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Transplantation

Regulatory T cells (Tregs), lymphocytes that suppress immunological reactions, are
of great interest for our comprehension of basic immunology and as a therapeutic
agent to treat immune-mediated pathologies. Understanding the physiology of
these cells will help to inform clinical strategies targeting Tregs.

In order to study the homing of human Tregs, we utilised genetic engineering to
drive expression of fluorescent protein in human Tregs, permitting in vivo cell
tracking. We optimised a protocol for lentivirus-mediated transduction of human
Tregs during in vitro expansion, to generate high yields of stably-engineered cells.
After infusing labelled cells into a humanised mouse model of skin
allotransplantation, we detected human Tregs within a human skin graft by PCR and
visualised Tregs moving in the graft, in a live mouse, by two-photon microscopy.

Through reverse genetic analyses, we explored molecular mechanisms that allow
Tregs to respond adaptively to environmental cues. Neuropilin-1 (NRP1), a
transmembrane co-receptor, has been implicated in the function of mouse Tregs.
Tregs transduced with shRNA to knock down NRP1 were severely impaired in their
capacity to suppress cell proliferation in vitro and to prolong allograft survival in a
humanised mouse model. gRT-PCR analysis revealed that transcription the gene
encoding the anti-inflammatory cytokine IL-10, and the autophagy-associated
genes BECN1, COPS4 and MAPILC3B, was significantly diminished in NRP1-
deficient Tregs. We concluded that in human Tregs, NRP1 is necessary for
suppressive function, most likely via regulation of NRP1-dependent regulation of
cytokine production and metabolism.

Having identified a molecular target via which Treg function might be potentiated,
we explored methods to target such molecules for cell therapy applications. Tregs
engineered to over-express IL-10, but not NRP1, exerted significantly enhanced
suppression of cell proliferation in vitro. Thus, relatively straightforward genetic
engineering, compatible with generation of therapeutic cell yields, could be
exploited to improve the efficacy of Treg cellular therapy.
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Introduction

Chapter 1: Introduction

1.1 A brief history of Transplant Immunology

Until further progress in regenerative medicine and bionic technologies permits
restoration of failing tissues, transplantation is the most viable solution to end-
stage organ dysfunction®. With advances in surgical expertise and technologies
for transplantation, the greatest impediment to successful allogeneic
transplantation (transplantation from one individual to another of the same
species) is immunological rejection of the graft, whereby the recipient’s immune
system attacks the donor tissue. Before the advent of immunosuppressive

treatments in the 1970s, success in clinical transplantation was rare.

Disregarding anecdotal reports dating to the fourth century CE?, the first case of
clinical allogeneic transplantation to be published in a scientific journal was an
allogeneic skin graft performed in 1869. Throughout the late nineteenth and early
twentieth century, cases of allogeneic transplantation remained relatively rare
and almost universally unsuccessful in the long-term. Whilst destruction of
grafted tissue was observed, it was generally attributed to surgical failure or poor
tissue viability. Notably, the first tissue successfully transplanted between
humans, reported in 19063, was a cornea, which is recognised today as an
immunologically privileged tissue®.  Not until the 1940s, when plastic surgery
became commonplace in the treatment of military casualties, was destruction of
grafted tissue recognised as an immunological phenomenon and the field of

Transplant Immunology born.
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Pioneering studies by Peter Medawar and colleagues shed the first light upon the
immunological basis for graft rejection. Medawar observed that, in a patient who
received both autologous and allogeneic skin grafts for burns injuries, only the
allogeneic grafts were rapidly lost. A second attempt to graft skin from the same
donor onto this patient resulted in accelerated loss of the grafts. Noting astutely
that this accelerated secondary response was reminiscent of the secondary
immune response following re-exposure to a pathogen, Medawar investigated
the phenomenon further in an animal model, revealing that rabbits rejected skin
grafts derived from a different strain with kinetics proportional to the mass of the
graft. Furthermore, a second graft was rejected with substantially greater rapidity
than the first graft only if the second graft was derived from the same donor as

the first graft>®

The description of transplant immunity bred a natural interest in methods by
which this immunity might be overcome. In 1941, Frank Macfarlane Burnet
proposed a theory of immunological tolerance founded upon the concept that a
distinction, at the cellular and molecular level, between “self” versus “non-self”
dictates antibody formation’. Meanwhile, the concept of acquired immunological
tolerance had been observed experimentally in dizygotic twin calves, between
whom skin grafts were tolerated. This phenomenon was attributed to the
occurrence of mixed chimaerism among the blood cells of these calves, resulting
from transfer of precursor blood cells between fraternal twins, via venous
anastomoses in utero®. These findings inspired Medawar with the notion that

immunological tolerance could be induced by prior exposure of a recipient to
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foreign cells during embryogenesis and prompted his team to investigate the
mechanisms underlying this tolerance. The resulting seminal report by
Billingham, Brent and Medawar (1953) experimentally demonstrated the
phenomenon termed “actively acquired immunological tolerance”?. Billingham et
al observed that mice engrafted with cells from a second strain during foetal
development, exhibited delayed rejection of skin grafts same strain as adults,
when compared to mice that had received those cells as neonates or those that
had received no cells. This tolerance was specific to the strain from the initial cell
inoculation was derived, as skin grafts from a third strain were rejected with

normal kinetics in these foetally- inoculated mice.

Whilst Medawar had identified graft rejection as an immunological phenomenon,
theorising that allogeneic cells could be recognised as “non-self” by the immune
system, the mechanism underlying this immune recognition within one species
could not be understood until the field of immunogenetics developed. The
existence of genetic determinants of histocompatibility between individuals of
the same species (now known as “alloantigens”), and the concept of immune
recognition of alloantigens as a physiological mechanism for immune rejection,
had been explored theoretically in early scientific literature. Peter Gorer had
identified histocompatibility antigens, including “Antigen II”, now known as H-2,
in 1936%°. The observation that different animal strains were differentially
susceptible to adoptively-transferred tumour cells, with tumours being destroyed
in strains other than the strain from which the tumour derived, was not novel.

However, the heritability of resistance to tumours had commonly been attributed
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to non-Mendelian inheritance of some factor that could destroy malignant tissue
whilst sparing healthy tissue. Loeb was the first to postulate that differential
survival of transplanted tissue, depending upon the donor and recipient strains,
was not restricted to tumours. Instead, resistance might be determined by the
allogeneic nature of the transferred tissue (“individuality differentials”), rather
than its malignant characteristics. Gorer recognised that the destruction of
allogeneic tumours was analogous to the effects of antigenic variation
(differential expression of blood group antigens) between erythrocytes from
different blood groups. In his own words, Gorer proposed that “the genes
determining susceptibility to tumour transplantation might be identical to those
determining antigenic differences”. In 1938, Gorer provided unequivocal
experimental evidence for the immunogenicity of alloantigens by demonstrating
the production of antibodies with affinity for “Antigen 11”19, after transplantation
of tumours from an Antigen ll-expressing mouse strain into an Antigen ll-negative
strain'™!2 Later, a predominantly cellular mechanism for transplant rejection was
demonstrated in a study by Mitchison, in which immunity to a transplanted
tumour was conferred in previously tumour-susceptible mice after adoptive
transfer of lymph nodes, but not serum or peritoneal exudate, from mice that

were resistant to tumour growth?3,

George Snell and George Higgins subsequently characterised the critical genetic
locus that was sufficient to cause rejection of tumour cells from a donor that
differed genetically from the recipient only at this locus, the Major

Histocompatibility Complex (MHC)¥* (or Human Leukocyte Antigen (HLA) in
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humans) (discussed in more detail in sections 1.2.1 & 1.2.2). Proteins encoded by
the MHC, we now know, play central roles in adaptive immunity mediated by T
lymphocytes. In particular, the MHC class | and class Il proteins provide a
mechanism by which foreign peptides can stimulate T cell responses that target
specifically cells that express those peptides. Indeed, these peptides can only be
recognised by T cells when presented in a complex with a MHC protein. As
discussed below, certain properties of MHC proteins, and the T cell antigen
receptors (TCRs) that recognise them, explain why these molecules are

particularly immunogenic in the context of allogeneic transplantation.

The concept of active, dominant mechanisms of tolerance was disclosed by later
animal studies. Operational tolerance (defined as long-term graft survival in the
absence of immunosuppression) towards a cardiac allograft was induced in rats
using cyclosporine immunosuppression. When adoptively transferred into a naive
irradiated recipient, T cells from these rats were capable of conferring tolerance
to an allograft from the same donor strain as the primary graft (but not to a third
party graft)!>. Subsequent investigations revealed that this immune suppression
was conferred by a population of CD4*CD25* T cells, termed “suppressor T cells”
or “regulatory T cells” (Tregs) (described in detail in section 1.4)®.

Since these pioneering studies, transplantation has proved to be an invaluable

model system for investigating immunological processes’=20.
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1.2.1 Immunological Tolerance

Vertebrates, including humans, bear an adaptive immune system that recognises
foreign molecules (antigens) that are not normally present in the host organism.
By default, the developing adaptive immune system will generate huge numbers
of lymphocytes (adaptive immune cells), each recognising a unique set of
antigens. Collectively, these cells are reactive against an almost unlimited range
of putative antigens. Whilst the resulting immune responses provide critical
protection from pathogens and malignant cells, the energetic costs and collateral
tissue damage associated with inflammatory reactions must be minimised. The
immune system must be able to discriminate between molecular signatures of
potentially harmful cells or particles and antigens derived from the host and non-
harmful biological material in their environment (including their microbiome and

diet).

