorescence intensity of CD25 and CTLA4 staining, respectively. B) Frequency of Treg
positive for the adenosine metabolising enzymes CD39 and CD73. C) Frequency of ICOS
expression amongst FoxP3+ Treg. Representative plots from up to 9 individual non-AIH
livers and 7 from AIH patients. Graphs show individual values with mean +/- SEM. All
analysed by unpaired T tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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We had previously noted that CTLA4+PD1+ Treg were increased in the liver compared to the
blood. We tested to see if this was altered in AIH and observed a significant increase in the
frequency of PD1+ Treg from 47.1% in non-AIH liver to 68.9% in AIH (p=0.04) (figure 6.10
A). We also observed a marked increase in the level of Treg PD1 as shown in figure 6.10 B
(flow cytometry panels) with the average frequency of CTLA4+PD1+ Treg being higher in AIH
(57.5% compared to 35.1% in healthy liver, almost reaching statistical significance p=0.07).
As we had previously observed that IL10 resulted in increased Treg CTLA4 and
transendocytosis activity (section 5.2.5) we began to look at whether the expression of the
IL10 receptor 1 (CD210) differed between AIH and non-AIH liver Treg. In preliminary data we
observed a reduction in the percentage of Tcon and Treg that stained positive for CD210 in
AIH compared to non-AIH liver (40.6 vs 76.4% and 68.2 vs 88%, respectively) with only two
healthy liver specimens examined (figure 6.11). This suggests that IL10 sensitivity may be
lower in AIH, although this is not consistent with the observed greater Treg CTLA4 in AIH liver.
Taken together these observations suggest that, within the liver of patients with AIH, Treg can
have high levels of CTLA4 and ICOS and more PD1. As all of these are associated with Treg
function, this implies that hepatic Treg in AIH may have maintained function.
6.2.8 Hepatic m onocyte frequencies are m aintained and express greater levels
of CD86 in AIH
As we had observed maintained liver Treg frequencies and CTLA4 in AIH, we considered
whether this was associated with changes in monocyte CD80 and CD86. The frequency of
monocytes was the same between non-AIH and AIH liver (25.4% and 24.5% of CD3-CD4mid/gate, respectively) with a non-significant trend towards higher levels of HLA-DR in monocytes
from patients with AIH (figure 6.12 A), potentially suggesting a more activated state of the
monocytes.
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Figure 6.10: Intrahepatic Tre g from patients with AIH have highe r PD1
expre ssion than those from non-AIH liver. Intrahepatic mononuclear cells were
isolated from non-AIH liver tissue and from patients with AIH and T cell phenotype was
assessed by flow cytometry. A) Cytometry plots illustrate the expression of FoxP3 and PD1
amongst Treg. Graph shows the frequency of PD1+ cells within the FoxP3+ Treg
population. B) Cytometry plots demonstrate CTLA4 and PD1 in Treg and the graph shows
the frequency of PD1+CTLA4+ cells amongst Treg. Cytometry plots are representative of 7
individual non-AIH livers and 7 AIH patients. Graphs show individual values with mean +/SEM. All analysed by unpaired t tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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***p≤0.001, ****p≤0.0001
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Figure 6.12: Intrahepatic monocytes have maintained frequency but grea te r
C D 86 expre ssion in a utoimmune he patitis compa red to non-AIH liver.
Intrahepatic mononuclear cells were isolated from non-AIH liver tissue and from patients
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Cytometry plots are representative of 8 non-AIH liver and 7 autoimmune hepatitis liver
samples. Graphs show individual values with mean +/- SEM of relative MFI values for
frequency of cells. MFIs are relative to internal negative populations (CD3-CD4-HLADRCD14- for HLADR and CD3+CD4+CD80-CD86- for CD80 and CD86). Analysed by unpaired
t tests. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001
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We observed a non-significant increase the frequency of CD80+ monocytes, although identical
CD80 MFI, comparing AIH and non-AIH liver (figure 6.12 B). CD86+ monocytes were of
similar frequency but the level of CD86 was greater in monocytes derived from AIH liver.
Taken together these observations suggest that hepatic monocytes have a more activated
phenotype and greater levels of the CD80 and CD86 in AIH.
6.2.9 Liver CD4 T cells in AIH have an activated phenotype despite m inim al
disease activity
Four of the five patients with chronic autoimmune hepatitis and cirrhosis had minimal disease
activity, as illustrated by normal or near-normal serum transaminases, IgG, and minimal
histological activity at the time of tissue retrieval, consistent with complete remission
(European Association for the Study of the Liver, 2015), which has been associated with
reduced disease progression (Dhaliwal et al., 2015, Miyake et al., 2006). We were therefore
interested to test whether hepatic CD4 T cells from patients with AIH in remission had a
quiescent phenotype despite the higher levels of CD80 and CD86 on hepatic monocytes.
Using HLA-DR as a marker of T cell activation we observed a significantly higher frequency of
HLA-DR+ hepatic CD4 T cells in AIH patients compared to non-AIH liver (16.4 and 9.0%,
respectively, p=0.007) (figure 6.13), surprisingly this was notably more so in those with
quiescent compared to active disease.
6.2.10

Hepatic Treg from patients with AIH have a m aintained capacity for the
transendocytosis of CD80

Removal of CD80 and CD86 from APCs by transendocytosis, thereby preventing T cell CD28
costimulation, is an important regulatory mechanism of Treg. As we had observed more CD80
and CD86 on liver immune cells from AIH patients, despite preserved Treg frequencies and
CTLA4 levels, we considered whether their capacity for CD80 and CD86 transendocytosis
was impaired. To test this we isolated total CD4 T cells from AIH liver mononuclear cells and
employed them in the transendocytosis assay outlined in chapter 5.
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Figure 6.13: Intrahepatic CD4 T cells express more HLADR in autoimmune
he patitis than in non-AIH . Intrahepatic mononuclear cells were isolated from non-AIH
liver tissue and from patients with AIH, and T cell phenotype was assessed by flow
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as individual values with mean +/- SEM. Analysed by unpaired t test. *p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001
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We observed that when stimulated in the presence CHO-CD80-GFP, hepatic Treg from
patients with AIH could acquire CD80-GFP, which was prevented by the addition of antiCTLA4 (figure 6.14 B) in the same manner as peripheral blood Treg from healthy subjects
(figure 6.14 A). When all six AIH patients for whom adequate cells were available to perform
the assay were considered, the range and average transendocytosis activity observed was the
same as for peripheral blood Treg from healthy individuals (figure 6.14, graph). The level of
transendocytosis reflected the range of CTLA4 observed in these Treg. These observations
implied that liver Treg from patients with AIH competently performed CTLA4-mediated
transendocytosis of CD80 to a level equivalent to healthy peripheral blood. Unfortunately, the
non-AIH liver samples were too small to allow testing of Treg transendocytosis.
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6.3 Discussion
Examining the peripheral and hepatic leukocyte populations from healthy subjects we
observed that within the liver there was more CD80, a ligand of CD28, and fewer Treg, which
expressed higher levels of CTLA4. This suggested that in the non-AIH liver the control of
CD28 costimulation may be more sensitive to changes in CTLA4. In AIH, the frequency and
function of hepatic Treg was maintained, but there was potentially an excess of CD80 and
CD86 and evidence of CD4 T cell and monocyte activation, even in the setting of quiescent
disease. This suggests that CD80 and CD86 availability may be important in the balance of
immune tolerance and autoimmunity in the liver. This is in addition to the importance of central
tolerance in liver immune regulation, illustrated by the occurrence of AIH in up to 18% of
patients with AIRE mutations (see section 1.1.4) (Obermayer-Straub et al., 2001, Clemente
et al., 1998).
6.3.1 Treg are present in non-AIH liver at low frequencies and likely m ake the
intrahepatic control of CD80 and CD86 highly sensitive to changes in
their num ber or function
In non-AIH liver we observed a reduction in the frequency of CD4 T cells and Treg compared
to peripheral blood consistent with previous reports (Norris et al., 1998, Oo et al., 2010). NonAIH liver monocytes were also observed to express higher levels of CD80 but less CD86.
Coupled with high Treg CTLA4, this suggests that the liver may be more critically sensitive to
changes in CTLA4 in the control of CD80 and CD86. This fits with observations that CTLA4
variants (Agarwal et al., 2000, Djilali-Saiah et al., 2001, Fan et al., 2004, Eskandari-Nasab et
al., 2015), deficiency (Schubert et al., 2014, Gamez-Diaz et al., 2016) and blockade (Boutros
et al., 2016, De Martin et al., 2018) are all associated with the onset of autoimmune liver
diseases. Whether the changes in monocyte CD80 and CD86 are driven by Treg
transendocytosis activity or other factors in the liver environment is unclear. The low frequency
of Treg in the liver may relate to the local cytokine environment, with limited IL2 production in

278

the liver, especially following inflammation, being suggested to contribute toward low Treg
numbers (Chen et al., 2016).
We hypothesise that only a small change in Treg numbers or CTLA4 activity, due to the low
frequency of hepatic Treg, could therefore result in loss of effective control of CD80 and CD86
resulting in the activation of auto-reactive T cells. Additionally, if the phenotype of increased
CD80 compared to CD86 is seen across all liver cells which express both ligands, it could be
speculated that this contributes to lower Treg frequency in the liver, in light of the evidence
that CD80 is a poor costimulator of Treg, as shown in chapter 4.
6.3.2 Peripheral blood Treg frequency and phenotype are sim ilar in AIH and
health
We observed that the frequency of Treg in the peripheral blood of patients with AIH was the
same as for healthy subjects, consistent with other studies (Peiseler et al., 2012, Liang et al.,
2018, Liu et al., 2018). However, some reports have suggested elevated (Okumura et al.,
2008) or reduced (Ferri et al., 2010, Liberal et al., 2015a, Longhi et al., 2004, Longhi et al.,
2005, Grant et al., 2014) frequencies. We also demonstrated that Treg proliferation and their
expression of effector molecules was maintained in AIH compared to healthy subjects, except
for a reduction in CTLA4, which again agrees with a previous study (Okumura et al., 2008).
Patients with AIH had similar frequencies of peripheral B cells and monocytes with unchanged
levels of CD80 and CD86. The low CTLA4 level and maintained CD80 and CD86 suggest that
there may be an imbalance of CD80 and CD86 control, which would favour inflammatory
responses.
There have been suggestions of greater Treg instability in AIH. Grant et al (Grant et al., 2014)
reported that peripheral blood “Treg” in AIH acquired an inflammatory phenotype with IL17
production following ex vivo stimulation, compared to healthy individuals. However, the
population of cells defined as Treg (CD4+CD25+CD39+) were heterogeneous, the majority did
not express FoxP3 and a significant proportion expressed CD127, raising the question
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whether they were activated Tcon rather than Treg. Another report has demonstrated greater
levels of Treg apoptosis in patients with AIH compared to healthy subjects, which was raised
further in the subset of patients with active disease, compared to those in remission (John et
al., 2017). On balance, it is likely that amongst patients with AIH there are only at most limited
changes in the peripheral Treg compartment with respect to frequency and expression of
effector proteins.
6.3.3

Intrahepatic Treg frequency and activity are preserved in AIH but they
are likely highly im portant in liver im m une regulation

When we assessed the hepatic Treg population in patients with AIH we observed that the
frequency of Treg and their CTLA4 levels were maintained, with a trend towards increases in
both. Other studies have shown elevated intrahepatic FoxP3+ CD4 T cells in AIH compared to
other liver diseases or to healthy liver by immunohistochemistry. Furthermore, FoxP3+ T cell
frequency was associated with inflammatory activity and fell disproportionately to other
lymphocyte populations with treatment (Diestelhorst et al., 2017, Taubert et al., 2014, Oo et
al., 2010, Peiseler et al., 2012). As almost all of the patients in our study were in remission,
the similar number of Treg compared to non-AIH liver we observed is consistent with these
studies, and notably the patients with active AIH had higher FoxP3+ frequencies in our study.
The observation that hepatic Treg numbers are maintained or expanded in a target tissue in
autoimmunity is consistent with the view that in autoimmunity altered Treg function rather than
deficiency is a principle driving factor (Buckner, 2010).
Although we observed that liver Treg from AIH had variable capacity to remove CD80 from
other cells in transendocytosis assays, it was comparable to that of healthy blood Treg which
suggested that they can competently control the CTLA4/CD28 axis. This is the first functional
data for liver Treg from patients with AIH. Contradictory evidence exists for the capacity of
blood Treg from patients with AIH to suppress T cell responses with reduced (Ferri et al.,
2010, Liberal et al., 2015a, Longhi et al., 2005, Grant et al., 2014) and maintained suppressive
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capacity (Longhi et al., 2004, Peiseler et al., 2012) being reported. There is some evidence for
reduced production of immunosuppressive adenosine (Grant et al., 2014) and IL10 (Okumura
et al., 2008) by Treg in AIH, potentially due to reduced sensitivity of peripheral blood FoxP3+ T
cells to IL2 (Liberal et al., 2015a) in patients with AIH. This suggests that alternative
suppressive mechanisms may be impaired in AIH, even if control of CD4 T cell CD28
costimulation by CTLA4 is maintained.
We observed that in non-AIH liver there was a significant increase in the level of
PD1+CTLA4+ Treg compared to peripheral blood and in AIH liver there were further marked
increases in Treg PD1 levels. Higher levels of Treg PD1 has been reported in the peripheral
blood of patients with AIH and interpreted to demonstrate exhaustion (Jeffery et al., 2018) and
co-expression of PD1 and CTLA4 is interpreted as a marker of T cell exhaustion in some
settings. However PD1 and CTLA4 are unlikely to be relevant markers of exhaustion in Treg
as CTLA4 is a principle Treg effector mechanism (Wing et al., 2008) and PD1 has been shown
to enhance Treg differentiation, maintenance and suppressive function in several settings
(Francisco et al., 2009, Park et al., 2015, Zhang et al., 2016, Amarnath et al., 2011).
Furthermore, we observed that despite elevated PD1 on intrahepatic Treg from patients with
AIH they had retained functional capacity and PD1+CTLA4+ peripheral blood Treg had greater
Ki67 suggesting more active proliferation than Treg expressing either or neither marker.
The observations of increased Treg PD1 with associated preserved transendocytosis function
in AIH and PD1+ Treg being more proliferative suggests that PD1 is not a marker of
exhaustion in Treg. PD1 is known to antagonise both TCR and CD28 signalling following
engagement with PDL1. It was initially shown that following co-ligation of the B cell receptor
(BCR) and PD1 intracellular domain, BCR signalling was inhibited. The mechanism involved
the phosphorylation of the intracellular portion of PD1, recruitment and phosphorylation of the
phosphatase SHP2 with subsequent reductions in the phosphorylation of downstream
signalling molecules including PLCγ2 and PI3K, amongst others, reducing Erk1 and Erk2
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activation (Okazaki et al., 2001). A similar mechanism was demonstrated in CD4 T cells,
where PD1 engagement leads to inhibition of T cell proliferation and increased SHP2
phosphorylation in the context of TCR activation (Latchman et al., 2001). SHP2 and SHP1 are
recruited to an immunoreceptor tyrosine-based switch motif (ITSM) on the cytoplasmic tail of
PD1 resulting in the inhibition of cytokine synthesis and proliferation (Chemnitz et al., 2004,
Sheppard et al., 2004).
PD1 signalling results in the direct inhibition of both TCR and CD28 signalling via the actions
of SHP2 and possibly SHP1. TCR signalling inhibition occurs by reducing ZAP70 and CD3ζ
phosphorylation (Sheppard et al., 2004, Yokosuka et al., 2012) and CD28 signalling by the
direct dephosphorylation of CD28 itself (Hui et al., 2017), prevention of PI3K activation (Parry
et al., 2005) and prevention of the association of CD28 with PKCθ (Yokosuka et al., 2012).
Furthermore, PD1 is recruited to and destabilizes the immunological synapse (Yokosuka et al.,
2012) and has been observed to co-localise strongly with CD28 (Hui et al., 2017) and the TCR
(Yokosuka et al., 2012) in the membrane of T cells. The dominant mechanism of PD1
suppression is therefore mediated via the recruitment and activity of SHP phosphatases in
inhibiting the TCR and CD28 signalling apparatus.
However, other mechanisms of action for PD1 have been postulated including an indirect
pathway, where PD1 ligation results in suppression of casein kinase (CK) 2 transcription,
antagonising the increases in CK2 driven by both TCR and CD28 signalling. CK2 normally
negatively regulates PTEN, preventing it from dephosphorylating PIP3 to PIP2. PD1 ligation
was observed to reduce CK2 levels and activity with a subsequent increase PTEN activity
(Patsoukis et al., 2013), which would reduce PIP3 levels leading to subsequent suppression of
PIP3-dependent activation pathways.
An additional layer of complexity in the integration of PD1 with CD28 signalling is the
interaction of PDL1 and CD80. CD80 and PDL1 are co-expressed on APCs and have been
demonstrated to interact in cis, preventing the engagement of PD1 with PDL1 and therefore
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preventing PD1 mediated T cell inhibition (Sugiura et al., 2019). Therefore in the setting of
PDL1 and CD80 co-expression on APCs, PD1 signalling is abrogated, thereby enabling
competent CD28 and TCR signalling. This implies that CD80 has a role in suppressing the
PD1 inhibitory pathway, thereby enabling T cell activation, in addition to any role as a CD28
agonist.
Therefore, PD1 acts as a break on T cell signalling and is its effect is influenced by the level of
PD1 expressed by a T cell, the availability of its ligands and CD80 and also the degree of
CD28 and TCR signalling. It is interesting to hypothesise that the high levels of PD1 we
observed in Treg stimulated with strong TCR signals (see section 4.2.4 and figure 4.8)
and in functional Treg from patients with AIH, is serving to reduce TCR signal strength. It is
possible therefore, that the expression of PD1 would allow Treg to survive where ligands of
PD1 are available, and in the absence of CD80, by reducing TCR signal strength, hence
ameliorating TCR driven activation induced cell death. Consistent with this PD1 high T cells
have been shown in vivo to be resistant to TCR stimuli, which is abrogated by blocking PDL1PD1 interactions (Yokosuka et al., 2012).
Our observation that intrahepatic Treg frequencies were similar in AIH and health and had a
normal capacity for transendocytosis does not imply that they are not important in the
pathogenesis or as treatment targets in AIH. As we observed, there was an increase in the
availability of CD80 and CD86 on monocytes in the AIH liver despite normal Treg numbers,
raising the possibility of a relative imbalance in the level of CD80 and CD86 and the
mechanisms that control their availability (see figure 6.15). Furthermore, the majority of the
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patients that we studied had minimal disease activity; hence if limited Treg number or function
were important at disease onset we would not have seen this.
Further supporting a role for Treg in AIH is a report of a patient with GATA2 deficiency and an
associated absence of peripheral Treg and scarcity of hepatic Treg who developed AIH (Webb
et al., 2016). Whilst animal models of AIH are limited, combined murine neonatal thymectomy
leading to the absence of Treg in a PD1 deficient background resulted in a fatal autoimmune
hepatitis in mice, which could be prevented but not reversed by transfer of Treg, again
supporting a role for Treg in the maintenance of liver tolerance (Kido et al., 2008).
Taken together, our observations imply that there is not an intrinsic deficit in transendocytosis
activity nor in Treg numbers in quiescent or active AIH but there may be relative deficiency in
the control of CD28 ligands contributing to T cell activation and autoimmunity.
6.3.4 Treg frequency and function m ay change during the course of AIH
The differences in Treg numbers and activity in AIH observed in our study and the wider
literature are complex and may represent different contributions of Treg to the disease in
different patient groups. These differences may also reflect disparity in study design including
different patient ages, stages of disease, disease activity, pharmacological treatment, stage of
liver fibrosis, assays used and the markers used to define Treg. Many of the previous studies
defined Treg as CD25+ CD4 T cells (Okumura et al., 2008, Grant et al., 2014, Longhi et al.,
2004, Longhi et al., 2005, Ferri et al., 2010), but only a minority of human peripheral blood
CD25+ CD4 T cells have suppressive activity ex vivo (Baecher-Allan et al., 2001), suggesting
that this definition of Treg may have been inadequate.
Disease stage in AIH is important in interpreting Treg numbers as falling peripheral and
hepatic Treg frequency (Peiseler et al., 2012, Diestelhorst et al., 2017, Taubert et al., 2014),
markers of Treg activation (Jeffery et al., 2018) and the recovery of impaired suppressive
function (Longhi et al., 2005) during disease treatment or remission have been observed. Also
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fewer peripheral Treg are seen in advanced liver disease compared to early stages (Liu et al.,
2018).
6.3.5 Is there a potential for changes in T cell sensitivity to IL10 in AIH?
In preliminary data we observed that IL10 receptor expression was lower in Tcon and Treg
from AIH liver compared to non-AIH liver. As IL10 directly inhibits Tcon (de Waal Malefyt et al.,
1993, Taga et al., 1993) and supports Tregs (Chaudhry et al., 2011, Murai et al., 2009, Hsu et
al., 2015), reduced IL10 sensitivity could result in inflammatory responses in AIH. IL10 is an
important immunoregulatory cytokine in the liver being produced by liver DCs and Kupffer
cells, which induce lymphocyte IL10 synthesis and T cell tolerance and IL10-dependent Treg
differentiation (Goddard et al., 2004, Bamboat et al., 2009, Erhardt et al., 2007), even after
exposure to LPS (Knolle et al., 1995). Therefore this raises the question of whether variation in
IL10 sensitivity may alter susceptibility or evolution of AIH.
6.3.6 Hepatic T cells in AIH have an activated phenotype despite disease
rem ission
We observed that patients with minimally active AIH had evidence of both monocyte and CD4
T cell activation, with increased HLADR, CD80 and CD86 expression seen in monocytes and
increased HLADR on CD4 T cells. Histological and biochemical remission are treatment
targets in the management of AIH (European Association for the Study of the Liver, 2015,
Manns et al., 2010) as they predict a reduced risk of progressive disease and adverse
outcomes. However, despite suppressed markers of disease activity, some patients
experience progressive disease, such as the patients in this study. Therefore the potential for
persistent T cell and monocyte activity in the face of conventional markers of remission raises
the question of whether a deeper level of ‘immunological remission’ should be sought and
represents an avenue for further study.
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6.3.7