Within the adaptive immune system, the distinction between “self” and “non-
self” occurs principally by virtue of tolerising mechanisms acting in the central
lymphoid organs during development. These mechanisms purge the immune
system of cells that react to auto-antigens (or “self-antigens”, molecules
expressed by the host), leaving only those reactive against antigens that are not
encountered in the host. T cell antigen receptors (“T Cell Receptors” or TCRs) can
only bind peptides that are bound to MHC (Major Histocompatibility Complex)
glycoprotein complexes on the surface of antigen presenting cells (APCs). In order

to induce signalling downstream of the TCR, the TCR must bind residues in both
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the peptide and in the peptide-binding region of the MHC. Therefore, in order to
provide protective recognition of non-self antigens, a T cell must express a TCR
that recognises self-MHC. In the thymus, naive T cell precursors undergo a
process known as positive selection, whereby only those cells with TCRs that are
able to bind self-MHC on cortical thymic epithelial cells receive signals from these
APCs that are permissive to survival. Any T cell with low or no affinity for self-MHC
(accounting for over 90 percent of the precursor cells) undergoes programmed

cell death and is thus excluded from the mature T cell pool.

The T cells that survive positive selection all exhibit some degree of self-
restriction. Hence, in order to avoid autoimmune reactivity, it is critical to
eliminate T cells that can be activated above the threshold for inducing effector
function by ligation of self-MHC bound to peptides from benign sources. In a
process known as “clonal deletion”, or “negative selection”, thymocytes bearing
TCRs with high affinity for autoantigens, presented on thymic epithelial cells or

dendritic cells, are induced to undergo apoptosis?’.

Meanwhile, in the bone marrow, developing B cells with high affinity for
autoantigen are subject to clonal deletion (apoptosis) or receptor editing
(whereby genetic rearrangement at the BCR locus creates a BCR with altered
antigen specificity). Low valence soluble antigens encountered in the bone
marrow during development can induce B cell anergy, whereby the cell expresses
little IgM and becomes unresponsive to antigen?’. By these mechanisms,
lymphocytes are “educated” to be unresponsive to molecules expressed by the

host organism?3?4. This is the basis of central tolerance.
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Whilst central tolerance mechanisms are effective, they cannot account for every
autoantigen and every antigen receptor specificity. Some cells will inevitably
escape into the periphery with some degree of autoreactivity. A second layer of
protection is conferred by peripheral tolerance mechanisms that restrain
undesirable immune activity in non-lymphoid tissues. Some peripheral antigens
are never encountered by T cells at high enough concentrations to induce an
immune response, by virtue of their anatomical location being inaccessible to
lymphocytes, and are ignored. In the absence of inflammation, expression of
costimulatory molecules (discussed in Section 1.2.3.2) is not induced in APCs. TCR
stimulation without costimulation induces anergy, rather than activation, inthe T
cells?!. Without T cell help, B cells recognising multivalent autoantigen in the
periphery undergo apoptosis, whilst those stimulated by soluble autoantigen in
the absence of T cell help become anergic. In addition to these recessive
mechanisms of peripheral tolerance, the immune system is subject to active,
dominant regulation by regulatory cells, including regulatory T cells (discussed in
detail in Section 1.4). These regulatory cells restrict the magnitude and duration
of immune responses in order to prevent autoimmune reactions and to maintain
immune homeostasis?3.

1.2.2 The Allogeneic Response

1.2.2.1 The physiological basis of the allogeneic response

The protection of host tissue conferred by central tolerance does not extend to
antigens expressed by conspecific, but genetically disparate, organ donors. As a

consequence of small differences in the genetic code between individuals of the
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same species, one individual will express proteins that are functionally
indistinguishable from those of another individual but differ slightly at the amino
acid sequence level. These apparently insignificant differences in protein primary
structure are detected by lymphocytes, due to the high specificity with which
lymphocyte antigen receptors bind peptides. Thus, the molecular determinants
of allorecognition by the adaptive immune system, known as alloantigens,
comprise any variants of polymorphic peptides expressed by the donor that are
not present in the recipient, due to the genetic disparity between the two

individuals.

The MHC locus is highly polymorphic, displaying an unusually high level of allelic
variation between individuals of a species. Considered in an ecological context, it
is likely that any individual will be susceptible to a particular subset of pathogens,
due to constraints upon the breadth of T cell specificities for different pathogens
that can be generated in one genome. Under these circumstances, there is a
strong selective advantage in harbouring a repertoire of immune specificities that
differs from that of one’s neighbours, including those specificities that are lacking
in one’s neighbours. Over evolutionary history, natural selection has favoured
unprecedented polymorphism at the MHC locus because this genetic

polymorphism manifests as diversity in immune profiles within a population.

As the most polymorphic locus in the genome, the Major Histocompatibility
Complex Locus (the Human Leukocyte Antigen (HLA) locus in humans) is the
source of potently immunogenic alloantigens. Additionally, MHC is expressed at

high density on the cell surface, where these antigens can be bound by



Introduction

antibodies, stimulating a humoral response, and by B cell receptors, permitting
presentation of these antigens by B cells. Furthermore, MHC antigens are
expressed broadly (even ubiquitously, in the case of class | MHC proteins), so
grafts from any tissue will contain a high load of antigen. In relation to T cell
activation, MHC proteins are uniguely immunogenic as a consequence of
selection for TCRs with affinity for MHC during negative thymic selection,

combined with cross-reactivity among the resulting TCR repertoire.

It is estimated that up to ten percent of an individual’s T cell repertoire can
respond to alloantigen?>2%. The risk of rejection escalates with each “mis-match”
between donor and recipient and so can be minimised by matching recipients to

donors with the fewest genetic disparities at the MHC locus?”%8,

Alloantigens other than the MHC proteins (collectively called minor
histocompatibility antigens, mHAgs) can be recognised as foreign peptides bound
to either self-MHC or donor-MHC, or as B cell epitopes. mHAgs can derive from
any locus in the genome that varies in sequence between individuals. Even fully

HLA-matched grafts harbour mHAgs capable of stimulating graft rejection?®°.

Whilst clinicians endeavour to match the genetic background of donor and
recipient as closely as possible, an allograft inevitably expresses antigens to which
the recipient immune system has not been tolerised. Peripheral tolerance
mechanisms are not adapted to deal with such a high load of novel antigen, in an
inflammatory context, which, in nature, would signal a rampant infection or
malignancy. Consequently, without treatment to control the immune response,
allogeneic grafts are inevitably subject to immunological rejection that will

10
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eventually destroy the donor tissue and damage recipient tissue exposed to the

inflammation.

1.2.2.2 Origins of the alloresponse

Briefly, before discussing the proximal mechanisms of graft rejection, it is
informative to consider the ultimate causation (i.e. the evolutionary context) of
both allorecognition and tolerance to allogeneic tissue. According to the revered
Evolutionary Biologist Theodosius Dobzhansky, “nothing in Biology makes sense
except in the light of evolution”3!. As discussed above (section 1.2.2.1), the
alloreactivity of the adaptive immune system is a by-product of the drive for
genetic diversity in the MHC repertoire and the selection for MHC-restricted, yet
cross-reactive, TCRs. With the exception of pregnancy, long-term and invasive
exposure to allogeneic tissue is a purely artificial phenomenon and has, therefore,

not been subject to neither positive nor negative natural selection.

When considering the evolutionary rationale for innate allorecognition, the
observation of rejection of conspecific cells in several species of invertebrates
(which lack adaptive immune systems) is particularly informative3?. It is
speculated that, in invertebrate colonial species, innate allorecognition helps to
protect the organism from parasitism and to deter one colony from growing in
close proximity to other colonies with which it would compete for resources.
Thus, in contrast to adaptive allorecognition mechanisms, which are largely an
unfortunate by-product of anti-pathogen and anti-cancer immunity, it appears
that the innate mechanisms of allorecognition were favoured through evolution

expressly for the outcome of immunity against conspecific cells. The conservation

11
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of these mechanisms in mammals, where they appear to be redundant, is more
difficult to explain but might be attributed to the benefits of excluding invasive

foetal cells from maternal tissue33.

Conversely, pregnancy also presents a context in which evolution of mechanisms
that favour tolerance to alloantigen might be favoured by natural selection.
During pregnancy, the mother’s immune system is exposed to hemi-allogeneic
cells of the foetus. Foetal cells bear antigens encoded by paternally-inherited
genes to which the maternal lymphocytes have not been tolerised. Multiple
mechanisms have been invoked to account for materno-foetal tolerance343°,
which may also account for the numerous reported cases of spontaneous graft
acceptance after withdrawal of immunosuppression. It has even been suggested
that sustained tolerance to non-inherited maternal antigens, to which a foetus is
exposed in utero, might confer upon female offspring a reproductive advantage,
if those antigens are borne by their own foetus in a future pregnancy3®.

1.2.3 Mechanisms of Graft Rejection

1.2.3.1 Innate recognition of non-self and altered self and innate mechanisms

of graft rejection
Grafted tissue is subject to several waves of immunological responses, beginning
even before transplantation and enduring for the life of the graft, employing
different stimuli and different mediators®’. The early phases of the immune
response, before and immediately after transplantation, are mediated by the
innate immune system (first that of the donor, then that of the recipient). Even

prior to retrieval from the donor, brain death and cardiac death in deceased

12
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donors compromise the physiology of the donor tissue, in a manner that
stimulates the innate immune response to tissue damage. Cells undergoing
physiological stress express molecules, referred to as Damage-Associated
Molecular Patters (DAMPs), that are detected by cells of the innate immune
system via dedicated receptors. Recognition of DAMPs stimulates the immune
system to clear damaged or dysregulated tissue, as well as any pathogens that
might have initiated the damage, and to facilitate tissue repair. In transplantation,
stimulation of the innate system by DAMPs promotes graft rejection®. Tissue
retrieval inevitably induces further tissue damage, which propagates cascades of
inflammatory reactions. Whilst organ preservation and preconditioning strategies
are improving, any time spent outside the body results in a deterioration in cell
viability that further exacerbates this inflammatory response. The sterile
inflammation initiated by the surgical procedure, including ischaemia-reperfusion
injury accompanying the perfusion of the graft, create an inflammatory

environment within and surrounding the transplant3°.

This proinflammatory milieu not only exposes the graft to a fresh assault by the
recipient’s innate immune response but also, in the case of an allogeneic graft,
determines the nature of the adaptive immune response that follows*°. Broadly,
proinflammatory cytokines (especially interleukins, such as IL-6, class |
interferons, chemokines and Tumour Necrosis Factors (TNF)) promote activation,
cell cycle and migration of immune cells*. The complement system, a proteolytic
cascade in the blood plasma that can be activated by DAMPs or by antibody,

generates molecular mediators that augment both innate and adaptive immunity.

13
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Complement 3b and 4b (C3b and C4b) bind to the surface of target cells and
recruit phagocytes expressing complement receptors, which phagocytose target
cells. In addition to acting as chemoattractive stimuli for various immune cells,
C3a, C4a and C5ainduce vasodilation that is permissive to migration of leukocytes
into the damages tissue. Meanwhile, other complement factors assemble as a

membrane attack complex to lyse target cells*!,

An increasing appreciation of the major role that the innate immune system plays
in initiating graft rejection has grown from greater understanding of the
molecular and cellular mediators of graft rejection*”**.  These innate
inflammatory responses can be induced non-specifically, without any detection
of foreign antigen. However, an emerging paradigm asserts that the innate
immune system is capable of discriminating between self and conspecific non-
self334>4% Studies have shown that inflammatory reactions, including infiltration
by IL-12-secreting DCs, are induced at a greater magnitude by allogeneic
transplants than by syngeneic transplants, even in mice that lack
lymphocytes®”#8. Monocytes*’*8 macrophages*® and NK cells***° have been
identified as innate cells capable mediating innate allorecognition but the exact
identity of the molecular determinants of innate allorecognition in mammals

remain a mystery at present.

1.2.3.2 Recognition of alloantigen by the adaptive immune system

Within hours of transplantation, the recipient’s adaptive immune response is
mobilised. Upon exposure to alloantigen, lymphocytes are stimulated to

proliferate and instigate destruction of the allogeneic cells of the graft.
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Alloantigen-dependent activation of T cells requires three signals (see Figure
1.1)>. Binding of the TCR of a T cell to a MHC-peptide complex in which either
peptide or MHC (or both) is donor-derived, resulting in intracellular signalling via
the TCR-CD3 complex, provides the first signal required for priming of alloantigen-
reactive T cells (i.e. any T cells in the existing repertoire capable of recognising
donor-derived antigens). The second signal necessary for T cell activation by
alloantigen is engagement of costimulatory ligands, expressed on APCs, by
costimulatory receptors on the T cell®2. Cytokines also confer chemical signals
that are essential for T cell activation. The resulting recruitment of signalling and
adhesion molecules into an immunological synapse initiates a program of gene

expression that permits full T cell activation.
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SIGNAL 1:
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Figure 1.1. Three-Signal Model of T Cell Activation

Antigen-dependent T Cell activation requires three biochemical signals. The first eventin T
cell activation is engagement of the TCR by its cognate peptide-MHC complex. The stability
of the TCR:MHC interaction and the intracellular signalling events propagated by TCR
stimulation are also dependent upon the interaction of a co-receptor (CD4 or CD8) with the
MHC. These interactions initiate signalling pathway that ultimately activate the
transcription factors, NFkB, AP-1 and NFAT, responsible for orchestrating the transcriptional
programs necessary for T cell activation. Further intracellular signalling, to stimulate T cell
activation and survival, is induced downstream of costimulatory receptors or ligands on the
surface of the T cell when these molecules engage with their binding partners expressed on
the surface of the APC. One of the consequences of these signalling events is elevated
secretion of mitogenic cytokines, especially IL-2, which stimulate proliferation in an
autocrine and a paracrine manner,

16
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Recognition of alloantigen by recipient T cells can occur via three mechanisms:
direct, indirect and semi-direct allorecognition®*°*. Donor APCs can migrate from
the transplanted tissue into recipient lymphoid organs®>. Additionally, donor
vascular endothelium can present antigen. Intact donor MHC expressed on donor
APCs, bound to any peptide, can be recognised by recipient T cells via the direct
pathway. This recognition of non-self-MHC is thought to occur, in spite of positive
selection of T cells with high affinity for self-MHC, as result from cross-reactivity
or degeneracy of self-MHC-restricted TCRs, expressed by T cells that have
survived positive selection in the thymus?®. Cross-reactivity of TCRs with multiple
MHC variants is an inherent property of the preselection TCR repertoire. Since
there is no evolutionary impetus for selection against reactivity towards non-self-
MHC, and no mechanism for imposing negative selection against donor MHC-
reactive T cell precursors in the thymus, these TCRs persist in the post-selection

pool.

The indirect pathway involves uptake, processing and presentation of donor-
derived peptides by recipient APCs, via the exogenous antigen processing
pathway. Donor antigen is then presented on recipient MHC class Il to self MHC-
restricted recipient CD4* T cells. mHAgs stimulate alloreactive immunity through

this indirect pathway.

Exosome-mediated or trogocytic transfer of plasma membrane containing intact
donor MHC class | or class Il from donor cells to recipient APCs can allow semi-
direct recognition of donor MHC-peptide, presented by recipient APCs to

recipient CD4* or CD8* T cells with direct allospecificty®’. The direct pathway of
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alloantigen presentation is thought to be more potent, due to relatively high
frequency of recipient T cells that are reactive to donor MHC, and therefore
dominates during the initiation phase of rejection, early after transplantation.
However, because passenger professional APCs (expressing donor MHCII) persist
for only a relatively short time, the contribution of direct pathway must be

superseded by the indirect and semi-direct pathways over time>®.

Among the many costimulatory ligand-receptor interactions identified in T cell
activation, the B7 and TNF families dominate. The engagement of CD28
(expressed constitutively on T cells) with CD80 and CD86 (induced on activated
APCs) induces signals in the T cell that induce cell cycle and IL-2 protein, whilst
inhibiting activation-induced cell death. Costimulatory signals are also induced by
binding of CD154 (CD40 ligand, CD40L), OX40°>° and ICOS on the T cell with CD40,
OX40L and ICOSL, respectively, expressed on the APCs. Counteracting these
costimulatory signals, coinhibitory molecules can confer unresponsiveness or
anergy upon T cells. In particular, CD152 (Cytotoxic T Lymphocyte-Associated
protein 4, CTLA-4) competitively inhibits CD28-mediated costimulatory signalling

by binding CD80 and CD86 with much greater avidity than does CD28%°.

Secretion of cytokines, including IL-2, is upregulated in T cells as a consequence
of transcriptional programs initiated by TCR-dependent signalling. These
cytokines act in an autocrine and paracrine manner to further amplify the clonal

expansion and differentiation of T cells, as well as activating other immune cells.

Various cytokines promote the activation of T cells that execute cell-mediated
graft rejection. Certain cytokines will favour polarisation of this T cell response

18



Introduction

toward a particular helper T cell (Th) subset®®. For example, IL-12, derived
principally from DCs, favours differentiation of Th1 cells. These Th1 cells promote
macrophage- and CD8* T cell responses that classically mediate cell-mediated
killing and clearance of infected or malignant cells. Meanwhile, IL-4 favours
differentiation of Th2 cells that support B cells, eosinophils and mast cells and
promote humoral (antibody-based) immunity towards multicellular parasites.
Conversely, the presence of anti-inflammatory cytokines such as IL-10, I1L-35 and
TGFB caninduce unresponsiveness in T cells or differentiation of regulatory T cells
(Tregs), promoting tolerance towards the allograft®?. Ultimately, the outcome of
T cell allorecognition, activation or anergy (promoting graft rejection or tolerance,
respectively), is determined by the balance between stimulatory and inhibitory

signals.

The antigen receptors of B cells, the B cell receptor (BCR), binds intact
(unprocessed) antigen in its native conformation, in a MHC-independent manner.
B cell activation is augmented by cytokines, derived from leukocytes and
damaged tissue, and by complement®3. B cells are not MHC-restricted and so do
not exhibit the same predisposition to allorecognition as T cells. Nonetheless,
BCRs are not tolerised to alloantigen and so any individual’s BCR repertoire will
be reactive to epitopes of both non-self MHC and mHAgs. Since B cells require
help from CD4* T cells that are reactive to the same cognate antigen, alloreactive

B cells become anergised unless the corresponding T cell clone is active.

Natural Killer (NK) cells are capable of recognising allogeneic cells via a different

mechanism, referred to as “missing self”. NK cells express inhibitory receptors
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that recognise self MHC class | specifically and become activated by donor cells in
the absence of self-MHC>%%* Once activated, NK cells upregulated perforin and

granzymes, mediating cytotoxic lysis of target cells.

1.2.3.3 The adaptive immune response to allogeneic tissue

Following activation of antigen-reactive lymphocytes, the mechanisms by which
the adaptive immune system targets tissue are numerous and interconnected, in
a manner that permits rapid escalation of response. Pro-inflammatory cytokines
convey signals between different cell types of the adaptive and innate immune
systems, in order to recruit the most appropriate cell functions for the nature of
the immune stimulus. Ultimately, the destruction of donor tissue is conducted by
cytotoxic T cells and NK cells (in the case of cell-mediated rejection) or by
antibodies derived from B cells and plasma cell (in the case of humoral

rejection)®®.