T cell CD28 costim ulation is uniquely regulated in the liver for the
m aintenance of tolerance

We observed an increase in CD86 and a trend towards increased CD80 on monocytes
isolated from the liver of patients with AIH. These ligands may potentially drive inflammatory
responses by engaging with CD28, enabling T cell activation. The liver environment is unique
with respect to the availability of CD80 and CD86, hence perturbations in this may be
important in disease. For example, liver DCs and Kupffer cells (liver resident macrophages)
have lower CD80 and CD86 compared to DCs and macrophages at other sites (Goddard et
al., 2004, You et al., 2008). This low availability of CD28 ligands would be unfavourable for the
maintenance of Treg in the liver in health, due to their requirement for CD28 costimulation
(Salomon et al., 2000), consistent with our observations of low Treg frequencies in non-AIH
liver compared to peripheral blood.
Immune tolerance in the liver is in part engendered by presentation of antigen to CD4 and
CD8 T cells by liver cells including the LSEC (Knolle et al., 1998, Lohse et al., 1996) and
hepatocytes (Franco et al., 1988, Chen et al., 2005), as discussed in section 1.5.2. These
cells have different costimulation availability compared to conventional APCs with low levels of
CD80 and CD86 and they induce regulatory CD4 and tolerant or apoptotic CD8 responses
which can be overcome with increased CD28 costimulation (Diehl et al., 2008, Lohse et al.,
1996, Knolle et al., 1998, Kruse et al., 2009, Bertolino et al., 1999).
Another mechanism of immune regulation in the liver is the induction of myeloid derived
suppressor cells (MDSCs) from peripheral blood monocytes by the action of activated hepatic
stellate cells (HSCs). MDSCs, defined as CD14+HLADRLow, were induced in vitro by the
action of HSCs upon CD14+ monocytes and expressed genes with regulatory function
including Arginase-1(Hochst et al., 2013). These MDSCs were capable of suppressing CD4
and CD8 T cell proliferation and IFNγ production in an arginase-dependent manner. This
CD14+HLADRlow phenotype is consistent with the HLADR-low monocytes that we observed
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in the non-AIH liver and the increase in HLADR observed in AIH may imply that changes in
MDSC activity may be important in AIH.
Taken together, these observations suggest that control of the ligands of CD28 is highly
regulated in the liver and skews immune responses toward a tolerant state in health. As we
observed a trend towards increased monocyte CD80 and CD86 in livers from patients with
AIH, this raises the possibility that AIH, and therefore loss of immune self-tolerance is linked to
excessive T cell CD28 costimulation (see figure 6.15). Furthermore, there may be other cell
types in the liver, such as MDSC, which are important in the pathogenesis of AIH.
6.3.8 Caveats of our chosen m odel to study hepatic Treg in AIH
The direct comparison of ex vivo Treg from human tissue samples is challenging and requires
cautious interpretation. Firstly, obtaining ‘healthy’ liver tissue is not possible. We used three
sources of non-AIH liver, each with their own caveats. Non-transplanted livers were stored on
ice for up to 12 hours without active perfusion and were therefore ischaemic. They had also
been obtained from donors who had died and typically require multi-organ support at the time
of donation, hence may have systemic inflammatory or circulatory disturbances, although the
histological examination of the explanted livers did not show an overt inflammatory infiltrate.
Livers that were rejected for transplantation may have had pathology such as steatosis or a
tumour was found elsewhere in the donor. Tumour free resection margins were not exposed to
significant storage or ischaemia, but this tissue was in close proximity to a cancer. Whilst all of
these factors may have influenced the phenotype or frequency of liver Treg, we did not see
consistently different phenotypes between the tissue sources, suggesting that they are broadly
comparable.
Leukocyte isolation from liver tissue required treatment with collagenase, which can affect the
staining of some cell surface proteins, although this is generally minimal (Autengruber et al.,
2012). However, no collagenase was required for the preparation of perfusates and again no
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clear difference was observed between these and collagenase treated samples suggesting
little effect of collagenase on our results.
It is possible that the changes we observed in immune cell populations may relate to cirrhosis,
rather than autoimmunity. Cirrhosis is an end stage histological change common to many
chronic inflammatory liver diseases. Therefore, in the future, samples from patients
undergoing transplantation for non-autoimmune disorders such as alcohol-related cirrhosis or
fatty liver disease will provide insights into Treg function in other settings and allow us to
determine whether the phenotypes that we observed were due to the presence of chronic liver
disease and cirrhosis or autoimmunity.
The comparison of intrahepatic Treg transendocytosis activity with peripheral blood Treg is not
ideal, as again liver Treg in AIH may have different transendocytosis activity compared to nonAIH liver Treg. It is conceivable that in healthy liver or non-autoimmune cirrhosis, liver Treg
transendocytosis capacity is higher and therefore the level of activity we observed in AIH liver
is relatively impaired, or vice versa. Unfortunately, large enough samples of non-AIH liver were
not available for functional assessment of Treg.
An additional consideration is that all AIH patients were taking immunosuppressive drugs at
the time of sampling. It is unclear how these drugs affect the frequency, phenotype and
behaviour of the cells that we examined, but is likely to be limited as we observed different
phenotypes between blood and liver Treg despite the patients taking a similar range of
medications, suggesting no systemic alteration in phenotype. In other studies, similar Treg
expansion with low-dose IL2 therapy was reported irrespective of corticosteroid or
azathioprine treatment (Rosenzwajg et al., 2019) and no differences in blood Treg frequency
were observed in patients with active AIH, comparing those taking treatment and those who
had not started treatment (Liberal et al., 2015a). However, in other reports, blood Treg
frequencies were higher in patients with active disease prior to pharmacological treatment
compared to those on treatment (Peiseler et al., 2012, Jeffery et al., 2018). Liver Treg
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frequencies also fall after exposure to immunosuppressive agents but these observations may
result from improving inflammatory activity rather than an effect of the medication per se
(Diestelhorst et al., 2017, Peiseler et al., 2012). Therefore, on balance, the differences
observed between AIH patients and healthy subjects most likely reflect differences in biology,
rather than immunosuppressive drugs.
6.3.9 The potential for therapeutic m anipulation of Treg in AIH
One of the reasons to study Tregs in AIH is the increasing potential for Treg therapies in
autoimmune diseases such as low dose IL2 or adoptive transfer of Treg. Low dose IL2 therapy
in autoimmunity derives from the observation that an absence of IL2 signalling resulted in
lymphocyte expansion and autoimmunity in animal models, suggesting an immunoregulatory
role despite IL2’s previously understood role in lymphocyte activation (Willerford et al., 1995).
This was explained by the fact that Treg have a greater sensitivity and requirement for IL2
compared to Tcon (Yu et al., 2009, Almeida et al., 2002, Malek et al., 2002), therefore IL2
deficiency manifests in a phenotype akin to Treg deficiency.
Low dose IL2 can be used to selectively expand and enhance Treg activity and trials have
been conducted in type 1 diabetes (Hartemann et al., 2013), alopecia areata (Castela et al.,
2014) and systemic lupus erythematosus (von Spee-Mayer et al., 2016, He et al., 2016). Low
dose IL2 therapy has been reported in a few patients with AIH. Two patients with AIH were
included in an uncontrolled, open label trial of low dose IL2 across a range of autoimmune
conditions, which was well tolerated and resulted in expansion of peripheral Treg numbers
(Rosenzwajg et al., 2019). Also a report of low dose IL-2 therapy in two patients with AIH that
was refractory to conventional treatment reported transient but repeatable increases in
peripheral Treg numbers and improvements in markers of disease activity suggesting a role
for low dose IL2 therapy in AIH (Lim et al., 2018).
Cellular therapies using ex vivo expanded autologous Treg or allogeneic Treg have been
developed, with success in controlling alloimmune responses in graft-versus-host disease

290

following bone marrow transplantation (Trzonkowski et al., 2009, Brunstein et al., 2011, Di
Ianni et al., 2011) and to engender tolerance following liver transplantation (Todo et al., 2016).
There is on-going work to translate this technology into other solid organ grafts such as
kidneys (Mathew et al., 2018). In the setting of autoimmunity trials of Treg therapy have been
undertaken for type one diabetes mellitus. Although designed and powered to assess the
persistence and safety of Treg, these trials suggested possible clinical benefits too (Bluestone
et al., 2015, Marek-Trzonkowska et al., 2012).
Animal models also suggest promise for Treg therapy in AIH; in antigen specific models of
AIH, Treg depletion aggravates hepatitis (An Haack et al., 2015) and administration of ex vivo
expanded Treg reduced liver inflammation (Lapierre et al., 2013).
This evidence points towards a potential therapeutic benefit of low dose IL2 and Treg cellular
therapies in AIH. Whilst we did not demonstrate either a numerical or functional deficit in liver
Treg in AIH, we only tested a single axis of Treg suppressive function. Furthermore, the
excess levels of costimulation molecules we observed suggested that their control may be
inadequate, hence Treg therapies being an attractive idea.
We also observed low IL10 receptor levels in liver Treg in AIH, which, if confirmed, coupled
with the defect in Treg IL10 secretion (Liberal et al., 2015a), would infer that a positive
feedback loop of Treg IL10 production and IL10-mediated Treg support may be interrupted in
this disorder (see figure 6.16). Therefore, Treg therapies make an attractive approach for
translation into patients with AIH.
6.3.10

Future perspectives

We have attempted to explore the balance of Treg and CTLA4 with CD80 and CD86 in the
healthy human liver and in AIH. Whilst still at an early stage, there are many avenues that can
be explored. Firstly we need to test whether the changes in Treg and APC phenotypes and
frequencies that we observed occur in other liver contexts, for example comparison between
non-autoimmune and AIH cirrhotic livers, to determine whether there are Treg
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changes due to cirrhosis or AIH itself. Additionally, the transendocytosis activity of liver Tregs
in AIH needs to be compared with non-AIH liver Treg to ensure that the background activity of
healthy liver Treg matches cirrhotic AIH livers.
AIH is a persistent disease and presumably a triggering event occurs, leading to the loss of
self-tolerance and resulting in chronic immune activation and liver damage. It is important to
explore the role of Treg at earlier stages in the disease, as conceivably Treg responses and
CD80 and CD86 availability may change over the course of the disease. If so, this may allow
rationalised use of specific therapies at each disease stage.
Our preliminary data suggesting low IL10 receptor expression in hepatic Tcon and Treg raises
questions about reduced IL10 sensitivity in AIH. We would ideally continue on to confirm this
finding, and then formally test the sensitivity of these cells to IL10 ex vivo. IL10 insensitivity in
AIH is an attractive idea, in light of the significant role of IL10 in liver immune tolerance, the
ability of IL10 to directly suppress Tcon (de Waal Malefyt et al., 1993, Taga et al., 1993) and to
support Treg (Chaudhry et al., 2011, Murai et al., 2009, Hsu et al., 2015) and our data in
chapter 5 suggesting that IL10 increases Treg CTLA4 and transendocytosis of CD80. A
range of further investigations into tissue levels of IL10, IL10 synthesis and regulation to test
the hypotheses illustrated in figure 6.16, may be illuminating for the pathogenesis of AIH.
If the finding of persistent, activated Tcon and monocyte/MDSC phenotypes in patients with
minimal disease activity can be confirmed as a feature of AIH, rather than cirrhosis, it
suggests that despite reaching current treatment endpoints of normal serum liver biochemistry
and histological appearances there is on-going immune activation. This could therefore
represent a biomarker of ‘immunological remission’ that may allow prognostication and
treatment optimisation. If, however, the chronic T cell and monocyte activation is shown to be
a result of cirrhosis and portal hypertension this may then shed light on the immunopathology
observed in a range of chronic liver diseases.

293

Lastly, as discussed above, if we can confirm an imbalance in the control of CD80 and CD86
availability in AIH, this opens the way for rational exploration of a role for CTLA4-Ig therapy.
CTLA4-Ig (abatacept) and a modified form with higher CD86 affinity (belatacept) are
efficacious in the treatment of rheumatoid arthritis and prophylaxis of rejection following kidney
transplantation, respectively (Kremer et al., 2003, Vincenti et al., 2016). They are believed to
function by binding CD80 and CD86, blocking their interaction with CD28 thereby preventing T
cell costimulation. It would be tempting to consider whether CTLA4-Ig could help restore
tolerance

in

the

long

term, thereby

allowing

patients

to

reduce the

burden

of

immunosuppressive therapy.

6.4 Summary
We have demonstrated that the liver immune environment in health appears to be finely
balanced with respect to costimulation molecules and the Treg that regulate them. Treg were
fewer in the liver but had higher levels of CTLA4 and a more activated phenotype than those
of peripheral blood, but otherwise similar levels of other effector proteins. Monocytes had a
less activated phenotype but more CD80 in the liver.
In AIH, an archetypal single organ autoimmune disorder that occurs despite the highly
regulated immune environment of the liver, few differences were observed in the peripheral
blood of patients apart from lower Treg CTLA4. Within the livers of patients with advanced,
quiescent AIH Treg frequencies were preserved but their levels of CTLA4 were highly variable
and their phenotype was activated compared to healthy liver. Additionally hepatic monocytes
had an activated phenotype with higher levels of CD80 and CD86. Despite this, the capacity of
Treg to remove CD80 from model APCs was preserved. We additionally observed that Treg
IL10 receptor levels may be reduced and CD4 T cells have an active phenotype despite good
disease control. These observations suggest that AIH is not associated with an absolute
deficiency in the number of Treg, but there may be an imbalance in the control of ligands of
CD28, which could drive inflammation.
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Chapter 7:

General Discussion and Summary

7.1 General discussion
Autoimmune responses targeting the liver represent a paradox in immune regulation.
The liver requires a highly immunologically regulated environment due to the
circulatory supply and metabolic activity of the organ itself. The liver receives the
entire draining blood volume of the gastrointestinal tract via the hepatic portal vein,
which allows 1st pass metabolism of absorbed nutrients and toxic substances thereby
enabling storage, detoxification and regulation of the systemic release of metabolites.
Therefore, the liver is exposed to innocuous antigens from foods and commensal
microorganisms and also to neo-antigens generated as a result hepatic biochemical
processes (Tiegs and Lohse, 2010, Protzer et al., 2012).
The exposure of the liver to high levels of innocuous antigens requires a highly
regulated immune environment to prevent inappropriate and potentially damaging
immune responses. This is illustrated by the liver’s absolute requirement in the
process of oral tolerance (Yang et al., 1994, Callery et al., 1989). Additionally, the
immunological barrier to liver transplantation is low, allowing transplantation without
HLA matching (Poli et al., 2001, Balan et al., 2008), with low requirements for
immunosuppression, and the withdrawal of immunosuppression following liver
transplantation in some patients (Benitez et al., 2013, Feng et al., 2012).
Furthermore, the liver is commonly a site of persistent infection, such as with the
hepatitis B, C and D viruses, which are characterised by the presence of hyporesponsive, virus-specific T cells (Das et al., 2008, Bengsch et al., 2010), suggesting
that immune responses in the liver may be more regulated than at other sites.
Despite this highly regulated environment, the liver is a target of autoimmune
disorders; AIH, PSC and PBC are all immune mediated disorders that occur in the
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liver, and whilst individually rare, overall they constitute a significant proportion of
chronic liver disease in the developed world (Blachier et al., 2013). Therefore the
liver represents an interesting site to explore the mechanisms that contribute to
tolerance and the loss of self-tolerance.
We set about attempting to understand the importance of Treg, CTLA4 and the
control of CD80 and CD86 to liver immune regulation and autoimmunity. The
potential contribution of CTLA4 to autoimmune liver disease is illustrated by the
association of CTLA4 variants with AIH (Agarwal et al., 2000, Djilali-Saiah et al.,
2001, Fan et al., 2004, Eskandari-Nasab et al., 2015), the induction of an
autoimmune liver disease with CTLA4 blockade (Boutros et al., 2016, De Martin et
al., 2018), and deranged liver function and hepatic lymphocyte infiltration in CTLA4
deficiency (Schubert et al., 2014, Gamez-Diaz et al., 2016).
Consistent with this, we were able to show that the regulation of CD80 and CD86 in
the healthy human liver may be held in a fine balance. Interestingly we observed a
relative paucity of liver Treg, but they demonstrated an activated phenotype with high
CTLA4 levels, coupled with higher levels of CD80 on monocytes. In the setting of
AIH, whilst the frequency of Treg and their ability to remove CD80, and presumably
CD86, was preserved, there was an increase in the levels of CD80 and CD86 on
monocytes. The presence of more CD28 ligands was coupled with activated
phenotypes of CD4 T cells and monocytes compared to non-AIH liver. Taken
together, these observations suggested that the immune environment of the liver is
more finely balanced upon Treg and their ability control of CD80 and CD86 levels
than in the peripheral blood and in the setting of autoimmunity this balance may
favour excess T cell costimulation. This raises the question of whether CD80/CD86
blocking therapy, such as CTLA4-Ig, would be a useful treatment approach in AIH.
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We were also able to demonstrate that an assay of the capacity of Tregs to remove
CD80 from a model APC by transendocytosis was sensitive to the level of CTLA4
and the cytokine environment that the Treg were exposed to. Using this assay we
could demonstrate that both IL10 and IL2 resulted in increased Treg CTLA4 levels
and transendocytosis activity.
There is considerable evidence that IL10 is a critical regulator of immune responses
in the liver (Knolle et al., 1995, Goddard et al., 2004, Erhardt et al., 2007, Bamboat et
al., 2009), is fundamentally important for Treg survival and function (Murai et al.,
2009, Chaudhry et al., 2011) and is capable of suppressing Tcon proliferation (de
Waal Malefyt et al., 1993, Taga et al., 1993). It was therefore striking that our
preliminary data suggested that the level of IL10 receptor on liver Treg and Tcon was
lower in AIH than in non-AIH liver. This suggests the loss of a positive feedback loop,
where reduced Treg IL10 sensitivity could lead to poorer Treg survival and function,
including less IL10 production. As a result there would be a reduction in IL10mediated control of CD86 (Buelens et al., 1995, Tze et al., 2011) resulting in higher
CD86 levels on APC and increased Tcon costimulation. Additionally, Treg are
dependent upon IL2 (Fontenot et al., 2005, D'Cruz and Klein, 2005) and the evidence
that there is a lack of IL2 in the inflamed human liver (Chen et al., 2016) and that
Treg in AIH have impaired responses to IL2 (Liberal et al., 2015a), suggests an
additional mechanism by which Treg dysfunction may occur in AIH.
In addition to studying the Treg populations in the liver, we wanted to explore the
interaction of Treg with regulatory pathways that are important in the liver. IL10 is
important in liver immune regulation, and has been reported to influence the levels of
CD86 on APCs. Similarly, Treg are important for immune regulation (Takahashi et al.,
2000) and are able to bind CD80 and CD86 due to their constitutive expression of
CTLA4, which has a higher affinity than CD28 for the target ligands (Collins et al.,
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2002), hence outcompeting Tcon for CD28 costimulation. Furthermore, Treg reduce
the level of CD80 and CD86 on APCs by direct removal (Qureshi et al., 2011) and
potentially by the production of IL10 (Asseman et al., 1999). It is therefore clear that
both IL10 and Treg regulate CD80 and CD86, the ligands required for CD28
costimulation of Tcon. We therefore sought to explore how these changes in CD80
and CD86 availability influenced the activation and phenotype of Tcon and Treg
themselves.
We established an assay to test whether quantitative variation in CD80 or CD86,
mimicking, for example, the result of Treg activity, had functional consequences for
Tcon responses. We observed that, at fixed levels of TCR stimulus, reduced
availability of CD80 or CD86 resulted in limited Tcon commitment to division. We
were able to demonstrate in vitro that Tcon phenotype was influenced by whether
they received strong TCR or CD28 activation signals; strong CD28 signals resulted in
greater CTLA4, ICOS and OX40 and strong TCR in high PD1 levels. However, these
markers of Tcon phenotype and also Th polarisation, characterised by capacity to
produce IFNγ, IL13 or IL17, were not influenced by reducing costimulation
availability, suggesting that reduced CD80 and CD86 levels altered the magnitude
rather than the quality of the Tcon response.
During these memory CD4 costimulation experiments we observed a consistent
increase in the frequency and level of FoxP3 expression amongst memory CD4 T
cells stimulated with CD86 compared to CD80. Whilst CD80 and CD86 have
overlapping roles and are both capable of providing costimulatory signals to T cells,
there is some (albeit limited) evidence for them having differing physiological
functions (Borriello et al., 1997, Santra et al., 2000). We therefore wanted to
understand how changes in the balance of CD80 and CD86 influence the behaviour
of Treg themselves.
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We observed that CD80 and CD86 were capable of providing equivalent
costimulation to Tcon, as measured by proliferation and CD69 expression.
Remarkably, significantly more Treg proliferation occurred with CD86 compared to
CD80, resulting in increased Treg numbers, with greater amounts of ICOS, CTLA4
and OX40, similarly to strong CD28 signalling. Our data demonstrated that CD86
reduced the requirement for IL2, a critical signal for Treg survival and proliferation
(Fontenot et al., 2005, D'Cruz and Klein, 2005), compared to CD80, consistent with a
model whereby increased CD28 signalling might upregulate CD25 expression. Taken
together these observations suggest that CD86, despite binding CD28 with 5 fold
lower affinity than CD80 (Collins et al., 2002), appears to offer a more potent CD28
costimulation signal to Treg than CD80.
We hypothesised that different Treg responses to CD86 and CD80 could have been
due to CTLA4 preferentially binding CD80, preventing CD28 engaging with CD80.
This would influence Treg more than Tcon, as Treg constitutively express high levels
of CTLA4. To test this we tried several approaches, including antibody blockade of
CTLA4, and testing a variant of CD86 with high CTLA4 affinity, both of which
suggested that there was a negative effect of CTLA4 upon the amount of
costimulation signal a cell receives with CD80, especially with respect to Treg
survival in limiting IL2 conditions. In addition, we tested patients with monogenic
disorders that result in low CTLA4 levels and observed that in this setting similar or
superior Treg proliferation occurred with CD80 compared to CD86. These
observations support the concept that CTLA4 is limits the ability of T cells to receive
costimulation from CD80. This may, in part, explain why we observe that Treg
themselves can also express CD80, as this would potentially allow intrinsic blockade
of their own CTLA4, enabling them to access some CD28 costimulation signals from
CD80, although we were not able to demonstrate this in our current models. These
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observations are also consistent with the expansion of Treg in CTLA-4 deficient
settings where there is greater availability of costimulation ligands (Schubert et al.,
2014, Schmidt et al., 2009, Paterson et al., 2015, Klocke et al., 2016).
In addition to CTLA4 influencing a T cell’s ability to receive CD28 costimulation from
CD80 and CD86 differently, we have also considered whether CD80 and CD86 might
induce distinct signals via CD28 resulting in different T cell outcomes. We observed
that CD80 and CD86 induced equivalent proliferation in Tcon but CD86 induced
greater CTLA4, ICOS and OX40 expression in these dividing Tcon. This suggests
that the thresholds of CD28 signalling for proliferation and phenotypic differentiation
are uncoupled implying that CD28 signalling is not an “all-or-nothing” phenomenon.
When we stimulated Treg from patients with low CTLA4 we observed that even
through the Treg could proliferate robustly using CD80 for costimulation, consistent
with CTLA4 acting to impair CD80’s function as ligand of CD28, the phenotype of
these Treg remained different to that engendered by CD86, with lower peak CD25,
ICOS and CTLA4 levels. Overall T cell proliferation was similar with CD80 and CD86
in these patients, suggesting that the responder cells received comparable
costimulation. The only partial resolution of the difference in T cell phenotype we
observed with CTLA4 insufficiency may therefore suggest that the downstream CD28
signalling induced by CD80 or CD86 differs. This is conceivable as CD80 and CD86
bind CD28 at overlapping, yet unique sites (Kariv et al., 1996, Truneh et al., 1996,
Peach et al., 1995) and some previous studies have suggested different recruitment
of signalling molecules to CD28 after engagement with the two ligands (Slavik et al.,
1999, Pejawar-Gaddy and Alexander-Miller, 2006). This is an area for future
exploration.