B cells expressing B cell receptors (BCRs) that bind alloantigens receive signals via
the BCR to mature and secrete donor-reactive antibodies. Upon binding of
alloantibodies to their cognate alloantigen on the surface of a donor cell,
especially in the vascular endothelium, these antibodies fix complement and
recruit various innate immune cells via Fc receptors and complement receptors.
Thus target donor cells can be targetted for phagocytosis, antibody-mediated
cellular cytotoxicity (by macrophages and NK cells) or for complement-mediated
cytolysis (via formation of the membrane attack complex)®®. In particular,
hyperacute rejection of vascularised solid organ transplants is firmly established

as an antibody-dependent process. Hyperacute rejection can commence
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immediately upon perfusion of the organ in recipients with preformed donor-
reactive antibody specificities. As soon as the donor organ is perfused with the
recipient’s blood, donor-reactive antibodies can bind antigens on the graft

vascular endothelium and blood cells.

Antibody-mediated rejection has also been implicated in acute and chronic
allograft dysfunction following the generation of de novo donor-specific
antibodies®’. However, the relative contribution of humoral versus cell-mediated
mechanisms of graft rejection is the subject of some controversy®®. There is
associative evidence of B cell infiltration, antibody deposition and complement
4d in the allografts of patients undergoing rejection episodes, which supports a
role for B cells and antibody in the aetiology of graft rejection®7°. Some studies
have also demonstrated a causal link between antibodies and graft rejection®.
For example, transfer of alloreactive antibodies into lymphocyte-deficient mice is
sufficient to induce chronic allograft vasculopathy in allogeneic heart transplants.
Conversely, some studies have found B cells to be dispensable for graft
rejection’?. In some cases, intragraft B cells have been found to be neutral or even

protective with respect to allograft rejection.

In recipients who do not generate pre-formed alloantibodies, cell-mediated
mechanisms are classically thought to dominate the allogeneic response’2. T cells
are the main protagonists of cell-mediated alloreactivity. Cytotoxic T cells secrete
cytolytic enzymes granzymes A and B and perforin, and express death ligands that
induce apoptosis in target cells bearing the corresponding death receptors.

Helper T cells, meanwhile, propagate the immune response against the graft in
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several ways’3. Firstly, Th cells secrete cytokines and express surface ligands that
recruit other leukocytes to the graft or associated lymphoid organs and
potentiate the activity of other immune effector cells. Another important
function of Th cells is to provide help to B cells, initiating the humoral response to

the allograft. Th cells also help cytotoxic CD8* T cells.

As mentioned above, T cells with specificity for microbial antigens can cross-react
with alloantigens and exert heterologous immunity towards graft tissue. Critically,
the same phenomenon has been observed in memory T cells. In contrast to naive
T cells that are dependent upon antigen presentation by professional APCs within
lymphoid organs’, memory T cells can be activated in the periphery (including
within the graft) by any APC and at a lower threshold of costimulation’®. This
property of memory cells, combined with their high proliferative potential, makes
the memory response to the allograft dangerously vigorous and rapid.
Furthermore, by virtue of their reduced requirements for costimulation, are more
resistant to costimulation’®. In fact, this memory response is becoming
recognised as critical determinant of graft rejection and failure of tolerance
induction in patients’”’. Unfortunately, the memory response is often not
represented in animal models that have not been exposed to microbial stimuli,

such as those against which a memory cell pool is generated in humans.

In addition to their role in antibody production, B cells contribute to cell-mediated
acute and chronic allograft rejection. Highlighting the importance of antibody-
independent B cell function in allograft rejection, in a mouse model of cardiac

transplantation, chronic allograft vasculopathy was found to be dependent upon
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B cells, whilst antibodies were dispensable’®. Probably the most influential role
that B cells perform in the allogeneic response is as antigen presenting cells’®. B
cells can provide all three signals required for T cells activation: peptide presented
on MHC class | and II, costimulatory ligands (CD80/86, CD40, OX40L and ICOSL)
and cytokines (IFNy, TNFa, IL-6 and IL-17). In particular, it has been shown that B
cells are required for the generation of alloreactive memory T cells that are
thought to be potent mediators of graft rejection®. In addition to inducing T cell
proliferation and effector functions, the cytokines secreted by B cells promote
cell-mediated immunity by modulating the differentiation of T cell subsets and
recruiting the functions of polymorphonuclear cells that stimulate other

lymphocytes®.

1.3.1 Pharmacological Immunosuppression for Graft Rejection

Various approaches have been adopted to counteract the mechanisms of
rejection at every stage. Strategies to increase organ donor recruitment, coupled
with technological advances in organ preservation, increase the likelihood of
obtaining good quality organs that have been exposed to minimal damage prior
to transplantation. Tissue typing, to determine the HLA haplotype of potential
live donors and recipients, permits some degree of strategic matching to
minimise the genetic disparity between donor and recipient. However, inevitably
there will always be alloantigens present in the graft to induce the recipient’s
lymphocytes and so further medical interventions are required to overcome the

adaptive immune response.
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Currently, the standard medical intervention for graft rejection s
pharmacological immunosuppression. Immunosuppressive drugs act by various
mechanisms to impair the activity of immune effector cells, especially T and B
lymphocytes which are thought to be the major protagonists of the allogeneic
response. Most commonly, regimens for solid organ transplantation involve a
prophylactic induction of strong immunosuppression for a short period after the
transplant operation, followed by life-long maintenance immunosuppression.
Supplementary immunosuppression can be administered in the event of rejection

being detected.

Immunosuppressive drugs have been designed to intercept all stages of the
immune response; from lymphocyte survival and proliferation in response to
primary antigen exposure, through TCR stimulation and costimulation, to
production of immune effector molecules (summarised in 0)8%. The most potent
(but also rather crude) approach involves depleting the recipient of leukocytes,
which is normally performed as induction therapy, for a short period immediately
after transplantation. Leukocyte depletion can be achieved using monoclonal
depleting antibodies directed against antigens expressed specifically on
leukocytes, such as anti-CD52, which targets these cells for both antibody-
dependent and complement-dependent cytotoxicity®. Polyclonal anti-thymocyte

globulins are also used for T cell depletion.

For maintenance immunosuppression, lymphodepleting drugs would be too
harmful to use long term so pharmaceuticals are selected that inhibit immune cell

activation, proliferation or recruitment, rather than cell survival. Agents that
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interfere with the cell cycle will affect lymphocytes preferentially, due to the
unusually high proliferative capacity of these cells, compared with other adult
tissues. For example, purine or pyramidine analogues and alkylating agents

disrupt DNA synthesis required for cell division.

To target lymphocyte activation, drugs can be used to block the TCR (for example,
anti-CD3 monoclonal antibodies) or BCR directly. Alternatively, some drugs block
costimulatory pathways®84 that are required for T cell activation. For example,
CTLA-4-1g (Cytotoxic T Lymphocyte-associated Antigen 4 -Immunoglobulin) binds
CD80/86, in with CD28, without

competition activating downstream

costimulatory signalling.

Drugs can also be used to neutralise the molecular mediators of the immune
response, or their receptors, in order to quench the self-propagating cascade of
inflammatory responses mediated by cytokines. Synthesis of interleukin-2, a
potent stimulator of T cells, can be blocked by calcineurin inhibitors®.
Alternatively, sensing of IL-2 by T cells can be inhibited using antibodies that block

the IL-2 receptor protein CD258°.

Table 1: Classes of Immunosuppressive Drugs used in Transplantation

Class of Examples Target molecule/pathway Effect on Adverse
immuno- immune effects®®
suppression®® system (in addition to

’ infection &
malignancy)
CORTICOSTER | Prednisone Nuclear translocation of Reduced pro- Hypertension;
OIDS Methylpredn | glucocorticoid receptor = | inflammatory peptic ulcers;
(GLUCOCORTI | isolone transcriptional cytokine hypothalamic-
COIDS)®° activation/repression via secretion; pituitary-
Glucocorticoid Response increased anti- | adrenal
Element in genes encoding | inflammatory suppression;
cytokines and NFkB cytokine Insulin-
secretion; resistance;
impaired T cell | osteonecrosis &
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development;
reduced T cell
proliferation; T
cell apoptosis

osteoporosis;
retinopathy;
neurotoxicity®

CALCINEURIN Cyclosporin Inhibit calcineurin Reduced T cell | Nephrotoxicity,
INHIBITORS A/G phosphatase = NFAT activation & neurotoxocity,
Tacrolimus pathway cytokine de novo
secretion diabetes
ANTIMETABOL | Azathioprine | Inhibit synthesis of Reduced Gastrointestinal
ITES! Mycophenol | nucleotides for DNA lymphocyte disturbance;
ate mofetil synthesis, blocking cell expansion genitourinary
cycle preferentially in symptomes;
lymphocytes anaemia,
leukopeania;
neutropeania;
thrombocytopa
enia;
neurological
symptoms
(fatigue,
insomnia,
tinnitus)
MONOCLONAL | Muromonab | Bind cognate antigen Depletion of Cytokine
ANTIBODIES* | CD3 (OKT3); | expressed specifically by immune cells Release
Alemtuzuma | target cell population e.g. bearing Syndrome;
b CD3 on T cells, CD52 on all | antigen leukopenia;
(CAMPATH- leukocytes, CD20 on B cells coagulation
1H, anti- disorders;
CD52); aseptic
Rituximab meningitis/ence
(anti-CD20) phalopathy;
hypersensitivity
to mouse
protein®3°4
POLYCLONAL Antithymocy | Bind antigens expressed Depletion of T | Cytokine
ANTIBODIES®® | te globulin on surface of human T cells; reduced | Release
6 (ATG), cells, (including receptors recruitment of | Syndrome; Post-
usually from | required for lymphocyte lymphocytes; Transplantation
rabbit activation, recruitment & B cell Lymphoprolifera
survival), blocking the depletion; lysis | tive Disorder
function of these of DCs; sparing
receptors, inducing (possibly
apoptosis and targeting inducing)
cells for C'-mediated lysis. Tregs & NKT
cells
MTOR Sirolimus Inhibits mammalian Target | Inhibit Stomatitis;
INHIBITORS®?”® | (Rapamycin, | of Rapamycin Complex 1 proliferation anaemia;
8 Rapamune) (mTORC1), leading to of Teffs>Tregs | hyperglycaemia;
Everolimus reduced activity of AKT, Interstitial Lung

which promotes the cell
cycle through
transcriptional regulation.

Disease; fatigue;
nausea;
diarrhoea;
impaired wound
healing®
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COSTIMULATI Belatacept Bind and block Inhibit T cells Risk of agonism
ON (CTLA-4-1g); costimulation activation in of target e.g.
BLOCKADE®* aCD28; ICOS | receptors/ligands or the presence massive
antagonists downstream transducers of cognate cytokine storm
of costiumulatory antigen, induced by
signalling. inducing aCD28
antigen-
unresponsiven
ess
CYTOKINE Daclizumab Bind to and block cytokine | Inhibit T cell
RECEPTOR Basiliximab receptor components e.g. proliferation
ANTAGONISTS CD25 (alpha chain of IL-
(e.g. IL-2R 2R), preventing pro-
antagonists) survival and -proliferation
signalling

Since the advent of immunosuppressive chemotherapy for transplantation in the
1970s, the short-term outcome of transplantation has improved consistently,
with UK graft survival rates at 1 year post-transplant reaching 97% for first adult
kidney transplant from live donors in 20131, Whilst the progressive reduction in
acute graft rejection in transplant patients over history is undoubtedly a
testament to the effectiveness of these drugs, little improvement has been
observed in the rate of chronic allograft dysfunction (CAD). Furthermore, the
benefits of these drugs are off-set by the severe side-effects associated with
systemic immune suppression®®. The impotent state of the immune system
following immunosuppression leaves the patient vulnerable to infections and
metastases that would be contained and destroyed by an intact immune system.
Additionally, each drug conveys a suite of toxicities. The calcineurin inhibitor
Tacrolimus, for example, is associated with greatly increased risk of hypertension,
new onset diabetes and nephrotoxicity. Since the protection conferred by these

drugs is maintained only for the duration of the treatment (rarely is tolerance to
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a graft sustained after cessation of the therapy), a transplant recipient is obliged

to submit to all of the sequelae of immunosuppression for their entire future life.

1.3.2 Tolerance Induction in Transplantation

For these reasons, focus has shifted from immunosuppression towards tolerance
induction, with the goal of rendering the recipient’s intact immune system
unresponsive to alloantigen. It is thought that costimulatory blockade may
contribute to tolerance induction, since, in theory, T cells recognising alloantigen

101 |nduction of

in the absence of co-stimulation should be rendered anergic
donor haematopoietic macrochimearism, whereby the recipient’s blood is
populated by donor blood cells after the infusion of bone marrow or
haematopoietic stem cells, can cause apoptotic deletion of donor-reactive T cells,
to create a more stable tolerant state. Several cases have been reported of
patients receiving solid organ transplants following stem cell transplants from the
same donor, who were successfully weaned off immunosuppression'9?-104,
Intuitively, it may be supposed that dominant mechanisms of peripheral

tolerance, such as those exerted by regulatory cell subsets, could be exploited for

more potent tolerance induction.

1.3.3 Cellular Therapies for Transplantation

Ideally, any treatment for allograft rejection should suppress the immune
response against the graft specifically, without systemic effects upon the immune
system. The next generation of transplant therapeutics should be designed with
minimal toxicity and maximal specificity for the graft. One promising avenue

being explored as a solution to drug-associated morbidity is to complement or
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replace pharmacological treatments with cellular therapies. Rather than using
drugs to manipulate immune cells in situ, it might be preferable to modulate the
number or quality of suppressive immune cells by infusing more regulatory cells

into the patient®>,

The concept of cellular therapy for transplantation is appealing since cells are
exquisitely adapted over the course of evolution to respond to their environment
and to behave in a manner that is beneficial to their host organism. Furthermore,
regulatory cells exert diverse pro-tolerogenic effects upon the immune system?°®,
rather than targeting one cell type or one biochemical pathway. Critically,
tolerance induced by regulatory cells is thought to be self-perpetuating, such that
a single treatment episode might be sufficient to sustain long-term therapeutic

outcomes.

Whilst facultative regulatory capacity has been observed in a broad range of cell
subsets (described in Table 1.7, below) this regulatory function is often context-
dependent or possibly confined to a subset of these cells that is yet to be formally
characterised. Many of these cell populations, including plasmacytoid DCs
(pDCs)'07, NKT cells'® and y8T cells?®, also exhibit effector function that would
be detrimental to tolerance-inducing cellular therapies. Among the apparently
“professional” regulatory cells, various populations are being explored as putative
cell therapies for immune-mediated pathologies, including transplantation?®. In
addition to the published studies listed in Table 2 (below), the ONE Study is a
multi-centre clinical trial testing regulatory immune cell therapies in kidney

transplantation, including classical regulatory T cells (Tregs), Tr1l cells, tolerogenic
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DCs and regulatory macrophages (Mregs). Regulatory T cells, which have

probably the strongest body of evidence to support their efficacy as a cell therapy

product, are the focus of this thesis and shall be described in more detail below.

Table 2: Immune cells with regulatory properties

Cell population Phenotype Principal regulatory mechanism(s) Published
(human) cIir'licaI
trials
(refs)
Plasmacytoid CD4*CD11c°MHC | Treg induction
DCs’ [°BDCA2*ILT7*C
D68*CD123*CD3
03*CD304*ILT3*
Immature CD11c°CD11b"M | Low expression of costimulatory Phase |
myeloid DCs, HClI'°CD86'" molecules = antigen presentation | healthy
inc. tolerogenic induced unresponsiveness in Teffs; | volunteer
DC (TolDC)*® IDO - & FaslL- dependent activation- | st*t112
induced cell death in Teffs; diabetes®
Galectin-1-dependent Treg 5
expansion; IDO-dependent Treg RAMA41IS,
induction; HO-1-dependent Crohn’st®
inhibition of Teff proliferation ; SOT
(prospecti
ve)i1o
Myeloid- CD11b*CD33*CD | Nitric oxide synthase- & arginase 1-
derived 34"HLA-DR" dependent inhibition of Teff
suppressor cells proliferation & cytokine production;
(MDSCs)*’ IFNy- & IL-10-dependent Treg
induction; HO-1; promote
regulatory macrophage
differentiation
Mesenchymal CD34CD45 TGFB-, prostaglandin E2- and RA:
stromal cells CD73*CDS0*CD1 | contact-dependent Treg induction | SOT!2012
(MSCs)118 05*HLA-DR- & inhibition of DC maturation;
inhibition of Ab production
Regulatory ? IL-10; Inhibit cytokine production in | SOT*?3124
macrophages!?? Teffs; promote tissue repair

NKT cellst08125

Va24-Jal8*Vp11*

[FNy & IL-4; promote Treg
expansion
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143

CD38"IgDMIgM"

unresponsiveness in Teffs

y8 T cellst®126 | TCRVy9VE2 TGFB & IL-10; granzyme/perforin-
and FasL-mediated cytolysis of Th2
and macrophages; inhibit
proliferation of Teffs; CTLA-4 & PD-
L1; induce senescence in Teffs;
inhibit DC maturation;
Regulatory T CD4'CD25'CD12 | See section 1.4.4 diabetes®
Cells (Tregs) 7"°FOXP3* 9130: cord
(CD4+)t27.128 blood
transplant
ation3%;
HSCT132,13
3
CD8* Tregs'®* | Various, inc. IFNy = induction of IDO, IL-10 &
136 CD8*CD25*FOXP | TGFP expression in other cells; IL-10
3* & TGFB; CTLA-4; inhibition of DC-
CDS*CD28" dependent Teff activation
DN Tregs®’ CD3*CD4°CD8 CD95-mediated induction of
NK1.1- apoptosis of Teffs & DCs; trogocytic
uptake of alloantigen from DCs;
downregulation of co-stimulatory
ligands on DCs
Trl cells?38139 CD4*CD49b*LAG™ | Predominantly IL-10. TGFB; HSCT?0
3*IL-107 granzyme/perforin-mediated
cytolysis of myeloid cells; CTLA-4-,
LAG-3- & PD-1-mediated inhibition
of DC-dependent Teff; metabolic
disruption of Teffs via CD39 & CD73
Regulatory B CD19°CD20*CD2 | IL-10; Treg induction & expansion;
cells (Bregs)*~ | 4"CD27- DC tolerisation; induction of

HSCT = Haematopoietic Stem Cell Transplantation; SOT = Solid Organ Transplantation;
RA = rheumatoid arthritis

1.4 Overview of Regulatory T Cells

1.4.1 Phenotype of Tregs

Regulatory T Cells are a subset of T lymphocytes whose function in normal

physiology is to maintain immune homeostasis and suppress autoreactive
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immune response. The necessity for Treg-mediated immune regulation is
illustrated by the severe pathologies associated with defects or deficits in this cell
subset. IPEX (Immune-Dysregulation Polyendocrinopathy Enteropathy X-Linked)
patients bearing a genetic mutation in the canonical Treg-associated transcription
factor, FOXP3 (Forkhead Box 3) (discussed in more detail below), suffer from
systemic autoimmunity?*#146 Meanwhile, defects in Treg function have been
implicated in many autoimmune diseases such as type | diabetes and multiple
schlerosis'#’. Conversely, elevated densities of FOXP3* T cells have been
associated with a chronic infections'#® and metastases'*°. Given the critical role
that Tregs evidently perform in regulating immunity, there has been great
interest in characterising these cells; identifying markers by which this cell
population can be recognised and understanding the development, function and

diversity of cells within this subset.