300

7.1.1 Future perspectives
Our observations demonstrate the potential importance of Treg-mediated control of
CD80 and CD86 in the liver in the maintenance and loss of self-tolerance. This
suggests that exploration of a role for therapeutic targeting of CD80 and CD86 may
be fruitful in AIH. Further work is needed to confirm the effects that we have
described and demonstrate that they are specific to AIH rather than advanced liver
disease. Additionally we need to explore changes in CD80 and CD86 across the
wide range of liver resident cells that express them. In addition, preliminary evidence
suggested that reduction in IL10 sensitivity might play a part in liver autoimmunity,
which fits the previously established independent roles for IL10 and Treg function in
the liver. Exploring the integration of IL10 signalling and Treg function, and testing of
the sensitivity of T cells from patients with AIH to IL10 is an area of future interest
and could lead to novel therapeutic targets in AIH.
Our observation that Treg are phenotypically distinct depending on whether they
receive CD80 or CD86 costimulation is a significant finding. As one of the critical
steps in T cell activation and a potential therapeutic target in autoimmunity and
cancer understanding how T cell outcomes are influenced by CD28 costimulation is
important. It may be possible in the future to simultaneously inhibit Tcon and
enhance Treg responses, or vice versa, by selective modulation of CD80 and CD86,
applying the knowledge that we have gained of the differential effects of the two
ligands on T cell biology. As Treg cellular therapy technologies expand, greater
understanding of the survival and expansion signals that they require, as we have
described here, could be applied to improve yield, phenotype and activity.
To further explore the outcomes for Treg following CD80 and CD86 costimulation, we
would like to undertake gene expression analysis by RNASeq approaches to look for
downstream differences as a result of CD28 signalling and to define differences in
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the biochemical events of CD28 signalling following engagement with CD80 and
CD86 and in the presence and absence of CTLA4.

7.2 Summary
We have demonstrated that there are fundamental differences in the outcome of Treg
encountering CD80 or CD86 and that this is likely due to the interaction of Treg
CTLA4 with CD80, preventing effective CD28 costimulation. However, there may
additionally be intrinsic differences in CD28 signalling between CD80 and CD86
costimulation. We have been able to demonstrate that CTLA4 mediated
transendocytosis of CD80 by Tregs is quantitatively measurable and sensitive to
CTLA4 levels. This enabled the assessment of clinical Treg samples and exploration
of other factors that regulate transendocytosis activity, such as IL10 and IL2. Lastly,
we have provided evidence that the regulated immune environment of the liver is
characterised by low Treg numbers, but that these have an activated phenotype,
suggesting that Treg may be a critical locus of liver immune regulation. In the setting
of liver autoimmunity there appears to be an imbalance in the availability of the
ligands of CD28 and their control mechanisms, possibly coupled with reduced IL10
receptor expression on Treg and Tcon, and by inference, reduced IL10 sensitivity.

302

References
Abbas, A. K., Trotta, E., R. Simeonov, D., Marson, A. & Bluestone, J. A. 2018.
Revisiting IL-2: Biology and therapeutic prospects. Science Immunology, 3,
eaat1482.
Agarwal, K., Czaja, A. J., Jones, D. E. & Donaldson, P. T. 2000. Cytotoxic T
lymphocyte antigen-4 (CTLA-4) gene polymorphisms and susceptibility to
type 1 autoimmune hepatitis. Hepatology, 31, 49-53.
Ahmed, N. N., Grimes, H. L., Bellacosa, A., Chan, T. O. & Tsichlis, P. N. 1997.
Transduction of interleukin-2 antiapoptotic and proliferative signals via Akt
protein kinase. Proc Natl Acad Sci U S A, 94, 3627-32.
Alam, S. M., Travers, P. J., Wung, J. L., Nasholds, W., Redpath, S., Jameson, S. C.
& Gascoigne, N. R. 1996. T-cell-receptor affinity and thymocyte positive
selection. Nature, 381, 616-20.
Allan, S. E., Crome, S. Q., Crellin, N. K., Passerini, L., Steiner, T. S., Bacchetta, R.,
... Levings, M. K. 2007. Activation-induced FOXP3 in human T effector cells
does not suppress proliferation or cytokine production. Int Immunol, 19, 34554.
Almeida, A. R., Legrand, N., Papiernik, M. & Freitas, A. A. 2002. Homeostasis of
peripheral CD4+ T cells: IL-2R alpha and IL-2 shape a population of
regulatory cells that controls CD4+ T cell numbers. J Immunol, 169, 4850-60.
Alvarez, F., Berg, P. A., Bianchi, F. B., Bianchi, L., Burroughs, A. K., Cancado, E. L.,
... Et Al. 1999. International Autoimmune Hepatitis Group Report: review of
criteria for diagnosis of autoimmune hepatitis. J Hepatol, 31, 929-38.
Amarnath, S., Mangus, C. W., Wang, J. C., Wei, F., He, A., Kapoor, V., ... Fowler, D.
H. 2011. The PDL1-PD1 axis converts human TH1 cells into regulatory T
cells. Sci Transl Med, 3, 111ra120.
An Haack, I., Derkow, K., Riehn, M., Rentinck, M. N., Kuhl, A. A., Lehnardt, S. &
Schott, E. 2015. The Role of Regulatory CD4 T Cells in Maintaining Tolerance
in a Mouse Model of Autoimmune Hepatitis. PLoS One, 10, e0143715.
Anderson, M. S., Venanzi, E. S., Klein, L., Chen, Z., Berzins, S. P., Turley, S. J., ...
Mathis, D. 2002. Projection of an immunological self shadow within the
thymus by the aire protein. Science, 298, 1395-401.
Appleman, L. J., Berezovskaya, A., Grass, I. & Boussiotis, V. A. 2000. CD28
Costimulation Mediates T Cell Expansion Via IL-2-Independent and IL-2Dependent Regulation of Cell Cycle Progression. The Journal of Immunology,
164, 144.
Arstila, T. P., Casrouge, A., Baron, V., Even, J., Kanellopoulos, J. & Kourilsky, P.
1999. A direct estimate of the human alphabeta T cell receptor diversity.
Science, 286, 958-61.
Aruffo, A. & Seed, B. 1987. Molecular cloning of a CD28 cDNA by a high-efficiency
COS cell expression system. Proc Natl Acad Sci U S A, 84, 8573-7.
Aschenbrenner, K., D'cruz, L. M., Vollmann, E. H., Hinterberger, M., Emmerich, J.,
Swee, L. K., ... Klein, L. 2007. Selection of Foxp3+ regulatory T cells specific
for self antigen expressed and presented by Aire+ medullary thymic epithelial
cells. Nat Immunol, 8, 351-8.
Asseman, C., Mauze, S., Leach, M. W., Coffman, R. L. & Powrie, F. 1999. An
essential role for interleukin 10 in the function of regulatory T cells that inhibit
intestinal inflammation. J Exp Med, 190, 995-1004.

303

Augustine, J. A., Sutor, S. L. & Abraham, R. T. 1991. Interleukin 2- and polyomavirus
middle T antigen-induced modification of phosphatidylinositol 3-kinase activity
in activated T lymphocytes. Mol Cell Biol, 11, 4431-40.
Autengruber, A., Gereke, M., Hansen, G., Hennig, C. & Bruder, D. 2012. Impact of
enzymatic tissue disintegration on the level of surface molecule expression
and immune cell function. European journal of microbiology & immunology, 2,
112-120.
Azuma, M., Ito, D., Yagita, H., Okumura, K., Phillips, J. H., Lanier, L. L. & Somoza, C.
1993. B70 antigen is a second ligand for CTLA-4 and CD28. Nature, 366, 769.
Bachmann, M. F., Kohler, G., Ecabert, B., Mak, T. W. & Kopf, M. 1999. Cutting edge:
lymphoproliferative disease in the absence of CTLA-4 is not T cell
autonomous. J Immunol, 163, 1128-31.
Baecher-Allan, C., Brown, J. A., Freeman, G. J. & Hafler, D. A. 2001. CD4+CD25high
regulatory cells in human peripheral blood. J Immunol, 167, 1245-53.
Balan, V., Ruppert, K., Demetris, A. J., Ledneva, T., Duquesnoy, R. J., Detre, K. M.,
... Wiesner, R. H. 2008. Long-term outcome of human leukocyte antigen
mismatching in liver transplantation: results of the National Institute of
Diabetes and Digestive and Kidney Diseases Liver Transplantation Database.
Hepatology, 48, 878-88.
Bamboat, Z. M., Stableford, J. A., Plitas, G., Burt, B. M., Nguyen, H. M., Welles, A.
P., ... Dematteo, R. P. 2009. Human liver dendritic cells promote T cell
hyporesponsiveness. J Immunol, 182, 1901-11.
Bassing, C. H., Swat, W. & Alt, F. W. 2002. The mechanism and regulation of
chromosomal V(D)J recombination. Cell, 109 Suppl, S45-55.
Battaglia, M., Stabilini, A., Migliavacca, B., Horejs-Hoeck, J., Kaupper, T. &
Roncarolo, M. G. 2006. Rapamycin promotes expansion of functional
CD4+CD25+FOXP3+ regulatory T cells of both healthy subjects and type 1
diabetic patients. J Immunol, 177, 8338-47.
Bayer, A. L., Yu, A., Adeegbe, D. & Malek, T. R. 2005. Essential role for interleukin-2
for CD4(+)CD25(+) T regulatory cell development during the neonatal period.
J Exp Med, 201, 769-77.
Beier, K. C., Hutloff, A., Dittrich, A. M., Heuck, C., Rauch, A., Buchner, K., ...
Kroczek, R. A. 2000. Induction, binding specificity and function of human
ICOS. Eur J Immunol, 30, 3707-17.
Bengsch, B., Seigel, B., Ruhl, M., Timm, J., Kuntz, M., Blum, H. E., ... Thimme, R.
2010. Coexpression of PD-1, 2B4, CD160 and KLRG1 on Exhausted HCVSpecific CD8+ T Cells Is Linked to Antigen Recognition and T Cell
Differentiation. PLOS Pathogens, 6, e1000947.
Benitez, C., Londono, M. C., Miquel, R., Manzia, T. M., Abraldes, J. G., Lozano, J. J.,
... Sanchez-Fueyo, A. 2013. Prospective multicenter clinical trial of
immunosuppressive drug withdrawal in stable adult liver transplant recipients.
Hepatology, 58, 1824-35.
Bennett, C. L., Christie, J., Ramsdell, F., Brunkow, M. E., Ferguson, P. J., Whitesell,
L., ... Ochs, H. D. 2001. The immune dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome (IPEX) is caused by mutations of FOXP3.
Nat Genet, 27, 20-1.
Bertolino, P., Trescol-Biemont, M. C., Thomas, J., Fazekas De St Groth, B., Pihlgren,
M., Marvel, J. & Rabourdin-Combe, C. 1999. Death by neglect as a deletional
mechanism of peripheral tolerance. Int Immunol, 11, 1225-38.

304

Bhatia, S., Edidin, M., Almo, S. C. & Nathenson, S. G. 2005. Different cell surface
oligomeric states of B7-1 and B7-2: Implications for signaling. Proceedings of
the National Academy of Sciences, 102, 15569.
Biswas, S. K. & Lopez-Collazo, E. 2009. Endotoxin tolerance: new mechanisms,
molecules and clinical significance. Trends Immunol, 30, 475-87.
Bitmansour, A. D., Douek, D. C., Maino, V. C. & Picker, L. J. 2002. Direct ex vivo
analysis of human CD4(+) memory T cell activation requirements at the single
clonotype level. J Immunol, 169, 1207-18.
Blachier, M., Leleu, H., Peck-Radosavljevic, M., Valla, D. C. & Roudot-Thoraval, F.
2013. The burden of liver disease in Europe: a review of available
epidemiological data. J Hepatol, 58, 593-608.
Bluestone, J. A., Buckner, J. H., Fitch, M., Gitelman, S. E., Gupta, S., Hellerstein, M.
K., ... Tang, Q. 2015. Type 1 diabetes immunotherapy using polyclonal
regulatory T cells. Sci Transl Med, 7, 315ra189.
Boesteanu, A. C. & Katsikis, P. D. 2009. Memory T cells need CD28 costimulation to
remember. Semin Immunol, 21, 69-77.
Boise, L. H., Minn, A. J., Noel, P. J., June, C. H., Accavitti, M. A., Lindsten, T. &
Thompson, C. B. 1995. CD28 costimulation can promote T cell survival by
enhancing the expression of Bcl-XL. Immunity, 3, 87-98.
Bonilla, F. A. & Oettgen, H. C. 2010. Adaptive immunity. J Allergy Clin Immunol, 125,
S33-40.
Boomer, J. S. & Green, J. M. 2010. An enigmatic tail of CD28 signaling. Cold Spring
Harb Perspect Biol, 2, a002436.
Borowski, A. B., Boesteanu, A. C., Mueller, Y. M., Carafides, C., Topham, D. J.,
Altman, J. D., ... Katsikis, P. D. 2007. Memory CD8+ T cells require CD28
costimulation. J Immunol, 179, 6494-503.
Borriello, F., Sethna, M. P., Boyd, S. D., Schweitzer, A. N., Tivol, E. A., Jacoby, D., ...
Sharpe, A. H. 1997. B7-1 and B7-2 have overlapping, critical roles in
immunoglobulin class switching and germinal center formation. Immunity, 6,
303-13.
Bottcher, K., Rombouts, K., Saffioti, F., Roccarina, D., Rosselli, M., Hall, A., ...
Pinzani, M. 2018. MAIT cells are chronically activated in patients with
autoimmune liver disease and promote profibrogenic hepatic stellate cell
activation. Hepatology, 68, 172-186.
Bouguermouh, S., Fortin, G., Baba, N., Rubio, M. & Sarfati, M. 2009. CD28 costimulation down regulates Th17 development. PLoS One, 4, e5087.
Bouneaud, C., Kourilsky, P. & Bousso, P. 2000. Impact of negative selection on the T
cell repertoire reactive to a self-peptide: a large fraction of T cell clones
escapes clonal deletion. Immunity, 13, 829-40.
Boussiotis, V. A., Freeman, G. J., Gribben, J. G., Daley, J., Gray, G. & Nadler, L. M.
1993. Activated human B lymphocytes express three CTLA-4
counterreceptors that costimulate T-cell activation. Proc Natl Acad Sci U S A,
90, 11059-63.
Boutros, C., Tarhini, A., Routier, E., Lambotte, O., Ladurie, F. L., Carbonnel, F., ...
Robert, C. 2016. Safety profiles of anti-CTLA-4 and anti-PD-1 antibodies
alone and in combination. Nat Rev Clin Oncol, 13, 473-86.
Brempelis, K. J. & Crispe, I. N. 2016. Infiltrating monocytes in liver injury and repair.
Clinical & translational immunology, 5, e113-e113.
Breous, E., Somanathan, S., Vandenberghe, L. H. & Wilson, J. M. 2009. Hepatic
regulatory T cells and Kupffer cells are crucial mediators of systemic T cell
tolerance to antigens targeting murine liver. Hepatology, 50, 612-21.

305

Brunstein, C. G., Miller, J. S., Cao, Q., Mckenna, D. H., Hippen, K. L., Curtsinger, J.,
... Wagner, J. E. 2011. Infusion of ex vivo expanded T regulatory cells in
adults transplanted with umbilical cord blood: safety profile and detection
kinetics. Blood, 117, 1061-70.
Buchmann, K. 2014. Evolution of Innate Immunity: Clues from Invertebrates via Fish
to Mammals. Frontiers in immunology, 5, 459-459.
Buckner, J. H. 2010. Mechanisms of impaired regulation by CD4+CD25+FOXP3+
regulatory T cells in human autoimmune diseases. Nature Reviews
Immunology, 10, 849.
Buelens, C., Verhasselt, V., De Groote, D., Thielemans, K., Goldman, M. & Willems,
F. 1997. Human dendritic cell responses to lipopolysaccharide and CD40
ligation are differentially regulated by interleukin-10. Eur J Immunol, 27, 184852.
Buelens, C., Willems, F., Delvaux, A., Pierard, G., Delville, J. P., Velu, T. & Goldman,
M. 1995. Interleukin-10 differentially regulates B7-1 (CD80) and B7-2 (CD86)
expression on human peripheral blood dendritic cells. Eur J Immunol, 25,
2668-72.
Buhlmann, J. E., Elkin, S. K. & Sharpe, A. H. 2003. A role for the B7-1/B72:CD28/CTLA-4 pathway during negative selection. J Immunol, 170, 5421-8.
Butte, M. J., Keir, M. E., Phamduy, T. B., Sharpe, A. H. & Freeman, G. J. 2007.
Programmed death-1 ligand 1 interacts specifically with the B7-1
costimulatory molecule to inhibit T cell responses. Immunity, 27, 111-122.
Cai, Y. C., Cefai, D., Schneider, H., Raab, M., Nabavi, N. & Rudd, C. E. 1995.
Selective CD28pYMNM mutations implicate phosphatidylinositol 3-kinase in
CD86-CD28-mediated costimulation. Immunity, 3, 417-26.
Callery, M. P., Kamei, T. & Flye, M. W. 1989. The effect of portacaval shunt on
delayed-hypersensitivity responses following antigen feeding. J Surg Res, 46,
391-4.
Camperio, C., Muscolini, M., Volpe, E., Di Mitri, D., Mechelli, R., Buscarinu, M. C., ...
Tuosto, L. 2014. CD28 ligation in the absence of TCR stimulation upregulates IL-17A and pro-inflammatory cytokines in relapsing-remitting
multiple sclerosis T lymphocytes. Immunol Lett, 158, 134-42.
Canavan, J. B., Afzali, B., Scotta, C., Fazekasova, H., Edozie, F. C., Macdonald, T.
T., ... Lord, G. M. 2012. A rapid diagnostic test for human regulatory T-cell
function to enable regulatory T-cell therapy. Blood, 119, e57-66.
Cao, X., Cai, S. F., Fehniger, T. A., Song, J., Collins, L. I., Piwnica-Worms, D. R. &
Ley, T. J. 2007. Granzyme B and perforin are important for regulatory T cellmediated suppression of tumor clearance. Immunity, 27, 635-46.
Carambia, A. & Herkel, J. 2010. CD4 T cells in hepatic immune tolerance. J
Autoimmun, 34, 23-8.
Cárdenas-Roldán, J., Rojas-Villarraga, A. & Anaya, J.-M. 2013. How do autoimmune
diseases cluster in families? A systematic review and meta-analysis. BMC
medicine, 11, 73-73.
Castela, E., Le Duff, F., Butori, C., Ticchioni, M., Hofman, P., Bahadoran, P., ...
Passeron, T. 2014. Effects of low-dose recombinant interleukin 2 to promote
T-regulatory cells in alopecia areata. JAMA Dermatol, 150, 748-51.
Castellaneta, A., Sumpter, T. L., Chen, L., Tokita, D. & Thomson, A. W. 2009. NOD2
ligation subverts IFN-alpha production by liver plasmacytoid dendritic cells
and inhibits their T cell allostimulatory activity via B7-H1 up-regulation. J
Immunol, 183, 6922-32.

306

Cederbom, L., Hall, H. & Ivars, F. 2000. CD4+CD25+ regulatory T cells downregulate co-stimulatory molecules on antigen-presenting cells. European
Journal of Immunology, 30, 1538-1543.
Chattopadhyay, G. & Shevach, E. M. 2013. Antigen-specific induced T regulatory
cells impair dendritic cell function via an IL-10/MARCH1-dependent
mechanism. J Immunol, 191, 5875-84.
Chaudhry, A., Samstein, R. M., Treuting, P., Liang, Y., Pils, M. C., Heinrich, J. M., ...
Rudensky, A. Y. 2011. Interleukin-10 signaling in regulatory T cells is required
for suppression of Th17 cell-mediated inflammation. Immunity, 34, 566-78.
Chemnitz, J. M., Parry, R. V., Nichols, K. E., June, C. H. & Riley, J. L. 2004. SHP-1
and SHP-2 associate with immunoreceptor tyrosine-based switch motif of
programmed death 1 upon primary human T cell stimulation, but only receptor
ligation prevents T cell activation. J Immunol, 173, 945-54.
Chen, M., Tabaczewski, P., Truscott, S. M., Van Kaer, L. & Stroynowski, I. 2005.
Hepatocytes Express Abundant Surface Class I MHC and Efficiently Use
Transporter Associated with Antigen Processing, Tapasin, and Low Molecular
Weight Polypeptide Proteasome Subunit Components of Antigen Processing
and Presentation Pathway. The Journal of Immunology, 175, 1047.
Chen, Y. Y., Jeffery, H. C., Hunter, S., Bhogal, R., Birtwistle, J., Braitch, M. K., ... Oo,
Y. H. 2016. Human intrahepatic regulatory T cells are functional, require IL-2
from effector cells for survival, and are susceptible to Fas ligand-mediated
apoptosis. Hepatology, 64, 138-50.
Clemente, M. G., Meloni, A., Obermayer-Straub, P., Frau, F., Manns, M. P. & De
Virgiliis, S. 1998. Two cytochromes P450 are major hepatocellular
autoantigens
in
autoimmune
polyglandular
syndrome
type
1.
Gastroenterology, 114, 324-8.
Cobbold, S. P., Adams, E., Farquhar, C. A., Nolan, K. F., Howie, D., Lui, K. O., ...
Waldmann, H. 2009. Infectious tolerance via the consumption of essential
amino acids and mTOR signaling. Proc Natl Acad Sci U S A, 106, 12055-60.
Collins, A. V., Brodie, D. W., Gilbert, R. J., Iaboni, A., Manso-Sancho, R., Walse, B.,
... Davis, S. J. 2002. The interaction properties of costimulatory molecules
revisited. Immunity, 17, 201-10.
Collins, M., Ling, V. & Carreno, B. M. 2005. The B7 family of immune-regulatory
ligands. Genome Biol, 6, 223.
Cook, G. C., Mulligan, R. & Sherlock, S. 1971. Controlled prospective trial of
corticosteroid therapy in active chronic hepatitis. Q J Med, 40, 159-85.
Coombes, J. L., Siddiqui, K. R., Arancibia-Carcamo, C. V., Hall, J., Sun, C. M.,
Belkaid, Y. & Powrie, F. 2007. A functionally specialized population of
mucosal CD103+ DCs induces Foxp3+ regulatory T cells via a TGF-beta and
retinoic acid-dependent mechanism. J Exp Med, 204, 1757-64.
Cooper, G. S., Bynum, M. L. K. & Somers, E. C. 2009. Recent insights in the
epidemiology of autoimmune diseases: improved prevalence estimates and
understanding of clustering of diseases. Journal of autoimmunity, 33, 197207.
Corse, E. & Allison, J. P. 2012. Cutting edge: CTLA-4 on effector T cells inhibits in
trans. J Immunol, 189, 1123-7.
Corse, E., Gottschalk, R. A., Park, J. S., Sepulveda, M. A., Loke, P., Sullivan, T. J., ...
Allison, J. P. 2013. Cutting edge: chronic inflammatory liver disease in mice
expressing a CD28-specific ligand. J Immunol, 190, 526-30.
Coudronniere, N., Villalba, M., Englund, N. & Altman, A. 2000. NF-kappa B activation
induced by T cell receptor/CD28 costimulation is mediated by protein kinase

307

C-theta. Proceedings of the National Academy of Sciences of the United
States of America, 97, 3394-3399.
Creery, W. D., Diaz-Mitoma, F., Filion, L. & Kumar, A. 1996. Differential modulation of
B7-1 and B7-2 isoform expression on human monocytes by cytokines which
influence the development of T helper cell phenotype. Eur J Immunol, 26,
1273-7.
Croft, M., Bradley, L. M. & Swain, S. L. 1994. Naive versus memory CD4 T cell
response to antigen. Memory cells are less dependent on accessory cell
costimulation and can respond to many antigen-presenting cell types
including resting B cells. J Immunol, 152, 2675-85.
Cutolo, M. & Nadler, S. G. 2013. Advances in CTLA-4-Ig-mediated modulation of
inflammatory cell and immune response activation in rheumatoid arthritis.
Autoimmun Rev, 12, 758-67.
D'cruz, L. M. & Klein, L. 2005. Development and function of agonist-induced
CD25+Foxp3+ regulatory T cells in the absence of interleukin 2 signaling. Nat
Immunol, 6, 1152-9.
Danke, N. A., Koelle, D. M., Yee, C., Beheray, S. & Kwok, W. W. 2004. Autoreactive
T cells in healthy individuals. J Immunol, 172, 5967-72.
Dankers, W., Colin, E. M., Van Hamburg, J. P. & Lubberts, E. 2017. Vitamin D in
Autoimmunity: Molecular Mechanisms and Therapeutic Potential. Frontiers in
immunology, 7, 697-697.
Das, A., Hoare, M., Davies, N., Lopes, A. R., Dunn, C., Kennedy, P. T., ... Maini, M.
K. 2008. Functional skewing of the global CD8 T cell population in chronic
hepatitis B virus infection. J Exp Med, 205, 2111-24.
Davies, E. G., Cheung, M., Gilmour, K., Maimaris, J., Curry, J., Furmanski, A., ...
Thrasher, A. J. 2017. Thymus transplantation for complete DiGeorge
syndrome: European experience. J Allergy Clin Immunol, 140, 16601670.e16.
Davis, M. M. & Bjorkman, P. J. 1988. T-cell antigen receptor genes and T-cell
recognition. Nature, 334, 395-402.
De Boer, Y. S., Gerussi, A., Van Den Brand, F. F., Wong, G. W., Halliday, N., Liberal,
R., ... Heneghan, M. A. 2018. Association Between Black Race and
Presentation and Liver-related Outcomes of Patients With Autoimmune
Hepatitis. Clin Gastroenterol Hepatol.
De Martin, E., Michot, J. M., Papouin, B., Champiat, S., Mateus, C., Lambotte, O., ...
Samuel, D. 2018. Characterization of liver injury induced by cancer
immunotherapy using immune checkpoint inhibitors. J Hepatol, 68, 11811190.
De Waal Malefyt, R., Yssel, H. & De Vries, J. E. 1993. Direct effects of IL-10 on
subsets of human CD4+ T cell clones and resting T cells. Specific inhibition of
IL-2 production and proliferation. J Immunol, 150, 4754-65.
Deaglio, S., Dwyer, K. M., Gao, W., Friedman, D., Usheva, A., Erat, A., ... Robson, S.
C. 2007. Adenosine generation catalyzed by CD39 and CD73 expressed on
regulatory T cells mediates immune suppression. J Exp Med, 204, 1257-65.
Derbinski, J., Schulte, A., Kyewski, B. & Klein, L. 2001. Promiscuous gene
expression in medullary thymic epithelial cells mirrors the peripheral self. Nat
Immunol, 2, 1032-9.
Derkow, K., Loddenkemper, C., Mintern, J., Kruse, N., Klugewitz, K., Berg, T., ...
Schott, E. 2007. Differential priming of CD8 and CD4 T-cells in animal models
of autoimmune hepatitis and cholangitis. Hepatology, 46, 1155-65.

308

Derkow, K., Muller, A., Eickmeier, I., Seidel, D., Rust Moreira, M. V., Kruse, N., ...
Schott, E. 2011. Failure of CD4 T-cells to respond to liver-derived antigen and
to provide help to CD8 T-cells. PLoS One, 6, e21847.
Desilva, D. R., Urdahl, K. B. & Jenkins, M. K. 1991. Clonal anergy is induced in vitro
by T cell receptor occupancy in the absence of proliferation. J Immunol, 147,
3261-7.
Dhaliwal, H. K., Hoeroldt, B. S., Dube, A. K., Mcfarlane, E., Underwood, J. C.,
Karajeh, M. A. & Gleeson, D. 2015. Long-Term Prognostic Significance of
Persisting Histological Activity Despite Biochemical Remission in Autoimmune
Hepatitis. Am J Gastroenterol, 110, 993-9.
Di Ianni, M., Falzetti, F., Carotti, A., Terenzi, A., Castellino, F., Bonifacio, E., ...
Martelli, M. F. 2011. Tregs prevent GVHD and promote immune reconstitution
in HLA-haploidentical transplantation. Blood, 117, 3921-8.
Diehl, L., Schurich, A., Grochtmann, R., Hegenbarth, S., Chen, L. & Knolle, P. A.
2008. Tolerogenic maturation of liver sinusoidal endothelial cells promotes
B7-homolog 1-dependent CD8+ T cell tolerance. Hepatology, 47, 296-305.
Diehn, M., Alizadeh, A. A., Rando, O. J., Liu, C. L., Stankunas, K., Botstein, D., ...
Brown, P. O. 2002. Genomic expression programs and the integration of the
CD28 costimulatory signal in T cell activation. Proc Natl Acad Sci U S A, 99,
11796-801.
Diestelhorst, J., Junge, N., Schlue, J., Falk, C. S., Manns, M. P., Baumann, U., ...
Taubert, R. 2017. Pediatric autoimmune hepatitis shows a disproportionate
decline of regulatory T cells in the liver and of IL-2 in the blood of patients
undergoing therapy. PLoS One, 12, e0181107.
Djilali-Saiah, I., Ouellette, P., Caillat-Zucman, S., Debray, D., Kohn, J. I. & Alvarez, F.
2001. CTLA-4/CD 28 region polymorphisms in children from families with
autoimmune hepatitis. Hum Immunol, 62, 1356-62.
Dodson, L. F., Boomer, J. S., Deppong, C. M., Shah, D. D., Sim, J., Bricker, T. L., ...
Green, J. M. 2009. Targeted knock-in mice expressing mutations of CD28
reveal an essential pathway for costimulation. Mol Cell Biol, 29, 3710-21.
Doherty, D. G. 2016. Immunity, tolerance and autoimmunity in the liver: A
comprehensive review. J Autoimmun, 66, 60-75.
Dowling, M. R., Kan, A., Heinzel, S., Marchingo, J. M., Hodgkin, P. D. & Hawkins, E.
D. 2018. Regulatory T Cells Suppress Effector T Cell Proliferation by Limiting
Division Destiny. 9.
Eck, S. C., Chang, D., Wells, A. D. & Turka, L. A. 1997. Differential down-regulation
of CD28 by B7-1 and B7-2 engagement. Transplantation, 64, 1497-9.
Ellis, J. H., Ashman, C., Burden, M. N., Kilpatrick, K. E., Morse, M. A. & Hamblin, P.
A. 2000. GRID: a novel Grb-2-related adapter protein that interacts with the
activated T cell costimulatory receptor CD28. J Immunol, 164, 5805-14.
Ellis, J. H., Burden, M. N., Vinogradov, D. V., Linge, C. & Crowe, J. S. 1996.
Interactions of CD80 and CD86 with CD28 and CTLA4. J Immunol, 156,
2700-9.
Erhardt, A., Biburger, M., Papadopoulos, T. & Tiegs, G. 2007. IL-10, regulatory T
cells, and Kupffer cells mediate tolerance in concanavalin A-induced liver
injury in mice. Hepatology, 45, 475-85.
Esensten, J. H., Helou, Y. A., Chopra, G., Weiss, A. & Bluestone, J. A. 2016. CD28
Costimulation: From Mechanism to Therapy. Immunity, 44, 973-88.
Eskandari-Nasab, E., Tahmasebi, A. & Hashemi, M. 2015. Meta-analysis: the
relationship between CTLA-4 +49 A/G polymorphism and primary biliary
cirrhosis and type I autoimmune hepatitis. Immunol Invest, 44, 331-48.

309

European Association for the Study of the Liver 2015. EASL Clinical Practice
Guidelines: Autoimmune hepatitis. J Hepatol, 63, 971-1004.
Evans, E. J., Esnouf, R. M., Manso-Sancho, R., Gilbert, R. J. C., James, J. R., Yu,
C., ... Davis, S. J. 2005. Crystal structure of a soluble CD28-Fab complex.
Nature Immunology, 6, 271.
Fan, L. Y., Tu, X. Q., Cheng, Q. B., Zhu, Y., Feltens, R., Pfeiffer, T. & Zhong, R. Q.
2004. Cytotoxic T lymphocyte associated antigen-4 gene polymorphisms
confer susceptibility to primary biliary cirrhosis and autoimmune hepatitis in
Chinese population. World J Gastroenterol, 10, 3056-9.
Farh, K. K., Marson, A., Zhu, J., Kleinewietfeld, M., Housley, W. J., Beik, S., ...
Bernstein, B. E. 2015. Genetic and epigenetic fine mapping of causal
autoimmune disease variants. Nature, 518, 337-43.
Feld, J. J., Dinh, H., Arenovich, T., Marcus, V. A., Wanless, I. R. & Heathcote, E. J.
2005. Autoimmune hepatitis: effect of symptoms and cirrhosis on natural
history and outcome. Hepatology, 42, 53-62.
Feld, J. J. & Heathcote, E. J. 2003. Epidemiology of autoimmune liver disease. J
Gastroenterol Hepatol, 18, 1118-28.
Feng, S., Ekong, U. D., Lobritto, S. J., Demetris, A. J., Roberts, J. P., Rosenthal, P.,
... Tchao, N. K. 2012. Complete immunosuppression withdrawal and
subsequent allograft function among pediatric recipients of parental living
donor liver transplants. Jama, 307, 283-93.
Ferri, S., Longhi, M. S., De Molo, C., Lalanne, C., Muratori, P., Granito, A., ...
Muratori, L. 2010. A multifaceted imbalance of T cells with regulatory function
characterizes type 1 autoimmune hepatitis. Hepatology, 52, 999-1007.
Finnish-German Apeced Consortium 1997. An autoimmune disease, APECED,
caused by mutations in a novel gene featuring two PHD-type zinc-finger
domains. Nat Genet, 17, 399-403.
Fong, T. L., Bunnapradist, S., Jordan, S. C., Selby, R. R. & Cho, Y. W. 2003.
Analysis of the United Network for Organ Sharing database comparing renal
allografts and patient survival in combined liver-kidney transplantation with
the contralateral allografts in kidney alone or kidney-pancreas transplantation.
Transplantation, 76, 348-53.
Fontenot, J. D., Gavin, M. A. & Rudensky, A. Y. 2003. Foxp3 programs the
development and function of CD4+CD25+ regulatory T cells. Nat Immunol, 4,
330-6.
Fontenot, J. D., Rasmussen, J. P., Gavin, M. A. & Rudensky, A. Y. 2005. A function
for interleukin 2 in Foxp3-expressing regulatory T cells. Nat Immunol, 6,
1142-51.
Francisco, L. M., Salinas, V. H., Brown, K. E., Vanguri, V. K., Freeman, G. J.,
Kuchroo, V. K. & Sharpe, A. H. 2009. PD-L1 regulates the development,
maintenance, and function of induced regulatory T cells. J Exp Med, 206,
3015-29.
Franco, A., Barnaba, V., Natali, P., Balsano, C., Musca, A. & Balsano, F. 1988.
Expression of class I and class II major histocompatibility complex antigens
on human hepatocytes. Hepatology, 8, 449-54.
Fraser, J. D., Irving, B. A., Crabtree, G. R. & Weiss, A. 1991. Regulation of
interleukin-2 gene enhancer activity by the T cell accessory molecule CD28.
Science, 251, 313-6.
Freedman, A. S., Freeman, G. J., Rhynhart, K. & Nadler, L. M. 1991. Selective
induction of B7/BB-1 on interferon-gamma stimulated monocytes: a potential
mechanism for amplification of T cell activation through the CD28 pathway.
Cell Immunol, 137, 429-37.

310

Freeman, G., Borriello, F., Hodes, R., Reiser, H., Hathcock, K., Laszlo, G., ... Et, A.
1993a. Uncovering of functional alternative CTLA-4 counter-receptor in B7deficient mice. Science, 262, 907-909.
Freeman, G. J., Borriello, F., Hodes, R. J., Reiser, H., Gribben, J. G., Ng, J. W., ... Et
Al. 1993b. Murine B7-2, an alternative CTLA4 counter-receptor that
costimulates T cell proliferation and interleukin 2 production. J Exp Med, 178,
2185-92.
Freeman, G. J., Boussiotis, V. A., Anumanthan, A., Bernstein, G. M., Ke, X. Y.,
Rennert, P. D., ... Nadler, L. M. 1995. B7-1 and B7-2 do not deliver identical
costimulatory signals, since B7-2 but not B7-1 preferentially costimulates the
initial production of IL-4. Immunity, 2, 523-32.
Freeman, G. J., Gribben, J. G., Boussiotis, V. A., Ng, J. W., Restivo, V. A., Jr.,
Lombard, L. A., ... Nadler, L. M. 1993c. Cloning of B7-2: a CTLA-4 counterreceptor that costimulates human T cell proliferation. Science, 262, 909-11.
Friedman, D. J., Kunzli, B. M., Yi, A. R., Sevigny, J., Berberat, P. O., Enjyoji, K., ...
Robson, S. C. 2009. From the Cover: CD39 deletion exacerbates
experimental murine colitis and human polymorphisms increase susceptibility
to inflammatory bowel disease. Proc Natl Acad Sci U S A, 106, 16788-93.
Friedmann, M. C., Migone, T. S., Russell, S. M. & Leonard, W. J. 1996. Different
interleukin 2 receptor beta-chain tyrosines couple to at least two signaling
pathways and synergistically mediate interleukin 2-induced proliferation.
Proceedings of the National Academy of Sciences, 93, 2077.
Fuse, S., Zhang, W. & Usherwood, E. J. 2008. Control of memory CD8+ T cell
differentiation by CD80/CD86-CD28 costimulation and restoration by IL-2
during the recall response. J Immunol, 180, 1148-57.
Gabrysova, L. & Wraith, D. C. 2010. Antigenic strength controls the generation of
antigen-specific IL-10-secreting T regulatory cells. Eur J Immunol, 40, 138695.
Gamez-Diaz, L., August, D., Stepensky, P., Revel-Vilk, S., Seidel, M. G., Noriko, M.,
... Grimbacher, B. 2016. The extended phenotype of LPS-responsive beigelike anchor protein (LRBA) deficiency. J Allergy Clin Immunol, 137, 223-30.
Ganesan, A., Moon, T. C. & Barakat, K. H. 2018. Revealing the atomistic details
behind the binding of B7-1 to CD28 and CTLA-4: A comprehensive proteinprotein modelling study. Biochim Biophys Acta Gen Subj, 1862, 2764-2778.
Gao, D., Li, J., Orosz, C. G. & Bumgardner, G. L. 2000. Different costimulation
signals used by CD4(+) and CD8(+) cells that independently initiate rejection
of allogenic hepatocytes in mice. Hepatology, 32, 1018-28.
Gardner, D. H., Jeffery, L. E., Soskic, B., Briggs, Z., Hou, T. Z., Raza, K. & Sansom,
D. M. 2015. 1,25(OH)2D3 Promotes the Efficacy of CD28 Costimulation
Blockade by Abatacept. Journal of immunology (Baltimore, Md. : 1950), 195,
2657-2665.
Gaud, G., Lesourne, R. & Love, P. E. 2018. Regulatory mechanisms in T cell
receptor signalling. Nat Rev Immunol, 18, 485-497.
Geissmann, F., Revy, P., Regnault, A., Lepelletier, Y., Dy, M., Brousse, N., ...
Durandy, A. 1999. TGF-beta 1 prevents the noncognate maturation of human
dendritic Langerhans cells. J Immunol, 162, 4567-75.
Gett, A. V. & Hodgkin, P. D. 2000. A cellular calculus for signal integration by T cells.
Nat Immunol, 1, 239-44.
Ghiotto-Ragueneau, M., Battifora, M., Truneh, A., Waterfield, M. D. & Olive, D. 1996.
Comparison of CD28-B7.1 and B7.2 functional interaction in resting human T
cells: phosphatidylinositol 3-kinase association to CD28 and cytokine
production. Eur J Immunol, 26, 34-41.