Despite a plethora of molecules that have been championed as Tregs markers, no
single molecule has yet been identified that uniquely distinguishes human Tregs
from any other T cell subset. This paucity of markers greatly confounds the
identification, isolation and manipulation of Tregs. The regulatory T cell subset
first identified in mice were characterised as CD4*CD25* 120151 |n mice,
expression of the transcription factor FOXP3 is restricted to T cells with regulatory
function and thus defines the Treg subset. FOXP3 can act as a transcriptional
activator or repressor and is known to instruct epigenetic modification of its
target genes. In this capacity, FOXP3 is understood to be critical for establishing

genome-wide transcriptional and epigenetic regulation of a Treg-specific gene
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expression program that specifies Treg cell fate2%3. However, the practical
application of this marker is limited by the intracellular localisation of the
molecule, which prohibits access to this protein in viable cells without a reporter
construct. Furthermore, several regulatory T cell subsets have been described
that reside outside the CD4*FOXP3* population, including the IL-10-producing Trl
cells'3® and CD8*FOXP3*134 Double Negative (DN) T cells'3” and TGFB-producing
Th3 cells. Even disregarding these non-FOXP3* regulatory cells, the identification
of human FOXP3* Tregs is confounded by the promiscuity of FOXP3 expression
amongst human lymphocytes. FOXP3 is strongly upregulated upon TCR
stimulation in human CD4* and CD8* Teffs'>*1>>, which negates the use of this

transcription factor as a marker of Tregs.

Instead, researchers must rely upon a Treg “signature” comprising cell surface
molecules that are preferentially, though not exclusively, expressed by Tregs.
Most notably, the IL-2 receptor a chain (CD25), Glucocorticoid-Induced Tumour
Necrosis Factor (TNF) Receptor (GITR)™®, Lymphocyte Activation Gene 3 (LAG-3),
CD39%%718 gnd Cytotoxic T Lymphocyte-associated Antigen-4 (CTLA-4,
CD152)™11%9 gre all enriched on the surface of Tregs but can also be transiently

upregulated to equivalent densities by Teffs.

Transcriptional profiling can also aid the discrimination between Tregs and Teffs,
at the population level, for compatible applications. Currently, the most reliable
hallmark of Treg phenotype is an epigenetic signature, specifically demethylation
of DNA in the Treg-Specific Demethylated Region (TSDR) of the FOXP3

promoter!>3160-162 (see Figure 1.2). Since neither transcriptional nor epigenetic
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level molecular characterisation is conducive to the isolation of live cells, Tregs
for research or therapeutic applications must be selected upon the basis of cell
surface markers, however imperfect these may be. The current consensus
recommends that selection upon the phenotype CD4*CD25*CD127'°163-165 and
arguably CD45RAM 166 vields the most suppressive CD4*FOXP3* Tregs from

human peripheral blood.
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Figure 1.2 FOXP3 gene structure & regulation

The FOXP3 locus is subject to extensive epigenetic regulation, especially within three
domains: the promoter, a TGFB-sensitive enhancer and the Treg-Specific Demethyated
Region (TSDR). In resting Teffs, the enhancer and TSDR are subject to inhibitory
histone modifications and, in the case of the TSDR, DNA methylation. These epigenetic
modifications create inaccessible higher-order chromatin structures that preclude
binding of transcription factors and accessory proteins, rendering the gene poorly
transcribed. The DNA methylation that regulates the TSDR is stable over cell
generations and accounts for the stable basal repression of FOXP3 in Teffs. This stable
repression can be overcome partially and transiently by permissive post-translational
histone modifications within the TSDR and enhancer element. These modificaitons are
transient, inducible and reversible, in response to environmental stimuli, such as
cytokines. Permissive histone modifications include H3- & H4-acetylation and H3K4
methylation. H3K27 methylation is generally repressive. Upon TCR stimulation, in the
presence of IL-2, the FOXP3 promoter undergoes epigenetic modifications that are
permissive to transcription of the gene. TGFB-dependent chromatin modifications
permit access of transcriptional activators to the enhancer element. Together, these
modification result in unstable expression of FOXP3 protein. In contrast, the stable
FOXP3 protein expression observed in Treg cells results from constitutive CpG
hypomethylation of the TSDR and is further propagated by permissive histone
modifications within all three regulatory domains. NFAT = Nuclear Factor of Activated
T cells; STAT = Signal Transducer and Activator of Transcription; AP-1 = Activator
Protein 1; CREB = cyclic-AMP-responsive-element-binding protein; SMAD-3 = Mothers
Against Decapentaplegic homolog 3.
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Whilst FOXP3 is not infallible as a marker of Tregs, this transcription factor is
undoubtedly responsible for orchestrating regulatory behaviour in the cells that
express this protein constitutively. The transient upregulation of FOXP3 in
activated Teffs is to insufficient to confer regulatory potential upon these cells'®’,

yet reduced proinflammatory activity, and even suppressive properties, have

been reported in CD4* Teffs engineered to overexpress FOXP3168:169

Broadly, the requirements for Treg development and function differ in several
respects from those of Teffs. The activity of Teffs is antigen-specific, since Teffs
require secondary exposure to their cognate antigen in order to induce their pro-
inflammatory capacity. Whilst TCR stimulation is required for the development of
Tregs, and for their initial activation, the suppression mediated by Tregs is TCR-
independent and can be antigen-nonspecific. Consequently, Tregs exhibit a
phenomenon termed “bystander suppression”, whereby Tregs activated in
response to one antigen are capable of suppressing Teffs with a different antigen-
specificity, provided they are present in the same microenvironment. Some
studies suggest that Tregs can suppress in the absence of the Treg cognate
antigen®®. Others claim that bystander suppression occurs only when the

cognate antigens of the Treg and the Teff are presented by the same APC*/! .

Compared to CD4* Teffs, Tregs differ in their response to cytokines. Tregs are
more sensitive to IL-2 than Teffs, since Tregs express higher constitutive levels of
CD25, and more sensitive to antigen. Conversely, Tregs express lower levels of
the IL-7 receptor CD127, rendering Tregs less sensitive to IL-7. Despite the pro-

apoptotic properties of FOXP3, Tregs are also more resistant to apoptosis than
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Teffs, partly due to the higher expression of anti-apoptotic protein MCL-1 in
Tregs?’?173. The metabolic profiles of Tregs and Teffs differ too, with Tregs
exhibiting a greater dependence upon fatty acid oxidation, as opposed to the
glycolytic pathway favoured by Teffs and various myeloid cells!’4. As a
consequence of the disparity between Treg and Teff cell biology, Tregs occupy a
distinct homeostatic niche, as demonstrated by the selective expansion of

adoptively-transferred Tregs in Treg-depleted mice!”> .

1.4.2 Development of Tregs

In common with all T lymphocytes, the development of Tregs in the thymus
begins from a naive thymocyte precursor. Tregs can be classified into two
categories according to their developmental history: those that acquired their
Treg phenotype within the thymus (“thymic-derived Tregs” or “tTregs”) and those
that emerged from the thymus as Teff and were later induced to differentiate

into Tregs in the periphery (“peripheral Tregs” or “pTregs”). (See Figure 1.3)

Thymic differentiation of Tregs is dependent upon engagement of the TCR by self
peptide-MHCII complex. Unlike Teffs bearing TCRs that recognise autoantigen,
autoreactive Tregs survive clonal deletion!’®'77. Certain disparities between Tregs
and Teffs may account for the resistance of Tregs to clonal selection’8. Tregs are
stimulated by much lower affinity TCR:peptide-MHC interactions than Teffs,
permitting survival of Tregs with an affinity for their cognate antigen that is below
the threshold required for Teffs to survive positive selection!’®. Additionally, the
biochemistry of Tregs is inherently pre-disposed to resist apoptosis more than

that of Teffs'’?2, which may spare Tregs from clonal deletion. With their TCR
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repertoire enriched for low-abundance autoantigens'®, tTregs are adapted for
maintaining steady-state tolerance to self-antigens in order to prevent

autoimmunity.

Meanwhile, the differentiation of Teffs into Tregs in the periphery is induced by
TCR stimulation with exogenous antigen under tolerogenic conditions (with anti-
inflammatory cytokines, especially TGFB dominating over pro-inflammatory
cytokines, and with APCs expressing inhibitory co-receptor ligands and low levels
of costimulatory molecules)®'. The prevailing model asserts that abundant
exogenous antigens derived from commensal organisms and from innocuous
environmental matter, including food antigens, stimulate this differentiation. The
resulting pTregs confer tolerance to those harmless non-self antigens in the

periphery, thus conferring protection from hypersensitivity reactions.