311

Gianchecchi, E. & Fierabracci, A. 2018. Inhibitory Receptors and Pathways of
Lymphocytes: The Role of PD-1 in Treg Development and Their Involvement
in Autoimmunity Onset and Cancer Progression. Front Immunol, 9, 2374.
Girard, T., Gaucher, D., El-Far, M., Breton, G. & Sekaly, R. P. 2014. CD80 and CD86
IgC domains are important for quaternary structure, receptor binding and cosignaling function. Immunol Lett, 161, 65-75.
Glocker, E.-O., Kotlarz, D., Boztug, K., Gertz, E. M., Schäffer, A. A., Noyan, F., ...
Klein, C. 2009. Inflammatory bowel disease and mutations affecting the
interleukin-10 receptor. The New England journal of medicine, 361, 20332045.
Goddard, S., Youster, J., Morgan, E. & Adams, D. H. 2004. Interleukin-10 secretion
differentiates dendritic cells from human liver and skin. Am J Pathol, 164,
511-9.
Godfrey, W. R., Fagnoni, F. F., Harara, M. A., Buck, D. & Engleman, E. G. 1994.
Identification of a human OX-40 ligand, a costimulator of CD4+ T cells with
homology to tumor necrosis factor. The Journal of Experimental Medicine,
180, 757.
Gogishvili, T., Luhder, F., Goebbels, S., Beer-Hammer, S., Pfeffer, K. & Hunig, T.
2013. Cell-intrinsic and -extrinsic control of Treg-cell homeostasis and
function revealed by induced CD28 deletion. Eur J Immunol, 43, 188-93.
Grant, C. R., Liberal, R., Holder, B. S., Cardone, J., Ma, Y., Robson, S. C., ... Longhi,
M. S. 2014. Dysfunctional CD39(POS) regulatory T cells and aberrant control
of T-helper type 17 cells in autoimmune hepatitis. Hepatology, 59, 1007-15.
Green, J. M., Karpitskiy, V., Kimzey, S. L. & Shaw, A. S. 2000. Coordinate Regulation
of T Cell Activation by CD2 and CD28. The Journal of Immunology, 164,
3591.
Green, J. M., Noel, P. J., Sperling, A. I., Walunas, T. L., Gray, G. S., Bluestone, J. A.
& Thompson, C. B. 1994. Absence of B7-dependent responses in CD28deficient mice. Immunity, 1, 501-8.
Grohmann, U., Orabona, C., Fallarino, F., Vacca, C., Calcinaro, F., Falorni, A., ...
Puccetti, P. 2002. CTLA-4-Ig regulates tryptophan catabolism in vivo. Nat
Immunol, 3, 1097-101.
Groux, H., O'garra, A., Bigler, M., Rouleau, M., Antonenko, S., De Vries, J. E. &
Roncarolo, M. G. 1997. A CD4+ T-cell subset inhibits antigen-specific T-cell
responses and prevents colitis. Nature, 389, 737-42.
Guo, F., Iclozan, C., Suh, W.-K., Anasetti, C. & Yu, X.-Z. 2008. CD28 Controls
Differentiation of Regulatory T Cells from Naive CD4 T Cells. The Journal of
Immunology, 181, 2285.
Hansen, J. D., Du Pasquier, L., Lefranc, M. P., Lopez, V., Benmansour, A. &
Boudinot, P. 2009. The B7 family of immunoregulatory receptors: a
comparative and evolutionary perspective. Mol Immunol, 46, 457-72.
Harding, F. A., Mcarthur, J. G., Gross, J. A., Raulet, D. H. & Allison, J. P. 1992.
CD28-mediated signalling co-stimulates murine T cells and prevents induction
of anergy in T-cell clones. Nature, 356, 607-9.
Harper, K., Balzano, C., Rouvier, E., Mattei, M. G., Luciani, M. F. & Golstein, P.
1991. CTLA-4 and CD28 activated lymphocyte molecules are closely related
in both mouse and human as to sequence, message expression, gene
structure, and chromosomal location. J Immunol, 147, 1037-44.
Hart, D. N., Starling, G. C., Calder, V. L. & Fernando, N. S. 1993. B7/BB-1 is a
leucocyte differentiation antigen on human dendritic cells induced by
activation. Immunology, 79, 616-20.

312

Hartemann, A., Bensimon, G., Payan, C. A., Jacqueminet, S., Bourron, O., Nicolas,
N., ... Klatzmann, D. 2013. Low-dose interleukin 2 in patients with type 1
diabetes: a phase 1/2 randomised, double-blind, placebo-controlled trial.
Lancet Diabetes Endocrinol, 1, 295-305.
Hathcock, K. S., Laszlo, G., Pucillo, C., Linsley, P. & Hodes, R. J. 1994. Comparative
analysis of B7-1 and B7-2 costimulatory ligands: expression and function. J
Exp Med, 180, 631-40.
Hawiger, D., Inaba, K., Dorsett, Y., Guo, M., Mahnke, K., Rivera, M., ...
Nussenzweig, M. C. 2001. Dendritic Cells Induce Peripheral T Cell
Unresponsiveness under Steady State Conditions in Vivo. The Journal of
Experimental Medicine, 194, 769.
He, J., Zhang, X., Wei, Y., Sun, X., Chen, Y., Deng, J., ... Li, Z. 2016. Low-dose
interleukin-2 treatment selectively modulates CD4(+) T cell subsets in patients
with systemic lupus erythematosus. Nat Med, 22, 991-3.
Henderson, J. G., Opejin, A., Jones, A., Gross, C. & Hawiger, D. 2015. CD5 instructs
extrathymic regulatory T cell development in response to self and tolerizing
antigens. Immunity, 42, 471-83.
Hennes, E. M., Zeniya, M., Czaja, A. J., Pares, A., Dalekos, G. N., Krawitt, E. L., ...
Lohse, A. W. 2008. Simplified criteria for the diagnosis of autoimmune
hepatitis. Hepatology, 48, 169-76.
Herkel, J., Jagemann, B., Wiegard, C., Lazaro, J. F., Lueth, S., Kanzler, S., ... Lohse,
A. W. 2003. MHC class II-expressing hepatocytes function as antigenpresenting cells and activate specific CD4 T lymphocyutes. Hepatology, 37,
1079-85.
Herman, A. E., Freeman, G. J., Mathis, D. & Benoist, C. 2004. CD4+CD25+ T
regulatory cells dependent on ICOS promote regulation of effector cells in the
prediabetic lesion. J Exp Med, 199, 1479-89.
Hochst, B., Schildberg, F. A., Sauerborn, P., Gabel, Y. A., Gevensleben, H., Goltz,
D., ... Diehl, L. 2013. Activated human hepatic stellate cells induce myeloid
derived suppressor cells from peripheral blood monocytes in a CD44dependent fashion. J Hepatol, 59, 528-35.
Hombach, A. A., Kofler, D., Hombach, A., Rappl, G. & Abken, H. 2007. Effective
proliferation of human regulatory T cells requires a strong costimulatory CD28
signal that cannot be substituted by IL-2. J Immunol, 179, 7924-31.
Hori, S., Nomura, T. & Sakaguchi, S. 2003. Control of regulatory T cell development
by the transcription factor Foxp3. Science, 299, 1057-61.
Hou, T. Z., Qureshi, O. S., Wang, C. J., Baker, J., Young, S. P., Walker, L. S. &
Sansom, D. M. 2015. A transendocytosis model of CTLA-4 function predicts
its suppressive behavior on regulatory T cells. J Immunol, 194, 2148-59.
Hou, T. Z., Verma, N., Wanders, J., Kennedy, A., Soskic, B., Janman, D., ... Sansom,
D. M. 2017. Identifying functional defects in patients with immune
dysregulation due to LRBA and CTLA-4 mutations. Blood, 129, 1458-1468.
Hozumi, N. & Tonegawa, S. 1976. Evidence for somatic rearrangement of
immunoglobulin genes coding for variable and constant regions. Proc Natl
Acad Sci U S A, 73, 3628-32.
Hsu, P., Santner-Nanan, B., Hu, M., Skarratt, K., Lee, C. H., Stormon, M., ... Nanan,
R. 2015. IL-10 Potentiates Differentiation of Human Induced Regulatory T
Cells via STAT3 and Foxo1. J Immunol, 195, 3665-74.
Hui, E., Cheung, J., Zhu, J., Su, X., Taylor, M. J., Wallweber, H. A., ... Vale, R. D.
2017. T cell costimulatory receptor CD28 is a primary target for PD-1mediated inhibition. Science, 355, 1428-1433.

313

Hutloff,

A., Dittrich, A. M., Beier, K. C., Eljaschewitsch, B., Kraft, R.,
Anagnostopoulos, I. & Kroczek, R. A. 1999. ICOS is an inducible T-cell costimulator structurally and functionally related to CD28. Nature, 397, 263-6.
Iezzi, G., Karjalainen, K. & Lanzavecchia, A. 1998. The duration of antigenic
stimulation determines the fate of naive and effector T cells. Immunity, 8, 8995.
Inaba, K. & Steinman, R. M. 1984. Resting and sensitized T lymphocytes exhibit
distinct stimulatory (antigen-presenting cell) requirements for growth and
lymphokine release. J Exp Med, 160, 1717-35.
International Multiple Sclerosis Genetics, C., Wellcome Trust Case Control, C.,
Sawcer, S., Hellenthal, G., Pirinen, M., Spencer, C. C. A., ... Compston, A.
2011. Genetic risk and a primary role for cell-mediated immune mechanisms
in multiple sclerosis. Nature, 476, 214-219.
Ise, W., Kohyama, M., Nutsch, K. M., Lee, H. M., Suri, A., Unanue, E. R., ... Murphy,
K. M. 2010. CTLA-4 suppresses the pathogenicity of self antigen-specific T
cells by cell-intrinsic and cell-extrinsic mechanisms. Nat Immunol, 11, 129-35.
Itoh, M., Takahashi, T., Sakaguchi, N., Kuniyasu, Y., Shimizu, J., Otsuka, F. &
Sakaguchi, S. 1999. Thymus and autoimmunity: production of CD25+CD4+
naturally anergic and suppressive T cells as a key function of the thymus in
maintaining immunologic self-tolerance. J Immunol, 162, 5317-26.
Jain, N., Nguyen, H., Chambers, C. & Kang, J. 2010. Dual function of CTLA-4 in
regulatory T cells and conventional T cells to prevent multiorgan
autoimmunity. Proc Natl Acad Sci U S A, 107, 1524-8.
Jeffery, H. C., Braitch, M. K., Bagnall, C., Hodson, J., Jeffery, L. E., Wawman, R. E.,
... Oo, Y. H. 2018. Changes in natural killer cells and exhausted memory
regulatory T Cells with corticosteroid therapy in acute autoimmune hepatitis.
Hepatol Commun, 2, 421-436.
Jeffery, H. C., Braitch, M. K., Brown, S. & Oo, Y. H. 2016. Clinical Potential of
Regulatory T Cell Therapy in Liver Diseases: An Overview and Current
Perspectives. Front Immunol, 7, 334.
Jeffery, L. E., Burke, F., Mura, M., Zheng, Y., Qureshi, O. S., Hewison, M., ...
Sansom, D. M. 2009. 1,25-Dihydroxyvitamin D3 and IL-2 combine to inhibit T
cell production of inflammatory cytokines and promote development of
regulatory T cells expressing CTLA-4 and FoxP3. J Immunol, 183, 5458-67.
Jenkins, M. K., Ashwell, J. D. & Schwartz, R. H. 1988. Allogeneic non-T spleen cells
restore the responsiveness of normal T cell clones stimulated with antigen
and chemically modified antigen-presenting cells. J Immunol, 140, 3324-30.
Jenkins, M. K., Taylor, P. S., Norton, S. D. & Urdahl, K. B. 1991. CD28 delivers a
costimulatory signal involved in antigen-specific IL-2 production by human T
cells. J Immunol, 147, 2461-6.
John, K., Hardtke-Wolenski, M., Jaeckel, E., Manns, M. P., Schulze-Osthoff, K. &
Bantel, H. 2017. Increased apoptosis of regulatory T cells in patients with
active autoimmune hepatitis. Cell Death Dis. England.
Johnson, P. J., Mcfarlane, I. G. & Williams, R. 1995. Azathioprine for long-term
maintenance of remission in autoimmune hepatitis. N Engl J Med, 333, 95863.
Jonsson, J. R., Hogan, P. G., Balderson, G. A., Ooi, L. L., Lynch, S. V., Strong, R. W.
& Powell, E. E. 1997. Human liver transplant perfusate: an abundant source
of donor liver-associated leukocytes. Hepatology, 26, 1111-4.
Jordan, M. S., Boesteanu, A., Reed, A. J., Petrone, A. L., Holenbeck, A. E., Lerman,
M. A., ... Caton, A. J. 2001. Thymic selection of CD4+CD25+ regulatory T
cells induced by an agonist self-peptide. Nat Immunol, 2, 301-6.

314

Josefowicz, S. Z., Niec, R. E., Kim, H. Y., Treuting, P., Chinen, T., Zheng, Y., ...
Rudensky, A. Y. 2012. Extrathymically generated regulatory T cells control
mucosal TH2 inflammation. Nature, 482, 395-9.
Kamada, N., Brons, G. & Davies, H. S. 1980. Fully allogeneic liver grafting in rats
induces a state of systemic nonreactivity to donor transplantation antigens.
Transplantation, 29, 429-31.
Kanai, T., Seki, S., Jenks, J. A., Kohli, A., Kawli, T., Martin, D. P., ... Nadeau, K. C.
2014. Identification of STAT5A and STAT5B target genes in human T cells.
PloS one, 9, e86790-e86790.
Kappler, J. W., Roehm, N. & Marrack, P. 1987. T cell tolerance by clonal elimination
in the thymus. Cell, 49, 273-80.
Kariv, I., Truneh, A. & Sweet, R. W. 1996. Analysis of the site of interaction of CD28
with its counter-receptors CD80 and CD86 and correlation with function. J
Immunol, 157, 29-38.
Kataoka, H., Takahashi, S., Takase, K., Yamasaki, S., Yokosuka, T., Koike, T. &
Saito, T. 2005. CD25(+)CD4(+) regulatory T cells exert in vitro suppressive
activity independent of CTLA-4. Int Immunol, 17, 421-7.
Kerstan, A. & Hunig, T. 2004. Cutting edge: distinct TCR- and CD28-derived signals
regulate CD95L, Bcl-xL, and the survival of primary T cells. J Immunol, 172,
1341-5.
Khailaie, S., Rowshanravan, B., Robert, P. A., Waters, E., Halliday, N., Badillo
Herrera, J. D., ... Meyer-Hermann, M. 2018. Characterization of CTLA4
Trafficking and Implications for Its Function. Biophys J, 115, 1330-1343.
Khattri, R., Auger, J. A., Griffin, M. D., Sharpe, A. H. & Bluestone, J. A. 1999.
Lymphoproliferative disorder in CTLA-4 knockout mice is characterized by
CD28-regulated activation of Th2 responses. J Immunol, 162, 5784-91.
Khattri, R., Cox, T., Yasayko, S. A. & Ramsdell, F. 2003. An essential role for Scurfin
in CD4+CD25+ T regulatory cells. Nat Immunol, 4, 337-42.
Kido, M., Watanabe, N., Okazaki, T., Akamatsu, T., Tanaka, J., Saga, K., ... Chiba, T.
2008. Fatal autoimmune hepatitis induced by concurrent loss of naturally
arising regulatory T cells and PD-1-mediated signaling. Gastroenterology,
135, 1333-43.
Kim, H. H., Tharayil, M. & Rudd, C. E. 1998. Growth factor receptor-bound protein 2
SH2/SH3 domain binding to CD28 and its role in co-signaling. J Biol Chem,
273, 296-301.
Kim, H. P., Kelly, J. & Leonard, W. J. 2001. The basis for IL-2-induced IL-2 receptor
alpha chain gene regulation: importance of two widely separated IL-2
response elements. Immunity, 15, 159-72.
Kim, J. M., Rasmussen, J. P. & Rudensky, A. Y. 2007. Regulatory T cells prevent
catastrophic autoimmunity throughout the lifespan of mice. Nat Immunol, 8,
191-7.
King, C. L., Stupi, R. J., Craighead, N., June, C. H. & Thyphronitis, G. 1995. CD28
activation promotes Th2 subset differentiation by human CD4+ cells. Eur J
Immunol, 25, 587-95.
King, P. D., Sadra, A., Teng, J. M., Xiao-Rong, L., Han, A., Selvakumar, A., ...
Dupont, B. 1997. Analysis of CD28 cytoplasmic tail tyrosine residues as
regulators and substrates for the protein tyrosine kinases, EMT and LCK. J
Immunol, 158, 580-90.
Kirk, A. P., Jain, S., Pocock, S., Thomas, H. C. & Sherlock, S. 1980. Late results of
the Royal Free Hospital prospective controlled trial of prednisolone therapy in
hepatitis B surface antigen negative chronic active hepatitis. Gut, 21, 78-83.

315

Kitz, A., Singer, E. & Hafler, D. 2018. Regulatory T Cells: From Discovery to
Autoimmunity. Cold Spring Harb Perspect Med, 8.
Klein, L., Kyewski, B., Allen, P. M. & Hogquist, K. A. 2014. Positive and negative
selection of the T cell repertoire: what thymocytes see (and don't see). Nat
Rev Immunol, 14, 377-91.
Klocke, K., Sakaguchi, S., Holmdahl, R. & Wing, K. 2016. Induction of autoimmune
disease by deletion of CTLA-4 in mice in adulthood. Proc Natl Acad Sci U S
A, 113, E2383-92.
Knolle, P., Schlaak, J., Uhrig, A., Kempf, P., Meyer Zum Buschenfelde, K. H. &
Gerken, G. 1995. Human Kupffer cells secrete IL-10 in response to
lipopolysaccharide (LPS) challenge. J Hepatol, 22, 226-9.
Knolle, P. A., Uhrig, A., Hegenbarth, S., Loser, E., Schmitt, E., Gerken, G. & Lohse,
A. W. 1998. IL-10 down-regulates T cell activation by antigen-presenting liver
sinusoidal endothelial cells through decreased antigen uptake via the
mannose receptor and lowered surface expression of accessory molecules.
Clin Exp Immunol, 114, 427-33.
Kremer, J. M., Westhovens, R., Leon, M., Di Giorgio, E., Alten, R., Steinfeld, S., ...
Moreland, L. W. 2003. Treatment of rheumatoid arthritis by selective inhibition
of T-cell activation with fusion protein CTLA4Ig. N Engl J Med, 349, 1907-15.
Kretschmer, K., Apostolou, I., Hawiger, D., Khazaie, K., Nussenzweig, M. C. & Von
Boehmer, H. 2005. Inducing and expanding regulatory T cell populations by
foreign antigen. Nat Immunol, 6, 1219-27.
Kruse, N., Neumann, K., Schrage, A., Derkow, K., Schott, E., Erben, U., ... Klugewitz,
K. 2009. Priming of CD4+ T cells by liver sinusoidal endothelial cells induces
CD25low forkhead box protein 3- regulatory T cells suppressing autoimmune
hepatitis. Hepatology, 50, 1904-13.
Kuchroo, V. K., Das, M. P., Brown, J. A., Ranger, A. M., Zamvil, S. S., Sobel, R. A.,
... Glimcher, L. H. 1995. B7-1 and B7-2 costimulatory molecules activate
differentially the Th1/Th2 developmental pathways: application to
autoimmune disease therapy. Cell, 80, 707-18.
Kuehn, H. S., Ouyang, W., Lo, B., Deenick, E. K., Niemela, J. E., Avery, D. T., ...
Uzel, G. 2014. Immune dysregulation in human subjects with heterozygous
germline mutations in CTLA4. Science, 345, 1623-7.
Kuhn, R., Lohler, J., Rennick, D., Rajewsky, K. & Muller, W. 1993. Interleukin-10deficient mice develop chronic enterocolitis. Cell, 75, 263-74.
Kumar, B. V., Connors, T. J. & Farber, D. L. 2018. Human T Cell Development,
Localization, and Function throughout Life. Immunity, 48, 202-213.
Kundig, T. M., Shahinian, A., Kawai, K., Mittrucker, H. W., Sebzda, E., Bachmann, M.
F., ... Ohashi, P. S. 1996. Duration of TCR stimulation determines
costimulatory requirement of T cells. Immunity, 5, 41-52.
Kuo, C. J., Chung, J., Fiorentino, D. F., Flanagan, W. M., Blenis, J. & Crabtree, G. R.
1992. Rapamycin selectively inhibits interleukin-2 activation of p70 S6 kinase.
Nature, 358, 70-3.
Labelle, J. L., Hanke, C. A., Blazar, B. R. & Truitt, R. L. 2002. Negative effect of
CTLA-4 on induction of T-cell immunity in vivo to B7-1+, but not B7-2+,
murine myelogenous leukemia. Blood, 99, 2146-53.
Langenhorst, D., Haack, S., Gob, S., Uri, A., Luhder, F., Vanhove, B., ... Beyersdorf,
N. 2018. CD28 Costimulation of T Helper 1 Cells Enhances Cytokine Release
In Vivo. Front Immunol, 9, 1060.
Lanier, L. L., O'fallon, S., Somoza, C., Phillips, J. H., Linsley, P. S., Okumura, K., ...
Azuma, M. 1995. CD80 (B7) and CD86 (B70) provide similar costimulatory