Once Tregs have progressed to secondary lymphoid organs, stimulation via the
TCR and CD28 propagates upregulation of the transcription factors IRF4 and
Blimp-1'82. These transcription factors orchestrate further differentiation from
the so-called central Treg (“cTreg”) phenotype to an effector Tregs (“eTreg”)
phenotype. cTregs are resilient but quiescent cells, which localise to the T cell
zones (in a CCR7- and CD62L-dependent manner), where they appear to exert
control over immune cell priming. eTregs express much lower levels of CD62L,
permitting more migration out of lymphoid tissues. eTregs are characterised by
greatly elevated expression of activation markers including the IL-2 receptor a
chain CD25, associated with a reduced dependence upon IL-2 that permits these

cells to proliferate prodigiously in niches where paracrine IL-2 is limited. As such,
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eTregs are better adapted to function in the marginal zones and B cells follicles of
secondary lymphoid organs and at peripheral sites of inflammation, where the
density of Teffs, and hence of paracrine IL-2, is relatively low. Indeed, it is to
precisely these IL-2-poor anatomical sites that eTregs home, by virtue of the
distinct repertoire of chemokine receptors and adhesion molecules expressed by
these cells'8184 Overall, cTregs exert greater control over priming of effector
cells in secondary lymphoid tissue to enforce tolerance to autoantigens, whilst
effector Tregs are adapted to control ongoing inflammation in peripheral sites, to

enforce immune homeostasis and tolerance to innocuous foreign antigens*>18,

In common with eTreg activation, the generation of pTregs is most likely a
reaction to immune perturbation, requiring more than basal regulation by Tregs
to re-assert tolerance or immune homeostasis. pTreg differentiation in the
periphery can be stimulated by some factors acting on T cells directly, such as the
vitamin D metabolite calcitriol, extracellular adenosine (a vitamin A metabolite)8’
and certain bacterial short chain fatty acids derived from the gut microbiota'88-
190 Other environmental cues exert tolerising effects upon dendritic cells.
Tolerogenic DCs subsequently promote pTreg differentiation via various soluble
factors. For example, tryptophan metabolites generated by DC-derived IDO act
via the Aryl-Hydrocarbon Receptor in T cells to favour polarisation towards a Treg

191

phenotype!?!. Meanwhile, DCs expressing integrin avp8 convert latent TGFf into

its active form, which drives local differentiation of Teffs into pTregs'®?.

Further differentiation of Tregs into a memory subset (mTregs) may account for

the emerging phenomenon of regulatory memory'°3. Analogous to memory Teffs
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and plasma cells, which persist after resolution of inflammation and rapidly
initiate an inflammatory response upon secondary exposure to their cognate
antigen, mTregs have been identified that can persist in peripheral tissues in the
absence of cognate antigen and suppress these secondary immune responses.
Intuitively, regulatory memory must be regarded as an adaptation to
intermittently-encountered antigens, such as foetus- or semen-derived
alloantigen, neo-autoantigens (such as pregnancy-associated antigens) and
antigens derived from innocuous microbes that occasionally breach mucosal
barriers. This specialised function is reflected in the enrichment of mTregs at

mucosal barriers, in skin'®4, and during pregnancy*®.
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Figure 1.3 Development of Tregs

As with all T cells, Tregs derive from lymphoid progenitors in the bone marrow
that migrate into the thymus as immature thmyocytes. These T cell precursors
undergo TCR gene rearrangement and positive selection in the thymic cortex and
negative selection primarily in the thymic medulla. The specification of Tregs can
be imprinted in the thymus, during thymocyte development. Treg cell fate
appears to be induced in thmyocytes bearing TCRs with moderately high affinity
for self antigen, lower than the threshold required for negative selection. Thymic
Tregs migrate to secondary lymphoid organs, where these cells differentiate into
central Tregs (cTregs). cTregs can undergo further maturation to become highly
proliferative effector Tregs (eTregs) in response to IL-2 and IL-15. Alternatively, a
regulatory phenotype can be induced in Teffs within secondary lymphoid organs,
yielding peripheral Tregs (pTregs). Differential expression of chemokine
receptors and adhesion molecules directs migration of eTregs or pTregs to
lymphoid compartments or non-lymphoid tissues, where these cells adopt
tissue-specific phenotypes and functions
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1.4.3 Treg Diversity and Specialisation

It is becoming increasingly evident that Tregs, and their Teff precursors, are highly
responsive to local environmental factors; not only cytokines but also metabolites
of both lymphoid and non-lymphoid cells and of commensal microorganisms. The
resulting phenotypic and functional heterogeneity within the Treg population
(summarised in Table 1.8, below) has added a further layer of complexity to the

study of Treg biology.

Within secondary lymphoid organs, eTregs have been observed to undergo
further functional diversification, mirroring that of Th, into functional subsets that
orchestrate a suite of immune mechanisms most appropriate to the
immunological challenge®®. Specifically, Tregs can upregulate the canonical T
helper 1 (Th1) transcription factor T-bet and express the chemokine receptor
CXCR3 that directs migration of these cells to sites of Thl-mediated
inflammation!®”1%8_ Likewise, Tregs expressing the Th2-associated transcription
factor IRF4 home to sites of Th2 activity in a CCR4-dependent manner'®?% Th17
cells are shadowed by a Treg subset expressing the transcription factor STAT3 and
the chemokine receptor CCR6%°%. Finally, BCL-6-expressing Tregs home to

germinal centres where they antagonise T follicular helper (Tfh) cells.

Some regard phenotypic plasticity of Tregs with concern, questioning whether
the expression of Th-associated molecular signatures by Tregs is indicative of loss
of regulatory phenotype in these cells. The prospect that Tregs might acquire a
pro-inflammatory phenotype under the influence of a proinflammatory milieu is
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naturally daunting in the context of Treg-based therapeutics. Reassuringly,
several studies have demonstrated that the regulatory function of Tregs is not
compromised following differentiation into Th-like subsets 196202203 \Whilst the
plasticity of Treg phenotype may be accountable for some controversy and
confusion within the field of Treg biology, this functional diversity may prove a
valuable substrate for finer resolution modulation of the immune system, by

exploiting the refined functions of each cell subset differentially.

Treg suppressive function is not confined to secondary lymphoid organs but
rather Tregs also exert immune regulation within non-lymphoid peripheral
tissues. A large proportion of eTregs appear not only to migrate to peripheral sites
but also to reside therein, by virtue of chemokine receptors and adhesion
molecules that direct these cells to particular tissues or inflamed sites. Tissue-
resident Tregs comprise phenotypically and functionally distinct subsets,
expressing different transcription factors, different cell surface markers and
distinct TCR specificities compared with lymphoid-resident counterparts (see
Table 1.8.) Thus, tissue -infiltrating and tissue-resident Tregs are adapted for their
microenvironment and for the nature of the immune milieu to which they are

exposed'8e.

The idiosyncratic transcriptomes exhibited by tissue-resident Tregs reflect the
expression of the molecules required for migration to, and retention in, those
specific peripheral tissues and for the specialised function exerted by Tregs within
those tissues. For example, infiltration into the visceral adipose tissue is achieved

by a subset of Tregs expressing adipose-homing molecules GATA3 and CD103%%4

43



Introduction

206 The upregulation of these homing molecules is dependent upon expression

of nuclear receptor Peroxisome Proliferator-Activated Receptor y (PPARy), a

transcription factor that also regulated differentiation in adipocytes?®’.
Meanwhile, Tregs can reside in the skin by virtue of higher expression of skin-
homing chemokine receptors, such as CCR4, and adhesion molecules, including
Cutaneous Lymphocyte Antigen (CLA)4199.208=210 Tissye-resident Treg subsets
may also perform roles beyond immune regulation per se, by promoting tissue-
support function, such as muscle regeneration?!. Notably, the study of tissue-
resident Treg subset has, so far, been restricted mostly to animal models. Since
this is not a phenomenon that is easily modelled in vitro, evidence for tissue Tregs

in humans is currently sparse and, necessarily, mostly associative or indirect?!2.

Table 3: Regulatory T cell subsets
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Cytokine . Enrich
Transcri .
receptors & . Tissue ed . .
Treg subset . ption . . Principle functions
adhesion tropism Cytoki
factors
molecules nes
Th-like Treg subsets®®®
Th1-like CXCR3 T-bet IFNy Regulating Th1-dominated
197,198,213 IL-10  [immune reactions
(intracellular microbes,
autoimmunity)
Th2-like CCR4 GATA-3 IL-4 Regulating Th2-dominated
200 IRF4 immune reactions (parasites,
hypersensitivity)
Th17-like CCR6 RORyt IL-17 Regulating Th17-dominated
202,214 CCR4 IL-10  [immune reactions
(extracellular microbes)
Th22-like CCR6 Regulating Th22-dominated
CCR4 immune reactions (epidermal
CCR10 immunity &
CLA remodelling)?>216
Tfr BCL-6 Germinal Regulating germinal centre
217220 centres response
Tissue-homing/tissue-resident Tregs!®22!
Skin CCR4 Skin [Tolerance to autoAgs
199,208~ E-selectin
210,222 CLA
Gut CCR9 Gut Tolerance to commensal &
188,190,223 a4B7 fOOd Ag
Muscle Muscle IL-10 Resolution of inflammation
224,225 Tissue repair
Adipose St2 (IL-33R) GATA-3 Adipose 1L-10  |Resolution of inflammation
204~ PPARy Maintaining metabolic
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1.4.4 Mechanisms of Treg-Mediated Immune Suppression

The mechanisms by which Tregs exert their suppressive influence on the immune
system are numerous and varied!%®230.231  The suppressive mechanisms
employed by Tregs can modulate diverse cellular processes and target multiple
cell subsets; some directed at Teffs, others preferentially influencing APCs. Early
in vitro studies revealed both contact-dependent and contact-independent Treg-
mediated suppression of cell proliferation, differentiation and cytokine secretion

(see Figure 1.4).