316

signals for T cell proliferation, cytokine production, and generation of CTL. J
Immunol, 154, 97-105.
Lapierre, P., Beland, K., Yang, R. & Alvarez, F. 2013. Adoptive transfer of ex vivo
expanded regulatory T cells in an autoimmune hepatitis murine model
restores peripheral tolerance. Hepatology, 57, 217-27.
Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M., Chernova, I., ...
Freeman, G. J. 2001. PD-L2 is a second ligand for PD-1 and inhibits T cell
activation. Nat Immunol, 2, 261-8.
Ledbetter, J. A., Imboden, J. B., Schieven, G. L., Grosmaire, L. S., Rabinovitch, P. S.,
Lindsten, T., ... June, C. H. 1990. CD28 ligation in T-cell activation: evidence
for two signal transduction pathways. Blood, 75, 1531-9.
Lenschow, D. J., Herold, K. C., Rhee, L., Patel, B., Koons, A., Qin, H. Y., ...
Bluestone, J. A. 1996a. CD28/B7 regulation of Th1 and Th2 subsets in the
development of autoimmune diabetes. Immunity, 5, 285-93.
Lenschow, D. J., Ho, S. C., Sattar, H., Rhee, L., Gray, G., Nabavi, N., ... Bluestone,
J. A. 1995. Differential effects of anti-B7-1 and anti-B7-2 monoclonal antibody
treatment on the development of diabetes in the nonobese diabetic mouse. J
Exp Med, 181, 1145-55.
Lenschow, D. J., Su, G. H., Zuckerman, L. A., Nabavi, N., Jellis, C. L., Gray, G. S., ...
Bluestone, J. A. 1993. Expression and functional significance of an additional
ligand for CTLA-4. Proc Natl Acad Sci U S A, 90, 11054-8.
Lenschow, D. J., Walunas, T. L. & Bluestone, J. A. 1996b. CD28/B7 system of T cell
costimulation. Annu Rev Immunol, 14, 233-58.
Lessard, C. J., Ice, J. A., Adrianto, I., Wiley, G. B., Kelly, J. A., Gaffney, P. M., ...
Moser, K. L. 2012. The genomics of autoimmune disease in the era of
genome-wide association studies and beyond. Autoimmun Rev, 11, 267-75.
Liang, M., Liwen, Z., Yun, Z., Yanbo, D. & Jianping, C. 2018. The Imbalance between
Foxp3(+)Tregs and Th1/Th17/Th22 Cells in Patients with Newly Diagnosed
Autoimmune Hepatitis. J Immunol Res, 2018, 3753081.
Liao, W., Lin, J. X. & Leonard, W. J. 2013. Interleukin-2 at the crossroads of effector
responses, tolerance, and immunotherapy. Immunity, 38, 13-25.
Liaskou, E., Zimmermann, H. W., Li, K.-K., Oo, Y. H., Suresh, S., Stamataki, Z., ...
Adams, D. H. 2013. Monocyte subsets in human liver disease show distinct
phenotypic and functional characteristics. Hepatology (Baltimore, Md.), 57,
385-398.
Liberal, R., Grant, C. R., Holder, B. S., Cardone, J., Martinez-Llordella, M., Ma, Y., ...
Longhi, M. S. 2015a. In autoimmune hepatitis type 1 or the autoimmune
hepatitis-sclerosing cholangitis
variant defective regulatory T-cell
responsiveness to IL-2 results in low IL-10 production and impaired
suppression. Hepatology, 62, 863-75.
Liberal, R., Grant, C. R., Mieli-Vergani, G. & Vergani, D. 2013. Autoimmune hepatitis:
a comprehensive review. J Autoimmun, 41, 126-39.
Liberal, R., Vergani, D. & Mieli-Vergani, G. 2015b. Update on Autoimmune Hepatitis.
Journal of Clinical and Translational Hepatology, 3, 42-52.
Lim, T. S., Goh, J. K., Mortellaro, A., Lim, C. T., Hammerling, G. J. & RicciardiCastagnoli, P. 2012. CD80 and CD86 differentially regulate mechanical
interactions of T-cells with antigen-presenting dendritic cells and B-cells.
PLoS One, 7, e45185.
Lim, T. Y., Martinez-Llordella, M., Kodela, E., Gray, E., Heneghan, M. A. & SanchezFueyo, A. 2018. Low-Dose Interleukin-2 for Refractory Autoimmune Hepatitis.
Hepatology, 68, 1649-1652.

317

Lin, X., O'mahony, A., Mu, Y., Geleziunas, R. & Greene, W. C. 2000. Protein kinase
C-theta participates in NF-kappaB activation induced by CD3-CD28
costimulation through selective activation of IkappaB kinase beta. Mol Cell
Biol, 20, 2933-40.
Linsley, P. S., Bradshaw, J., Urnes, M., Grosmaire, L. & Ledbetter, J. A. 1993. CD28
engagement by B7/BB-1 induces transient down-regulation of CD28
synthesis and prolonged unresponsiveness to CD28 signaling. J Immunol,
150, 3161-9.
Linsley, P. S., Brady, W., Grosmaire, L., Aruffo, A., Damle, N. K. & Ledbetter, J. A.
1991. Binding of the B cell activation antigen B7 to CD28 costimulates T cell
proliferation and interleukin 2 mRNA accumulation. The Journal of
Experimental Medicine, 173, 721-730.
Linterman, M. A., Denton, A. E., Divekar, D. P., Zvetkova, I., Kane, L., Ferreira, C., ...
Smith, K. G. 2014. CD28 expression is required after T cell priming for helper
T cell responses and protective immunity to infection. Elife, 3.
Liu, J. Z., Almarri, M. A., Gaffney, D. J., Mells, G. F., Jostins, L., Cordell, H. J., ...
Anderson, C. A. 2012. Dense fine-mapping study identifies new susceptibility
loci for primary biliary cirrhosis. Nature genetics, 44, 1137-1141.
Liu, J. Z., Hov, J. R., Folseraas, T., Ellinghaus, E., Rushbrook, S. M., Doncheva, N.
T., ... Karlsen, T. H. 2013. Dense genotyping of immune-related disease
regions identifies nine new risk loci for primary sclerosing cholangitis. Nature
genetics, 45, 670-675.
Liu, J. Z., Van Sommeren, S., Huang, H., Ng, S. C., Alberts, R., Takahashi, A., ...
Weersma, R. K. 2015. Association analyses identify 38 susceptibility loci for
inflammatory bowel disease and highlight shared genetic risk across
populations. Nature genetics, 47, 979-986.
Liu, M. F., Li, J. S., Weng, T. H. & Lei, H. Y. 1999. Differential expression and
modulation of costimulatory molecules CD80 and CD86 on monocytes from
patients with systemic lupus erythematosus. Scand J Immunol, 49, 82-7.
Liu, W., Putnam, A. L., Xu-Yu, Z., Szot, G. L., Lee, M. R., Zhu, S., ... Bluestone, J. A.
2006. CD127 expression inversely correlates with FoxP3 and suppressive
function of human CD4+ T reg cells. J Exp Med, 203, 1701-11.
Liu, Y., Yan, W., Yuan, W., Wang, P., Huang, D., Luo, X. & Ning, Q. 2018. Treg/Th17
imbalance is associated with poor autoimmune hepatitis prognosis. Clin
Immunol.
Ljunggren, H. G. & Kärre, K. 1985. Host resistance directed selectively against H-2deficient lymphoma variants. Analysis of the mechanism. The Journal of
experimental medicine, 162, 1745-1759.
Lo, B., Zhang, K., Lu, W., Zheng, L., Zhang, Q., Kanellopoulou, C., ... Jordan, M. B.
2015. AUTOIMMUNE DISEASE. Patients with LRBA deficiency show CTLA4
loss and immune dysregulation responsive to abatacept therapy. Science,
349, 436-40.
Lohr, H. F., Schlaak, J. F., Gerken, G., Fleischer, B., Dienes, H. P. & Meyer Zum
Buschenfelde, K. H. 1994. Phenotypical analysis and cytokine release of
liver-infiltrating and peripheral blood T lymphocytes from patients with chronic
hepatitis of different etiology. Liver, 14, 161-6.
Lohr, J., Knoechel, B., Jiang, S., Sharpe, A. H. & Abbas, A. K. 2003. The inhibitory
function of B7 costimulators in T cell responses to foreign and self-antigens.
Nature Immunology, 4, 664.
Lohse, A. W., Knolle, P. A., Bilo, K., Uhrig, A., Waldmann, C., Ibe, M., ... Meyer Zum
Buschenfelde, K. H. 1996. Antigen-presenting function and B7 expression of

318

murine sinusoidal endothelial cells and Kupffer cells. Gastroenterology, 110,
1175-81.
London, C. A., Lodge, M. P. & Abbas, A. K. 2000. Functional responses and
costimulator dependence of memory CD4+ T cells. J Immunol, 164, 265-72.
Long, A. E., Tatum, M., Mikacenic, C. & Buckner, J. H. 2017. A novel and rapid
method to quantify Treg mediated suppression of CD4 T cells. J Immunol
Methods, 449, 15-22.
Longhi, M. S., Ma, Y., Bogdanos, D. P., Cheeseman, P., Mieli-Vergani, G. & Vergani,
D. 2004. Impairment of CD4(+)CD25(+) regulatory T-cells in autoimmune liver
disease. J Hepatol, 41, 31-7.
Longhi, M. S., Ma, Y., Mitry, R. R., Bogdanos, D. P., Heneghan, M., Cheeseman, P.,
... Vergani, D. 2005. Effect of CD4+ CD25+ regulatory T-cells on CD8 T-cell
function in patients with autoimmune hepatitis. J Autoimmun, 25, 63-71.
Lopez, S. I., Ciocca, M., Oleastro, M., Cuarterolo, M. L., Rocca, A., De Davila, M. T.,
... Ruiz, J. A. 2011. Autoimmune hepatitis type 2 in a child with IPEX
syndrome. J Pediatr Gastroenterol Nutr, 53, 690-3.
Lopez-Herrera, G., Tampella, G., Pan-Hammarstrom, Q., Herholz, P., Trujillo-Vargas,
C. M., Phadwal, K., ... Grimbacher, B. 2012. Deleterious mutations in LRBA
are associated with a syndrome of immune deficiency and autoimmunity. Am
J Hum Genet, 90, 986-1001.
Love, P. E. & Hayes, S. M. 2010. ITAM-mediated signaling by the T-cell antigen
receptor. Cold Spring Harbor perspectives in biology, 2, a002485-a002485.
Lüth, S., Huber, S., Schramm, C., Buch, T., Zander, S., Stadelmann, C., ... Lohse, A.
W. 2008. Ectopic expression of neural autoantigen in mouse liver suppresses
experimental autoimmune neuroinflammation by inducing antigen-specific
Tregs. The Journal of clinical investigation, 118, 3403-3410.
Macdonald, H. R., Schneider, R., Lees, R. K., Howe, R. C., Acha-Orbea, H.,
Festenstein, H., ... Hengartner, H. 1988. T-cell receptor V beta use predicts
reactivity and tolerance to Mlsa-encoded antigens. Nature, 332, 40-5.
Maeda, Y., Nishikawa, H., Sugiyama, D., Ha, D., Hamaguchi, M., Saito, T., ...
Sakaguchi, S. 2014. Detection of self-reactive CD8(+) T cells with an anergic
phenotype in healthy individuals. Science, 346, 1536-40.
Malchow, S., Leventhal, D. S., Nishi, S., Fischer, B. I., Shen, L., Paner, G. P., ...
Savage, P. A. 2013. Aire-dependent thymic development of tumor-associated
regulatory T cells. Science (New York, N.Y.), 339, 1219-1224.
Malek, T. R., Yu, A., Vincek, V., Scibelli, P. & Kong, L. 2002. CD4 regulatory T cells
prevent lethal autoimmunity in IL-2Rbeta-deficient mice. Implications for the
nonredundant function of IL-2. Immunity, 17, 167-78.
Manickasingham, S. P., Anderton, S. M., Burkhart, C. & Wraith, D. C. 1998.
Qualitative and quantitative effects of CD28/B7-mediated costimulation on
naive T cells in vitro. J Immunol, 161, 3827-35.
Manns, M. P., Czaja, A. J., Gorham, J. D., Krawitt, E. L., Mieli-Vergani, G., Vergani,
D. & Vierling, J. M. 2010. Diagnosis and management of autoimmune
hepatitis. Hepatology, 51, 2193-213.
Manz, B. N., Jackson, B. L., Petit, R. S., Dustin, M. L. & Groves, J. 2011. T-cell
triggering thresholds are modulated by the number of antigen within individual
T-cell receptor clusters. Proceedings of the National Academy of Sciences of
the United States of America, 108, 9089-9094.
Manzotti, C. N., Liu, M. K., Burke, F., Dussably, L., Zheng, Y. & Sansom, D. M. 2006.
Integration of CD28 and CTLA-4 function results in differential responses of T
cells to CD80 and CD86. Eur J Immunol, 36, 1413-22.

319

Marek-Trzonkowska, N., Myśliwiec, M., Dobyszuk, A., Grabowska, M., Techmańska,
I., Juścińska, J., ... Trzonkowski, P. 2012. Administration of
CD4(+)CD25(high)CD127(−) Regulatory T Cells Preserves β-Cell Function in
Type 1 Diabetes in Children. Diabetes Care, 35, 1817-1820.
Marinari, B., Costanzo, A., Marzano, V., Piccolella, E. & Tuosto, L. 2004. CD28
delivers a unique signal leading to the selective recruitment of RelA and p52
NF-kappaB subunits on IL-8 and Bcl-xL gene promoters. Proc Natl Acad Sci
U S A, 101, 6098-103.
Matheu, M. P., Othy, S., Greenberg, M. L., Dong, T. X., Schuijs, M., Deswarte, K., ...
Cahalan, M. D. 2015. Imaging regulatory T cell dynamics and CTLA4mediated suppression of T cell priming. Nat Commun, 6, 6219.
Mathew, J. M., H.-Voss, J., Lefever, A., Konieczna, I., Stratton, C., He, J., ...
Leventhal, J. R. 2018. A Phase I Clinical Trial with Ex Vivo Expanded
Recipient Regulatory T cells in Living Donor Kidney Transplants. Scientific
Reports, 8, 7428.
Mcmurchy, A. N., Gillies, J., Gizzi, M. C., Riba, M., Garcia-Manteiga, J. M., Cittaro,
D., ... Levings, M. K. 2013. A novel function for FOXP3 in humans: intrinsic
regulation of conventional T cells. Blood, 121, 1265-75.
Mehrfeld, C., Zenner, S., Kornek, M. & Lukacs-Kornek, V. 2018. The Contribution of
Non-Professional Antigen-Presenting Cells to Immunity and Tolerance in the
Liver. Front Immunol, 9, 635.
Mellor, A. L., Chandler, P., Baban, B., Hansen, A. M., Marshall, B., Pihkala, J., ...
Munn, D. H. 2004. Specific subsets of murine dendritic cells acquire potent T
cell regulatory functions following CTLA4-mediated induction of indoleamine
2,3 dioxygenase. Int Immunol, 16, 1391-401.
Mells, G. F., Floyd, J. A., Morley, K. I., Cordell, H. J., Franklin, C. S., Shin, S. Y., ...
Anderson, C. A. 2011. Genome-wide association study identifies 12 new
susceptibility loci for primary biliary cirrhosis. Nat Genet, 43, 329-32.
Meyer, J., Gonelle-Gispert, C., Morel, P. & Buhler, L. 2016. Methods for Isolation and
Purification of Murine Liver Sinusoidal Endothelial Cells: A Systematic
Review. PLoS One, 11, e0151945.
Michel, F., Attal-Bonnefoy, G., Mangino, G., Mise-Omata, S. & Acuto, O. 2001. CD28
as a molecular amplifier extending TCR ligation and signaling capabilities.
Immunity, 15, 935-45.
Misra, N., Bayry, J., Lacroix-Desmazes, S., Kazatchkine, M. D. & Kaveri, S. V. 2004.
Cutting edge: human CD4+CD25+ T cells restrain the maturation and
antigen-presenting function of dendritic cells. J Immunol, 172, 4676-80.
Miyajima, M., Chase, C. M., Alessandrini, A., Farkash, E. A., Della Pelle, P.,
Benichou, G., ... Colvin, R. B. 2011. Early acceptance of renal allografts in
mice is dependent on foxp3(+) cells. Am J Pathol, 178, 1635-45.
Miyake, Y., Iwasaki, Y., Terada, R., Okamaoto, R., Ikeda, H., Makino, Y., ... Shiratori,
Y. 2006. Persistent elevation of serum alanine aminotransferase levels leads
to poor survival and hepatocellular carcinoma development in type 1
autoimmune hepatitis. Aliment Pharmacol Ther, 24, 1197-205.
Miyara, M., Yoshioka, Y., Kitoh, A., Shima, T., Wing, K., Niwa, A., ... Sakaguchi, S.
2009. Functional delineation and differentiation dynamics of human CD4+ T
cells expressing the FoxP3 transcription factor. Immunity, 30, 899-911.
Moran, C. J., Walters, T. D., Guo, C.-H., Kugathasan, S., Klein, C., Turner, D., ...
Muise, A. M. 2013. IL-10R polymorphisms are associated with very-earlyonset ulcerative colitis. Inflammatory bowel diseases, 19, 115-123.
Mueller, D. L. 2010. Mechanisms maintaining peripheral tolerance. Nat Immunol, 11,
21-7.

320

Mueller, D. L., Jenkins, M. K. & Schwartz, R. H. 1989. An accessory cell-derived
costimulatory signal acts independently of protein kinase C activation to allow
T cell proliferation and prevent the induction of unresponsiveness. J Immunol,
142, 2617-28.
Murai, M., Turovskaya, O., Kim, G., Madan, R., Karp, C. L., Cheroutre, H. &
Kronenberg, M. 2009. Interleukin 10 acts on regulatory T cells to maintain
expression of the transcription factor Foxp3 and suppressive function in mice
with colitis. Nature immunology, 10, 1178-1184.
Nagamine, K., Peterson, P., Scott, H. S., Kudoh, J., Minoshima, S., Heino, M., ...
Shimizu, N. 1997. Positional cloning of the APECED gene. Nat Genet, 17,
393-8.
Nakajima, H., Liu, X. W., Wynshaw-Boris, A., Rosenthal, L. A., Imada, K., Finbloom,
D. S., ... Leonard, W. J. 1997. An indirect effect of Stat5a in IL-2-induced
proliferation: a critical role for Stat5a in IL-2-mediated IL-2 receptor alpha
chain induction. Immunity, 7, 691-701.
Navarro, M. N. & Cantrell, D. A. 2014. Serine-threonine kinases in TCR signaling.
Nature immunology, 15, 808-814.
Ndejembi, M. P., Teijaro, J. R., Patke, D. S., Bingaman, A. W., Chandok, M. R.,
Azimzadeh, A., ... Farber, D. L. 2006. Control of memory CD4 T cell recall by
the CD28/B7 costimulatory pathway. J Immunol, 177, 7698-706.
Ndlovu, H., Darby, M., Froelich, M., Horsnell, W., Luhder, F., Hunig, T. &
Brombacher, F. 2014. Inducible deletion of CD28 prior to secondary
nippostrongylus brasiliensis infection impairs worm expulsion and recall of
protective memory CD4(+) T cell responses. PLoS Pathog, 10, e1003906.
Nelson, B. H. 2004. IL-2, Regulatory T Cells, and Tolerance. The Journal of
Immunology, 172, 3983.
Ng, T. H., Britton, G. J., Hill, E. V., Verhagen, J., Burton, B. R. & Wraith, D. C. 2013.
Regulation of adaptive immunity; the role of interleukin-10. Front Immunol, 4,
129.
Ngoenkam, J., Schamel, W. W. & Pongcharoen, S. 2018. Selected signalling proteins
recruited to the T-cell receptor-CD3 complex. Immunology, 153, 42-50.
Nhs Digital. 2017. Quality and Outcomes Framework – Prevalence, Achievements
and
Exceptions
Report
[Online].
NHS
Digital.
Available:
https://files.digital.nhs.uk/publication/c/r/qof-1617-rep.pdf
[Accessed
06/02/2019 2019].
Norris, S., Collins, C., Doherty, D. G., Smith, F., Mcentee, G., Traynor, O., ...
O'farrelly, C. 1998. Resident human hepatic lymphocytes are phenotypically
different from circulating lymphocytes. J Hepatol, 28, 84-90.
Obermayer-Straub, P., Perheentupa, J., Braun, S., Kayser, A., Barut, A., Loges, S.,
... Manns, M. P. 2001. Hepatic autoantigens in patients with autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy. Gastroenterology,
121, 668-77.
Oderup, C., Cederbom, L., Makowska, A., Cilio, C. M. & Ivars, F. 2006. Cytotoxic T
lymphocyte antigen-4-dependent down-modulation of costimulatory molecules
on dendritic cells in CD4+ CD25+ regulatory T-cell-mediated suppression.
Immunology, 118, 240-249.
Odobasic, D., Leech, M. T., Xue, J. R. & Holdsworth, S. R. 2008. Distinct in vivo roles
of CD80 and CD86 in the effector T-cell responses inducing antigen-induced
arthritis. Immunology, 124, 503-513.
Oettinger, M. A., Schatz, D. G., Gorka, C. & Baltimore, D. 1990. RAG-1 and RAG-2,
adjacent genes that synergistically activate V(D)J recombination. Science,
248, 1517-23.

321

Ohashi, P. S., Oehen, S., Buerki, K., Pircher, H., Ohashi, C. T., Odermatt, B., ...
Hengartner, H. 1991. Ablation of "tolerance" and induction of diabetes by
virus infection in viral antigen transgenic mice. Cell, 65, 305-17.
Ohnishi, H., Ledbetter, J. A., Kanner, S. B., Linsley, P. S., Tanaka, T., Geller, A. M. &
Kotb, M. 1995. CD28 cross-linking augments TCR-mediated signals and
costimulates superantigen responses. J Immunol, 154, 3180-93.
Okazaki, T., Maeda, A., Nishimura, H., Kurosaki, T. & Honjo, T. 2001. PD-1
immunoreceptor inhibits B cell receptor-mediated signaling by recruiting src
homology 2-domain-containing tyrosine phosphatase 2 to phosphotyrosine.
Proc Natl Acad Sci U S A, 98, 13866-71.
Okkenhaug, K., Bilancio, A., Emery, J. L. & Vanhaesebroeck, B. 2004.
Phosphoinositide 3-kinase in T cell activation and survival. Biochem Soc
Trans, 32, 332-5.
Okkenhaug, K., Wu, L., Garza, K. M., La Rose, J., Khoo, W., Odermatt, B., ...
Rottapel, R. 2001. A point mutation in CD28 distinguishes proliferative signals
from survival signals. Nat Immunol, 2, 325-32.
Okumura, A., Ishikawa, T., Sato, S., Yamauchi, T., Oshima, H., Ohashi, T., ...
Kakumu, S. 2008. Deficiency of forkhead box P3 and cytotoxic T-lymphocyteassociated antigen-4 gene expressions and impaired suppressor function of
CD4(+)CD25(+) T cells in patients with autoimmune hepatitis. Hepatol Res,
38, 896-903.
Onishi, Y., Fehervari, Z., Yamaguchi, T. & Sakaguchi, S. 2008. Foxp3+ natural
regulatory T cells preferentially form aggregates on dendritic cells in vitro and
actively inhibit their maturation. Proceedings of the National Academy of
Sciences, 105, 10113.
Oo, Y. H., Weston, C. J., Lalor, P. F., Curbishley, S. M., Withers, D. R., Reynolds, G.
M., ... Adams, D. H. 2010. Distinct roles for CCR4 and CXCR3 in the
recruitment and positioning of regulatory T cells in the inflamed human liver. J
Immunol, 184, 2886-98.
Oosterwegel, M. A., Mandelbrot, D. A., Boyd, S. D., Lorsbach, R. B., Jarrett, D. Y.,
Abbas, A. K. & Sharpe, A. H. 1999. The role of CTLA-4 in regulating Th2
differentiation. J Immunol, 163, 2634-9.
Ouabed, A., Hubert, F. X., Chabannes, D., Gautreau, L., Heslan, M. & Josien, R.
2008. Differential control of T regulatory cell proliferation and suppressive
activity by mature plasmacytoid versus conventional spleen dendritic cells. J
Immunol, 180, 5862-70.
Pages, F., Ragueneau, M., Rottapel, R., Truneh, A., Nunes, J., Imbert, J. & Olive, D.
1994. Binding of phosphatidylinositol-3-OH kinase to CD28 is required for Tcell signalling. Nature, 369, 327-9.
Pandiyan, P., Zheng, L., Ishihara, S., Reed, J. & Lenardo, M. J. 2007.
CD4+CD25+Foxp3+ regulatory T cells induce cytokine deprivation-mediated
apoptosis of effector CD4+ T cells. Nat Immunol, 8, 1353-62.
Park, H. J., Park, J. S., Jeong, Y. H., Son, J., Ban, Y. H., Lee, B. H., ... Ha, S. J.
2015. PD-1 upregulated on regulatory T cells during chronic virus infection
enhances the suppression of CD8+ T cell immune response via the
interaction with PD-L1 expressed on CD8+ T cells. J Immunol, 194, 5801-11.
Parry, R. V., Chemnitz, J. M., Frauwirth, K. A., Lanfranco, A. R., Braunstein, I.,
Kobayashi, S. V., ... Riley, J. L. 2005. CTLA-4 and PD-1 Receptors Inhibit TCell Activation by Distinct Mechanisms. Molecular and Cellular Biology, 25,
9543.

322

Paterson, A. M., Lovitch, S. B., Sage, P. T., Juneja, V. R., Lee, Y., Trombley, J. D., ...
Sharpe, A. H. 2015. Deletion of CTLA-4 on regulatory T cells during
adulthood leads to resistance to autoimmunity. J Exp Med, 212, 1603-21.
Patsoukis, N., Li, L., Sari, D., Petkova, V. & Boussiotis, V. A. 2013. PD-1 increases
PTEN phosphatase activity while decreasing PTEN protein stability by
inhibiting casein kinase 2. Molecular and cellular biology, 33, 3091-3098.
Patterson, G. H., Knobel, S. M., Sharif, W. D., Kain, S. R. & Piston, D. W. 1997. Use
of the green fluorescent protein and its mutants in quantitative fluorescence
microscopy. Biophys J, 73, 2782-90.
Paust, S., Lu, L., Mccarty, N. & Cantor, H. 2004. Engagement of B7 on effector T
cells by regulatory T cells prevents autoimmune disease. Proc Natl Acad Sci
U S A, 101, 10398-403.
Peach, R. J., Bajorath, J., Naemura, J., Leytze, G., Greene, J., Aruffo, A. & Linsley,
P. S. 1995. Both extracellular immunoglobin-like domains of CD80 contain
residues critical for binding T cell surface receptors CTLA-4 and CD28. J Biol
Chem, 270, 21181-7.
Peggs, K. S., Quezada, S. A., Chambers, C. A., Korman, A. J. & Allison, J. P. 2009.
Blockade of CTLA-4 on both effector and regulatory T cell compartments
contributes to the antitumor activity of anti-CTLA-4 antibodies. J Exp Med,
206, 1717-25.
Peiseler, M., Sebode, M., Franke, B., Wortmann, F., Schwinge, D., Quaas, A., ...
Herkel, J. 2012. FOXP3+ regulatory T cells in autoimmune hepatitis are fully
functional and not reduced in frequency. J Hepatol, 57, 125-32.
Pejawar-Gaddy, S. & Alexander-Miller, M. A. 2006. Ligation of CD80 Is Critical for
High-Level CD25 Expression on CD8<sup>+ T Lymphocytes. The Journal of
Immunology, 177, 4495.
Pentcheva-Hoang, T., Egen, J. G., Wojnoonski, K. & Allison, J. P. 2004. B7-1 and
B7-2 selectively recruit CTLA-4 and CD28 to the immunological synapse.
Immunity, 21, 401-13.
Pillai, V., Ortega, S. B., Wang, C. K. & Karandikar, N. J. 2007. Transient regulatory Tcells: a state attained by all activated human T-cells. Clinical immunology
(Orlando, Fla.), 123, 18-29.
Poirier, N., Chevalier, M., Mary, C., Hervouet, J., Minault, D., Baker, P., ... Vanhove,
B. 2016. Selective CD28 Antagonist Blunts Memory Immune Responses and
Promotes Long-Term Control of Skin Inflammation in Nonhuman Primates. J
Immunol, 196, 274-83.
Poli, F., Frison, S., Cardillo, M., Scalamogna, M., Longhi, E., Crespiatico, L., ...
Sirchia, G. 2001. A retrospective analysis of HLA matching and other factors
on liver graft outcome. Transplant Proc, 33, 1368-9.
Poltorak, A., He, X., Smirnova, I., Liu, M. Y., Van Huffel, C., Du, X., ... Beutler, B.
1998. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice:
mutations in Tlr4 gene. Science, 282, 2085-8.
Porciello, N. & Tuosto, L. 2016. CD28 costimulatory signals in T lymphocyte
activation: Emerging functions beyond a qualitative and quantitative support
to TCR signalling. Cytokine Growth Factor Rev, 28, 11-9.
Protzer, U., Maini, M. K. & Knolle, P. A. 2012. Living in the liver: hepatic infections.
Nat Rev Immunol, 12, 201-13.
Qureshi, O. S., Kaur, S., Hou, T. Z., Jeffery, L. E., Poulter, N. S., Briggs, Z., ...
Sansom, D. M. 2012. Constitutive clathrin-mediated endocytosis of CTLA-4
persists during T cell activation. J Biol Chem, 287, 9429-40.

323

Qureshi, O. S., Zheng, Y., Nakamura, K., Attridge, K., Manzotti, C., Schmidt, E. M., ...
Sansom, D. M. 2011. Trans-endocytosis of CD80 and CD86: a molecular
basis for the cell-extrinsic function of CTLA-4. Science, 332, 600-3.
Raab, M., Cai, Y. C., Bunnell, S. C., Heyeck, S. D., Berg, L. J. & Rudd, C. E. 1995.
p56Lck and p59Fyn regulate CD28 binding to phosphatidylinositol 3-kinase,
growth factor receptor-bound protein GRB-2, and T cell-specific proteintyrosine kinase ITK: implications for T-cell costimulation. Proc Natl Acad Sci U
S A, 92, 8891-5.
Raab, M., Pfister, S. & Rudd, C. E. 2001. CD28 signaling via VAV/SLP-76 adaptors:
regulation of cytokine transcription independent of TCR ligation. Immunity, 15,
921-33.
Racke, M. K., Scott, D. E., Quigley, L., Gray, G. S., Abe, R., June, C. H. & Perrin, P.
J. 1995. Distinct roles for B7-1 (CD-80) and B7-2 (CD-86) in the initiation of
experimental allergic encephalomyelitis. J Clin Invest, 96, 2195-203.
Raphael, I., Nalawade, S., Eagar, T. N. & Forsthuber, T. G. 2015. T cell subsets and
their signature cytokines in autoimmune and inflammatory diseases.
Cytokine, 74, 5-17.
Ravichandran, K. S. & Burakoff, S. J. 1994. The adapter protein Shc interacts with
the interleukin-2 (IL-2) receptor upon IL-2 stimulation. J Biol Chem, 269,
1599-602.
Raychaudhuri, S., Thomson, B. P., Remmers, E. F., Eyre, S., Hinks, A., Guiducci, C.,
... Plenge, R. M. 2009. Genetic variants at CD28, PRDM1 and CD2/CD58 are
associated with rheumatoid arthritis risk. Nature genetics, 41, 1313-1318.
Read, S., Malmstrom, V. & Powrie, F. 2000. Cytotoxic T lymphocyte-associated
antigen 4 plays an essential role in the function of CD25(+)CD4(+) regulatory
cells that control intestinal inflammation. J Exp Med, 192, 295-302.
Refaeli, Y., Van Parijs, L., London, C. A., Tschopp, J. & Abbas, A. K. 1998.
Biochemical mechanisms of IL-2-regulated Fas-mediated T cell apoptosis.
Immunity, 8, 615-23.
Revu, S., Wu, J., Henkel, M., Rittenhouse, N., Menk, A., Delgoffe, G. M., ...
Mcgeachy, M. J. 2018. IL-23 and IL-1beta Drive Human Th17 Cell
Differentiation and Metabolic Reprogramming in Absence of CD28
Costimulation. Cell Rep, 22, 2642-2653.
Richardson, P. D. & Withrington, P. G. 1981. Liver blood flow. I. Intrinsic and nervous
control of liver blood flow. Gastroenterology, 81, 159-73.
Riella, L. V., Liu, T., Yang, J., Chock, S., Shimizu, T., Mfarrej, B., ... Chandraker, A.
2012. Deleterious effect of CTLA4-Ig on a Treg-dependent transplant model.
Am J Transplant, 12, 846-55.
Robins, H. S., Campregher, P. V., Srivastava, S. K., Wacher, A., Turtle, C. J.,
Kahsai, O., ... Carlson, C. S. 2009. Comprehensive assessment of T-cell
receptor beta-chain diversity in alphabeta T cells. Blood, 114, 4099-107.
Roederer, M. 2011. Interpretation of cellular proliferation data: Avoid the panglossian.
Cytometry Part A, 79A, 95-101.
Rogers, P. R., Song, J., Gramaglia, I., Killeen, N. & Croft, M. 2001. OX40 promotes
Bcl-xL and Bcl-2 expression and is essential for long-term survival of CD4 T
cells. Immunity, 15, 445-55.
Rojas, M., Restrepo-Jimenez, P., Monsalve, D. M., Pacheco, Y., Acosta-Ampudia,
Y., Ramirez-Santana, C., ... Anaya, J. M. 2018. Molecular mimicry and
autoimmunity. J Autoimmun, 95, 100-123.
Rosenblum, M. D., Remedios, K. A. & Abbas, A. K. 2015. Mechanisms of human
autoimmunity. The Journal of clinical investigation, 125, 2228-2233.

324

Rosenzwajg, M., Lorenzon, R., Cacoub, P., Pham, H. P., Pitoiset, F., El Soufi, K., ...
Klatzmann, D. 2019. Immunological and clinical effects of low-dose
interleukin-2 across 11 autoimmune diseases in a single, open clinical trial.
Ann Rheum Dis, 78, 209-217.
Rowshanravan, B., Halliday, N. & Sansom, D. M. 2018. CTLA-4: a moving target in
immunotherapy. Blood, 131, 58-67.
Rulifson, I. C., Sperling, A. I., Fields, P. E., Fitch, F. W. & Bluestone, J. A. 1997.
CD28 costimulation promotes the production of Th2 cytokines. J Immunol,
158, 658-65.
Sadlack, B., Merz, H., Schorle, H., Schimpl, A., Feller, A. C. & Horak, I. 1993.
Ulcerative colitis-like disease in mice with a disrupted interleukin-2 gene. Cell,
75, 253-61.
Sakaguchi, S. 2005. Naturally arising Foxp3-expressing CD25+CD4+ regulatory T
cells in immunological tolerance to self and non-self. Nat Immunol, 6, 345-52.
Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M. & Toda, M. 1995. Immunologic
self-tolerance maintained by activated T cells expressing IL-2 receptor alphachains (CD25). Breakdown of a single mechanism of self-tolerance causes
various autoimmune diseases. J Immunol, 155, 1151-64.
Sakaguchi, S., Yamaguchi, T., Nomura, T. & Ono, M. 2008. Regulatory T Cells and
Immune Tolerance. Cell, 133, 775-787.
Salomon, B., Lenschow, D. J., Rhee, L., Ashourian, N., Singh, B., Sharpe, A. &
Bluestone, J. A. 2000. B7/CD28 costimulation is essential for the homeostasis
of the CD4+CD25+ immunoregulatory T cells that control autoimmune
diabetes. Immunity, 12, 431-40.
Salomon, B., Rhee, L., Bour-Jordan, H., Hsin, H., Montag, A., Soliven, B., ...
Bluestone, J. A. 2001. Development of spontaneous autoimmune peripheral
polyneuropathy in B7-2-deficient NOD mice. J Exp Med, 194, 677-84.
Sanchez-Lockhart, M., Kim, M. & Miller, J. 2011. Cutting Edge: A Role for Inside-Out
Signaling in TCR Regulation of CD28 Ligand Binding. The Journal of
Immunology, 187, 5515.
Sanchez-Lockhart, M., Rojas, A. V., Fettis, M. M., Bauserman, R., Higa, T. R., Miao,
H., ... Miller, J. 2014. T cell receptor signaling can directly enhance the avidity
of CD28 ligand binding. PLoS One, 9, e89263.
Sansom, D. M. & Hall, N. D. 1993. B7/BB1, the ligand for CD28, is expressed on
repeatedly activated human T cells in vitro. Eur J Immunol, 23, 295-8.
Santra, S., Barouch, D. H., Sharpe, A. H. & Letvin, N. L. 2000. B7 co-stimulatory
requirements differ for induction of immune responses by DNA, protein and
recombinant pox virus vaccination. Eur J Immunol, 30, 2650-9.
Schmidt, E. M., Wang, C. J., Ryan, G. A., Clough, L. E., Qureshi, O. S., Goodall, M.,
... Walker, L. S. 2009. Ctla-4 controls regulatory T cell peripheral homeostasis
and is required for suppression of pancreatic islet autoimmunity. J Immunol,
182, 274-82.
Schneider, H., Cai, Y. C., Prasad, K. V., Shoelson, S. E. & Rudd, C. E. 1995. T cell
antigen CD28 binds to the GRB-2/SOS complex, regulators of p21ras. Eur J
Immunol, 25, 1044-50.
Scholzen, T. & Gerdes, J. 2000. The Ki-67 protein: from the known and the unknown.
J Cell Physiol, 182, 311-22.
Schubert, D., Bode, C., Kenefeck, R., Hou, T. Z., Wing, J. B., Kennedy, A., ...
Grimbacher, B. 2014. Autosomal dominant immune dysregulation syndrome
in humans with CTLA4 mutations. Nat Med, 20, 1410-1416.
Schwab, C., Gabrysch, A., Olbrich, P., Patino, V., Warnatz, K., Wolff, D., ...
Grimbacher, B. 2018. Phenotype, penetrance, and treatment of 133 cytotoxic

325

T-lymphocyte antigen 4-insufficient subjects. J Allergy Clin Immunol, 142,
1932-1946.
Schwartz, J. C., Zhang, X., Fedorov, A. A., Nathenson, S. G. & Almo, S. C. 2001.
Structural basis for co-stimulation by the human CTLA-4/B7-2 complex.
Nature, 410, 604-8.
Schweitzer, A. N., Borriello, F., Wong, R. C., Abbas, A. K. & Sharpe, A. H. 1997. Role
of costimulators in T cell differentiation: studies using antigen-presenting cells
lacking expression of CD80 or CD86. J Immunol, 158, 2713-22.
Schweitzer, A. N. & Sharpe, A. H. 1998. Studies Using Antigen-Presenting Cells
Lacking Expression of Both B7-1 (CD80) and B7-2 (CD86) Show Distinct
Requirements for B7 Molecules During Priming Versus Restimulation of Th2
But Not Th1 Cytokine Production. The Journal of Immunology, 161, 2762.
Senaldi, G., Lobo-Yeo, A., Mowat, A. P., Mieli-Vergani, G. & Vergani, D. 1991. Class
I and class II major histocompatibility complex antigens on hepatocytes:
importance of the method of detection and expression in histologically normal
and diseased livers. J Clin Pathol, 44, 107-14.
Senaldi, G., Portmann, B., Mowat, A. P., Mieli-Vergani, G. & Vergani, D. 1992.
Immunohistochemical features of the portal tract mononuclear cell infiltrate in
chronic aggressive hepatitis. Arch Dis Child, 67, 1447-53.
Sendo, S., Saegusa, J. & Morinobu, A. 2018. Myeloid-derived suppressor cells in
non-neoplastic inflamed organs. Inflammation and regeneration, 38, 19-19.
Setoguchi, R., Hori, S., Takahashi, T. & Sakaguchi, S. 2005. Homeostatic
maintenance of natural Foxp3(+) CD25(+) CD4(+) regulatory T cells by
interleukin (IL)-2 and induction of autoimmune disease by IL-2 neutralization.
J Exp Med, 201, 723-35.
Shahinian, A., Pfeffer, K., Lee, K. P., Kundig, T. M., Kishihara, K., Wakeham, A., ...
Mak, T. W. 1993. Differential T cell costimulatory requirements in CD28deficient mice. Science, 261, 609-12.
Shaner, N. C., Steinbach, P. A. & Tsien, R. Y. 2005. A guide to choosing fluorescent
proteins. Nat Methods, 2, 905-9.
Shapiro, V. S., Truitt, K. E., Imboden, J. B. & Weiss, A. 1997. CD28 mediates
transcriptional upregulation of the interleukin-2 (IL-2) promoter through a
composite element containing the CD28RE and NF-IL-2B AP-1 sites.
Molecular and cellular biology, 17, 4051-4058.
Sheppard, K. A., Fitz, L. J., Lee, J. M., Benander, C., George, J. A., Wooters, J., ...
Chaudhary, D. 2004. PD-1 inhibits T-cell receptor induced phosphorylation of
the ZAP70/CD3zeta signalosome and downstream signaling to PKCtheta.
FEBS Lett, 574, 37-41.
Slavik, J. M., Hutchcroft, J. E. & Bierer, B. E. 1999. CD80 and CD86 are not
equivalent in their ability to induce the tyrosine phosphorylation of CD28. J
Biol Chem, 274, 3116-24.
Smeets, R. L., Fleuren, W. W., He, X., Vink, P. M., Wijnands, F., Gorecka, M., ...
Alkema, W. 2012. Molecular pathway profiling of T lymphocyte signal
transduction pathways; Th1 and Th2 genomic fingerprints are defined by TCR
and CD28-mediated signaling. BMC Immunol, 13, 12.
Smith-Garvin, J. E., Koretzky, G. A. & Jordan, M. S. 2009. T cell activation. Annu Rev
Immunol, 27, 591-619.
Sojka, D. K., Hughson, A. & Fowell, D. J. 2009. CTLA-4 is required by CD4+CD25+
Treg to control CD4+ T-cell lymphopenia-induced proliferation. Eur J
Immunol, 39, 1544-51.

326

Somers, E. C., Thomas, S. L., Smeeth, L. & Hall, A. J. 2009. Are individuals with an
autoimmune disease at higher risk of a second autoimmune disorder? Am J
Epidemiol, 169, 749-55.
Stamper, C. C., Zhang, Y., Tobin, J. F., Erbe, D. V., Ikemizu, S., Davis, S. J., ...
Mosyak, L. 2001. Crystal structure of the B7-1/CTLA-4 complex that inhibits
human immune responses. Nature, 410, 608-11.
Starzl, T. E., Demetris, A. J., Trucco, M., Murase, N., Ricordi, C., Ildstad, S., ... Fung,
J. J. 1993. Cell migration and chimerism after whole-organ transplantation:
the basis of graft acceptance. Hepatology (Baltimore, Md.), 17, 1127-1152.
Steinman, R. M., Hawiger, D. & Nussenzweig, M. C. 2003. Tolerogenic dendritic
cells. Annu Rev Immunol, 21, 685-711.
Strauss, O., Dunbar, P. R., Bartlett, A. & Phillips, A. 2015. The immunophenotype of
antigen presenting cells of the mononuclear phagocyte system in normal
human liver &#x2013; A systematic review. Journal of Hepatology, 62, 458468.
Su, B., Jacinto, E., Hibi, M., Kallunki, T., Karin, M. & Ben-Neriah, Y. 1994. JNK is
involved in signal integration during costimulation of T lymphocytes. Cell, 77,
727-36.
Sugiura, D., Maruhashi, T., Okazaki, I. M., Shimizu, K., Maeda, T. K., Takemoto, T. &
Okazaki, T. 2019. Restriction of PD-1 function by cis-PD-L1/CD80 interactions
is required for optimal T cell responses. Science, 364, 558-566.
Sun, C. M., Hall, J. A., Blank, R. B., Bouladoux, N., Oukka, M., Mora, J. R. & Belkaid,
Y. 2007. Small intestine lamina propria dendritic cells promote de novo
generation of Foxp3 T reg cells via retinoic acid. J Exp Med, 204, 1775-85.
Sun, T., Hu, Z., Shen, H. & Lin, D. 2009. Genetic polymorphisms in cytotoxic Tlymphocyte antigen 4 and cancer: the dialectical nature of subtle human
immune dysregulation. Cancer Res, 69, 6011-4.
Suntharalingam, G., Perry, M. R., Ward, S., Brett, S. J., Castello-Cortes, A., Brunner,
M. D. & Panoskaltsis, N. 2006. Cytokine storm in a phase 1 trial of the antiCD28 monoclonal antibody TGN1412. N Engl J Med, 355, 1018-28.
Super, M., Thiel, S., Lu, J., Levinsky, R. J. & Turner, M. W. 1989. Association of low
levels of mannan-binding protein with a common defect of opsonisation.
Lancet, 2, 1236-9.
Surh, C. D. & Sprent, J. 1994. T-cell apoptosis detected in situ during positive and
negative selection in the thymus. Nature, 372, 100-3.
Sutmuller, R. P. M., Van Duivenvoorde, L. M., Van Elsas, A., Schumacher, T. N. M.,
Wildenberg, M. E., Allison, J. P., ... Melief, C. J. M. 2001. Synergism of
Cytotoxic T Lymphocyte–Associated Antigen 4 Blockade and Depletion of
Cd25(+) Regulatory T Cells in Antitumor Therapy Reveals Alternative
Pathways for Suppression of Autoreactive Cytotoxic T Lymphocyte
Responses. The Journal of Experimental Medicine, 194, 823-832.
Suzuki, H., Kundig, T. M., Furlonger, C., Wakeham, A., Timms, E., Matsuyama, T., ...
Et Al. 1995. Deregulated T cell activation and autoimmunity in mice lacking
interleukin-2 receptor beta. Science, 268, 1472-6.
Tabares, P., Berr, S., Römer, P. S., Chuvpilo, S., Matskevich, A. A., Tyrsin, D., ...
Hünig, T. 2013. Human regulatory T cells are selectively activated by lowdose application of the CD28 superagonist TGN1412/TAB08. European
Journal of Immunology, 44, 1225-1236.
Taga, K., Mostowski, H. & Tosato, G. 1993. Human interleukin-10 can directly inhibit
T-cell growth. Blood, 81, 2964-71.

327

Tai, X., Cowan, M., Feigenbaum, L. & Singer, A. 2005. CD28 costimulation of
developing thymocytes induces Foxp3 expression and regulatory T cell
differentiation independently of interleukin 2. Nature Immunology, 6, 152.
Takahashi, T., Kuniyasu, Y., Toda, M., Sakaguchi, N., Itoh, M., Iwata, M., ...
Sakaguchi, S. 1998. Immunologic self-tolerance maintained by CD25+CD4+
naturally anergic and suppressive T cells: induction of autoimmune disease
by breaking their anergic/suppressive state. Int Immunol, 10, 1969-80.
Takahashi, T., Tagami, T., Yamazaki, S., Uede, T., Shimizu, J., Sakaguchi, N., ...
Sakaguchi, S. 2000. Immunologic self-tolerance maintained by
CD25(+)CD4(+) regulatory T cells constitutively expressing cytotoxic T
lymphocyte-associated antigen 4. J Exp Med, 192, 303-10.
Takenaka, M. C. & Quintana, F. J. 2017. Tolerogenic dendritic cells. Seminars in
immunopathology, 39, 113-120.
Takeshita, T., Asao, H., Ohtani, K., Ishii, N., Kumaki, S., Tanaka, N., ... Sugamura, K.
1992. Cloning of the gamma chain of the human IL-2 receptor. Science, 257,
379.
Tan, Y. X., Manz, B. N., Freedman, T. S., Zhang, C., Shokat, K. M. & Weiss, A. 2014.
Inhibition of the kinase Csk in thymocytes reveals a requirement for actin
remodeling in the initiation of full TCR signaling. Nat Immunol, 15, 186-94.
Tang, Q., Boden, E. K., Henriksen, K. J., Bour-Jordan, H., Bi, M. & Bluestone, J. A.
2004. Distinct roles of CTLA-4 and TGF-beta in CD4+CD25+ regulatory T cell
function. Eur J Immunol, 34, 2996-3005.
Tang, Q., Henriksen, K. J., Boden, E. K., Tooley, A. J., Ye, J., Subudhi, S. K., ...
Bluestone, J. A. 2003. Cutting Edge: CD28 Controls Peripheral Homeostasis
of CD4+CD25+ Regulatory T Cells. 171, 3348-3352.
Tao, X., Constant, S., Jorritsma, P. & Bottomly, K. 1997. Strength of TCR signal
determines the costimulatory requirements for Th1 and Th2 CD4+ T cell
differentiation. J Immunol, 159, 5956-63.
Taubert, R., Hardtke-Wolenski, M., Noyan, F., Wilms, A., Baumann, A. K., Schlue, J.,
... Jaeckel, E. 2014. Intrahepatic regulatory T cells in autoimmune hepatitis
are associated with treatment response and depleted with current therapies. J
Hepatol, 61, 1106-14.
Teijaro, J. R., Njau, M. N., Verhoeven, D., Chandran, S., Nadler, S. G., Hasday, J. &
Farber, D. L. 2009. Costimulation modulation uncouples protection from
immunopathology in memory T cell responses to influenza virus. J Immunol,
182, 6834-43.
Thauland, T. J., Koguchi, Y., Dustin, M. L. & Parker, D. C. 2014. CD28–CD80
Interactions Control Regulatory T Cell Motility and Immunological Synapse
Formation. The Journal of Immunology, 193, 5894.
Theofilopoulos, A. N., Kono, D. H. & Baccala, R. 2017. The multiple pathways to
autoimmunity. Nature immunology, 18, 716-724.
Thompson, C. B. & Allison, J. P. 1997. The emerging role of CTLA-4 as an immune
attenuator. Immunity, 7, 445-50.
Thomson, A. W. & Knolle, P. A. 2010. Antigen-presenting cell function in the
tolerogenic liver environment. Nat Rev Immunol, 10, 753-66.
Thornton, A. M. & Shevach, E. M. 1998. CD4+CD25+ immunoregulatory T cells
suppress polyclonal T cell activation in vitro by inhibiting interleukin 2
production. J Exp Med, 188, 287-96.
Tiegs, G. & Lohse, A. W. 2010. Immune tolerance: what is unique about the liver. J
Autoimmun, 34, 1-6.
Tiniakos, D. G., Brain, J. G. & Bury, Y. A. 2015. Role of Histopathology in
Autoimmune Hepatitis. Digestive Diseases, 33(suppl 2), 53-64.

328

Tivol, E. A., Borriello, F., Schweitzer, A. N., Lynch, W. P., Bluestone, J. A. & Sharpe,
A. H. 1995. Loss of CTLA-4 leads to massive lymphoproliferation and fatal
multiorgan tissue destruction, revealing a critical negative regulatory role of
CTLA-4. Immunity, 3, 541-7.
Todo, S., Yamashita, K., Goto, R., Zaitsu, M., Nagatsu, A., Oura, T., ... Okumura, K.
2016. A pilot study of operational tolerance with a regulatory T-cell-based cell
therapy in living donor liver transplantation. Hepatology, 64, 632-43.
Tran, D. Q., Ramsey, H. & Shevach, E. M. 2007. Induction of FOXP3 expression in
naive human CD4+FOXP3 T cells by T-cell receptor stimulation is
transforming growth factor-beta dependent but does not confer a regulatory
phenotype. Blood, 110, 2983-90.
Truitt, K. E., Hicks, C. M. & Imboden, J. B. 1994. Stimulation of CD28 triggers an
association between CD28 and phosphatidylinositol 3-kinase in Jurkat T cells.
J Exp Med, 179, 1071-6.
Truneh, A., Reddy, M., Ryan, P., Lyn, S. D., Eichman, C., Couez, D., ... Sweet, R.
1996. Differential recognition by CD28 of its cognate counter receptors CD80
(B7.1) and B70 (B7.2): analysis by site directed mutagenesis. Mol Immunol,
33, 321-34.
Trynka, G., Hunt, K. A., Bockett, N. A., Romanos, J., Mistry, V., Szperl, A., ... Van
Heel, D. A. 2011. Dense genotyping identifies and localizes multiple common
and rare variant association signals in celiac disease. Nat Genet, 43, 1193201.
Trzonkowski, P., Bieniaszewska, M., Juscinska, J., Dobyszuk, A., Krzystyniak, A.,
Marek, N., ... Hellmann, A. 2009. First-in-man clinical results of the treatment
of patients with graft versus host disease with human ex vivo expanded
CD4+CD25+CD127- T regulatory cells. Clin Immunol, 133, 22-6.
Tsuda, M., Torgerson, T. R., Selmi, C., Gambineri, E., Carneiro-Sampaio, M.,
Mannurita, S. C., ... Gershwin, M. E. 2010. The spectrum of autoantibodies in
IPEX syndrome is broad and includes anti-mitochondrial autoantibodies. J
Autoimmun, 35, 265-8.
Turvey, S. E. & Broide, D. H. 2010. Innate immunity. J Allergy Clin Immunol, 125,
S24-32.
Tze, L. E., Horikawa, K., Domaschenz, H., Howard, D. R., Roots, C. M., Rigby, R. J.,
... Goodnow, C. C. 2011. CD83 increases MHC II and CD86 on dendritic cells
by opposing IL-10-driven MARCH1-mediated ubiquitination and degradation.
J Exp Med, 208, 149-65.
Ueda, H., Howson, J. M., Esposito, L., Heward, J., Snook, H., Chamberlain, G., ...
Gough, S. C. 2003. Association of the T-cell regulatory gene CTLA4 with
susceptibility to autoimmune disease. Nature, 423, 506-11.
Uhrig, A., Banafsche, R., Kremer, M., Hegenbarth, S., Hamann, A., Neurath, M., ...
Knolle, P. A. 2005. Development and functional consequences of LPS
tolerance in sinusoidal endothelial cells of the liver. J Leukoc Biol, 77, 626-33.
Vanderlugt, C. L., Karandikar, N. J., Lenschow, D. J., Dal Canto, M. C., Bluestone, J.
A. & Miller, S. D. 1997. Treatment with intact anti-B7-1 mAb during disease
remission enhances epitope spreading and exacerbates relapses in R-EAE. J
Neuroimmunol, 79, 113-8.
Verma, N. K. & Kelleher, D. 2017. Not Just an Adhesion Molecule: LFA-1 Contact
Tunes the T Lymphocyte Program. J Immunol, 199, 1213-1221.
Verweij, C. L., Geerts, M. & Aarden, L. A. 1991. Activation of interleukin-2 gene
transcription via the T-cell surface molecule CD28 is mediated through an NFkB-like response element. J Biol Chem, 266, 14179-82.

329

Villegas, E. N., Elloso, M. M., Reichmann, G., Peach, R. & Hunter, C. A. 1999. Role
of CD28 in the generation of effector and memory responses required for
resistance to Toxoplasma gondii. J Immunol, 163, 3344-53.
Vincenti, F., Rostaing, L., Grinyo, J., Rice, K., Steinberg, S., Gaite, L., ... Larsen, C.
P. 2016. Belatacept and Long-Term Outcomes in Kidney Transplantation. N
Engl J Med, 374, 333-43.
Viola, A. & Lanzavecchia, A. 1996. T cell activation determined by T cell receptor
number and tunable thresholds. Science, 273, 104-6.
Von Spee-Mayer, C., Siegert, E., Abdirama, D., Rose, A., Klaus, A., Alexander, T., ...
Humrich, J. Y. 2016. Low-dose interleukin-2 selectively corrects regulatory T
cell defects in patients with systemic lupus erythematosus. Ann Rheum Dis,
75, 1407-15.
Walker, L. S., Gulbranson-Judge, A., Flynn, S., Brocker, T., Raykundalia, C.,
Goodall, M., ... Lane, P. 1999. Compromised OX40 function in CD28-deficient
mice is linked with failure to develop CXC chemokine receptor 5-positive CD4
cells and germinal centers. J Exp Med, 190, 1115-22.
Walker, L. S. & Sansom, D. M. 2015. Confusing signals: recent progress in CTLA-4
biology. Trends Immunol, 36, 63-70.
Walker, L. S. K. 2004. CD4+ CD25+ Treg: divide and rule? Immunology, 111, 129137.
Walsh, P. T., Buckler, J. L., Zhang, J., Gelman, A. E., Dalton, N. M., Taylor, D. K., ...
Turka, L. A. 2006. PTEN inhibits IL-2 receptor-mediated expansion of CD4+
CD25+ Tregs. J Clin Invest, 116, 2521-31.
Walunas, T. L., Lenschow, D. J., Bakker, C. Y., Linsley, P. S., Freeman, G. J., Green,
J. M., ... Bluestone, J. A. 1994. CTLA-4 can function as a negative regulator
of T cell activation. Immunity, 1, 405-13.
Wang, C. J., Heuts, F., Ovcinnikovs, V., Wardzinski, L., Bowers, C., Schmidt, E. M.,
... Walker, L. S. 2015. CTLA-4 controls follicular helper T-cell differentiation by
regulating the strength of CD28 engagement. Proc Natl Acad Sci U S A, 112,
524-9.
Wang, C. J., Kenefeck, R., Wardzinski, L., Attridge, K., Manzotti, C., Schmidt, E. M.,
... Walker, L. S. 2012. Cutting edge: cell-extrinsic immune regulation by
CTLA-4 expressed on conventional T cells. J Immunol, 189, 1118-22.
Wang, F., Huang, C. Y. & Kanagawa, O. 1998. Rapid deletion of rearranged T cell
antigen receptor (TCR) Valpha-Jalpha segment by secondary rearrangement
in the thymus: role of continuous rearrangement of TCR alpha chain gene and
positive selection in the T cell repertoire formation. Proceedings of the
National Academy of Sciences of the United States of America, 95, 1183411839.
Wang, J., Ioan-Facsinay, A., Van Der Voort, E. I., Huizinga, T. W. & Toes, R. E.
2007. Transient expression of FOXP3 in human activated nonregulatory
CD4+ T cells. Eur J Immunol, 37, 129-38.
Waterhouse, P., Penninger, J. M., Timms, E., Wakeham, A., Shahinian, A., Lee, K.
P., ... Mak, T. W. 1995. Lymphoproliferative disorders with early lethality in
mice deficient in Ctla-4. Science, 270, 985-8.
Webb, G., Chen, Y. Y., Li, K. K., Neil, D., Oo, Y. H., Richter, A., ... Hirschfield, G. M.
2016. Single-gene association between GATA-2 and autoimmune hepatitis: A
novel genetic insight highlighting immunologic pathways to disease. J
Hepatol, 64, 1190-1193.
Weiss, A., Manger, B. & Imboden, J. 1986. Synergy between the T3/antigen receptor
complex and Tp44 in the activation of human T cells. J Immunol, 137, 81925.

330

Wherry, E. J. & Kurachi, M. 2015. Molecular and cellular insights into T cell
exhaustion. Nature reviews. Immunology, 15, 486-499.
Wikenheiser, D. J. & Stumhofer, J. S. 2016. ICOS Co-Stimulation: Friend or Foe?
Front Immunol, 7, 304.
Wildin, R. S., Ramsdell, F., Peake, J., Faravelli, F., Casanova, J. L., Buist, N., ...
Brunkow, M. E. 2001. X-linked neonatal diabetes mellitus, enteropathy and
endocrinopathy syndrome is the human equivalent of mouse scurfy. Nat
Genet, 27, 18-20.
Willerford, D. M., Chen, J., Ferry, J. A., Davidson, L., Ma, A. & Alt, F. W. 1995.
Interleukin-2 receptor alpha chain regulates the size and content of the
peripheral lymphoid compartment. Immunity, 3, 521-30.
Wing, K., Onishi, Y., Prieto-Martin, P., Yamaguchi, T., Miyara, M., Fehervari, Z., ...
Sakaguchi, S. 2008. CTLA-4 control over Foxp3+ regulatory T cell function.
Science, 322, 271-5.
Wing, K. & Sakaguchi, S. 2010. Regulatory T cells exert checks and balances on self
tolerance and autoimmunity. Nat Immunol, 11, 7-13.
Wooldridge, L., Ekeruche-Makinde, J., Van Den Berg, H. A., Skowera, A., Miles, J. J.,
Tan, M. P., ... Sewell, A. K. 2012. A single autoimmune T cell receptor
recognizes more than a million different peptides. J Biol Chem, 287, 1168-77.
Wu, Y., Borde, M., Heissmeyer, V., Feuerer, M., Lapan, A. D., Stroud, J. C., ... Rao,
A. 2006. FOXP3 controls regulatory T cell function through cooperation with
NFAT. Cell, 126, 375-87.
Xiang, J., Gu, X., Qian, S. & Chen, Z. 2008. Graded function of CD80 and CD86 in
initiation of T-cell immune response and cardiac allograft survival. Transpl Int,
21, 163-8.
Yamaguchi, T., Kishi, A., Osaki, M., Morikawa, H., Prieto-Martin, P., Wing, K., ...
Sakaguchi, S. 2013. Construction of self-recognizing regulatory T cells from
conventional T cells by controlling CTLA-4 and IL-2 expression. Proceedings
of the National Academy of Sciences, 110, E2116.
Yamazaki, S., Iyoda, T., Tarbell, K., Olson, K., Velinzon, K., Inaba, K. & Steinman, R.
M. 2003. Direct Expansion of Functional CD25+ CD4+ Regulatory T Cells by
Antigen-processing Dendritic Cells. The Journal of Experimental Medicine,
198, 235.
Yang, R., Liu, Q., Grosfeld, J. L. & Pescovitz, M. D. 1994. Intestinal venous drainage
through the liver is a prerequisite for oral tolerance induction. J Pediatr Surg,
29, 1145-8.
Yeoman, A. D., Westbrook, R. H., Zen, Y., Bernal, W., Al-Chalabi, T., Wendon, J. A.,
... Heneghan, M. A. 2014. Prognosis of acute severe autoimmune hepatitis
(AS-AIH): the role of corticosteroids in modifying outcome. J Hepatol, 61,
876-82.
Yokosuka, T., Takamatsu, M., Kobayashi-Imanishi, W., Hashimoto-Tane, A., Azuma,
M. & Saito, T. 2012. Programmed cell death 1 forms negative costimulatory
microclusters that directly inhibit T cell receptor signaling by recruiting
phosphatase SHP2. The Journal of experimental medicine, 209, 1201-1217.
You, Q., Cheng, L., Kedl, R. M. & Ju, C. 2008. Mechanism of T cell tolerance
induction by murine hepatic Kupffer cells. Hepatology, 48, 978-90.
Yu, A., Zhu, L., Altman, N. H. & Malek, T. R. 2009. A low interleukin-2 receptor
signaling threshold supports the development and homeostasis of T
regulatory cells. Immunity, 30, 204-17.
Yu, W., Jiang, N., Ebert, P. J., Kidd, B. A., Muller, S., Lund, P. J., ... Davis, M. M.
2015. Clonal Deletion Prunes but Does Not Eliminate Self-Specific alphabeta
CD8(+) T Lymphocytes. Immunity, 42, 929-41.

331

Zehn, D. & Bevan, M. J. 2006. T cells with low avidity for a tissue-restricted antigen
routinely evade central and peripheral tolerance and cause autoimmunity.
Immunity, 25, 261-70.
Zenewicz, L. A., Abraham, C., Flavell, R. A. & Cho, J. H. 2010. Unraveling the
genetics of autoimmunity. Cell, 140, 791-797.
Zhang, B., Chikuma, S., Hori, S., Fagarasan, S. & Honjo, T. 2016. Nonoverlapping
roles of PD-1 and FoxP3 in maintaining immune tolerance in a novel
autoimmune pancreatitis mouse model. Proc Natl Acad Sci U S A, 113, 84905.
Zhang, N. & Bevan, M. J. 2011. CD8(+) T cells: foot soldiers of the immune system.
Immunity, 35, 161-168.
Zhang, R., Huynh, A., Whitcher, G., Chang, J., Maltzman, J. S. & Turka, L. A. 2013.
An obligate cell-intrinsic function for CD28 in Tregs. J Clin Invest, 123, 58093.
Zheng, Y., Manzotti, C. N., Liu, M., Burke, F., Mead, K. I. & Sansom, D. M. 2004.
CD86 and CD80 differentially modulate the suppressive function of human
regulatory T cells. J Immunol, 172, 2778-84.
Zhu, J., Yamane, H. & Paul, W. E. 2010. Differentiation of effector CD4 T cell
populations (*). Annu Rev Immunol, 28, 445-89.
Zinkernagel, R. M. & Doherty, P. C. 1974. Immunological surveillance against altered
self components by sensitised T lymphocytes in lymphocytic choriomeningitis.
Nature, 251, 547-8.

332