Contact-dependent mechanisms of Treg-mediated suppression include
engagement of inhibitory co-receptors expressed on the surface of Tregs with
ligands on Teffs or APCs. Probably the most well-defined of these co-inhibitory
receptors is CTLA-4, which binds CD80 (B7.1) and CD86 (B7.2). Binding of CTLA-4
to CD80/86 on dendritic cells appears to transmit intracellular signals that tolerise
these APCs via multiple mechanisms: impairing maturation, inducing generation
of immunoregulatory molecules, including indolamine 2,3-dioxygenase (IDO) and
downregulating expression of CD80/86. Not only does the ligation of CD80/CD86
by CTLA-4 transmit inhibitory intracellular signals but CTLA-4 also physically
competes with the co-activator CD28 for interaction with CD80/CD86, effectively
blocking co-stimulation?3%233, Similarly, Lymphocyte-activation gene 3 (LAG3)

expressed on Tregs inhibits DC maturation upon ligation of MHC class 11234,

The array of anti-inflammatory soluble factors secreted by Tregs, including IL-10,
TGFB and IL-35, contributes to a potent suppressive milieu that develops within

the microenvironment in which they reside®. Treg-derived IL-10 has been
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implicated in contact-independent suppression of cell proliferation and
protection from various immunopathologies, including colitis?®. Not only do
Tregs secret anti-inflammatory cytokines themselves, they also induce generation
of these cytokines by APCs. Likewise, chemokines secreted by Tregs?3®, and by

237

dendritic cells under the influence of Tregs#®/, also modulate the behaviour of

neighbouring effector cells.

Conversely, Tregs actively deplete the proinflammatory cytokine IL-2 from their
microenvironment, due to the high density of IL-2 receptor on the surface of
Tregs. Teffs deprived of IL-2 as a mitogen and activation stimulus are impaired in

their proliferation and function?38-240,

Tregs also instigate metabolic disruption of Teff cells through depletion of
extracellular ATP. The ectoenzymes CD39 and CD73, expressed preferentially by
Tregs, convert ATP into AMP plus ADP and metabolise AMP into adenosine,
respectively?41242 Since Teffs are dependent upon extracellular ATP for their
survival, whilst adenosine suppresses Teff cells, the adenosine-rich environment
surrounding Tregs becomes less conducive to Teff cells. Conversely, due to
differential expression of different variants of adenosine receptor, the impact of
adenosine upon Tregs is favourable to their suppressive function. Engagement of
the P1A2 receptor on Tregs by adenosine results in a fluctuation in cAMP, which
when delivered from the cytosol of Tregs into Teffs via gap junctions, inhibits
proliferation and IL-2 secretion in Teffs?3244  Meanwhile, Treg-mediated
contact-dependent suppression has been shown to require membrane-bound

TGFB2®,
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Tregs are also capable of inducing apoptotic cell death in Teffs directly by
secretion of cytolytic enzymes granzyme A, granzyme B?%® and perforin?4’,
Expression of Fas ligand on the surface of Tregs has also been shown to induce

Fas-dependent apoptosis in Teffs?48249,

The exact suppressive mechanisms employed by Tregs are most likely context-
dependent, being determined by the tissue microenvironment and the
inflammatory milieu. The relative dominance of different regulatory mechanisms
is determined by several factors: the differentiation status and anatomical
location of the Tregs, the nature of the immune reaction, the type and frequency
of activated effector cells and the site of inflammation. For example, within the
same patients the suppression mediated by tumour-infiltrating Tregs was found
to be dependent upon IL-10 and TGFB, whilst Tregs isolated from the peripheral

blood were found to secrete negligible quantities of either cytokine?*.

According to a three-tier model of Treg function proposed by Tang and
Bluestonel®, different suppressive mechanisms are employed by Tregs to exert
immune tolerance in three phases: homeostatic control, damage control and
infectious tolerance. In the steady state, maintenance of immune tolerance by
Tregs seems to be most dependent upon TGFB and CTLA-4, which act directly
upon neighbouring cells in lymphoid organs, whilst other regulatory mediators
are dispensable. In the context of ongoing inflammation, activated Tregs employ
more diverse medium-range, rapidly mobilised anti-inflammatory mediators,
including IL-10, IDO, HO-1 and adenosine. Cytolytic mechanisms, the sledge-

hammer of Treg-mediated suppression, are most dominant in the context of
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persistent inflammation, associated with chronic activation of Tregs. Finally, the
tolerogenic milieu established by Tregs is maintained through several positive-
feedback mechanisms even after resolution of inflammation. Notably, several of
the Treg-induced mediators, such as IL-10%12°2, TGFR!?8L2>3 DO and
adenosine!®”?42 not only impede effector cells but also enhance Treg function

directly or promote pTregs induction via their tolerising effect upon DCs.

Beyond their function in regulating the immune system, emerging evidence
suggests that Tregs also promote tissue homeostasis and repair in parenchymal
tissues, via interaction with non-lymphoid cells?!*. For example, Tregs infiltrating
damaged muscle in dystrophic mice were found to express the myogenic growth
factor amphiregulin and to contribute to muscle regeneration??4. Such non-
immunological functions of Tregs may serve to further expedite resolution of
inflammatory tissue damage. Since damaged tissue is a source of inflammatory
mediators and potentially immunogenic neo-antigens, tissue homeostasis is also

conducive to tolerance.
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Figure 1.4 Mechanisms of Treg-mediated Immune Suppression

Tregs can exert suppressive effects upon Teffs directly, in a contact-
dependent manner. For example, Tregs can induce cytolysis of Teffs via
delivery of granzymes or cAMP. Adenosine, secreted abundantly by Tregs,
disrupts Teff metabolism. Tregs regulate diverse immune cells via secretion of
anti-inflammatory soluble factors, especially IL10, IL-35 and TGFpB. Tregs can
compete with Teffs for activation stimuli, including interactions with DCs and
the mitogenic cytokine IL-2. Additionally, Tregs interact with DCs in a manner
that renders these APCs tolerogenic, i.e. capable of inducing
unresponsiveness (as opposed to activation) in Teffs. For example, CTLA-4,
expressed by Tregs binds to CD80 and CD86 costimulatory molecules
expressed by DCs. The interaction of CTLA-4 with CD80/86 not only inhibits
DC maturation but also antagonises the binding of CD80 and CD86 to CD28
on Teffs, an interaction that would otherwise promote antigen-dependent
Teff activation. Immature or tolerogenic DCs secrete anti-inflammatory
factors, including IL-10 and IDO, that favour induction of anergy or activation-
induced cell death in Teffs upon antigenic stimulation.
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1.4.5 Clinical Strategies to Augment Treg Function
Just as pathogens exploit Tregs to protect themselves from the endogenous
immune response, so researchers have long recognised the therapeutic potential

of manipulating Tregs as a means of modulating the immune system.

Pharmacological agents can be used to promote or impede the expansion or
function of endogenous Tregs. Rapamycin, for example, has been favoured as an
immunosuppressive drug in transplantation because it selectively abrogates
proliferation of Teffs, whilst sparing Tregs, thus increasing the effective ratio of
Tregs to Teff cells?>#2>>. Nonetheless, the anti-proliferative effects of Rapamycin
can have adverse effects upon the parenchyma and may prove detrimental to

tissue repair in the context of transplantation.

Recently, Transplant Pharmacology has focussed upon molecules that have a
much more selective effect upon Tregs. Ligation of CD45 via an anti-CD45RB
antibody has been shown to induce expansion of antigen-specific Tregs within
secondary lymphoid organs, by promoting the integrin-dependent interactions
between Tregs and DCs%®. Crucially, Teffs appear to be resistant to the pro-
proliferative effects of anti-CD45RB. Meanwhile, IL-2/anti-IL-2 complexes have
been reported to augment the expansion and function of Tregs within non-
lymphoid tissues, reducing disease severity in various models of
immunopathology?>®=2°8. Whilst some studies claim that Teffs were not affected
by IL-2 compex therapy, it has been reported that, depending upon the clone of
antibody used, IL-2/anti-IL-2 complexes can induce expansion and maturation of

CD8* Teffs?>%2%0_Similarly, low dose IL-2 therapy is currently undergoing phase I/II
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clinical trials for the treatment of type 1 diabetes and graft-versus-host
disease?®1262 |ntuitively, administration of exogenous IL-2 evokes a major
concern: inadvertent activation of CD8* T cells and NK cells, which are also
stimulated by IL-2. Indeed, these concerns were realised in a recent clinical trial
of IL-2 for T1D?%32%4, For conditions where enhanced Treg function is desired, a

promising alternative approach is Treg cellular therapy.

1.4.6 Application of Tregs as a Cellular Therapy

Whilst pharmaceutical immunosuppressive therapies have evolved through
several generations since their genesis in the 1970s, the morbidity associated

with broad, global immunosuppression are not trivial (see Section 1.3.1 & 0)88.

Cell therapies are being heralded as the next generation of therapeutics for
immune-mediated pathologies, including transplant rejection?/.128265266  |p
theory, cell-based therapeutic agents should confer fewer side effects than
pharmacological agents. Over the course of evolution, cells have undergone
adaptation and selection to provide finely-tuned and “intelligent” regulation of
the immune system. Cells are able to sense and respond to their environment and

adapt their behaviour to provide the most appropriate activities for their context.

Infusion of ex vivo-expanded cells has several advantages over manipulation of a
native cell population. The molecular characteristics and biochemical profiles of
many regulatory cell types are not sufficiently well characterised to design
effective drugs to target these cells specifically. Regulatory cells are so closely
related to their effector counterparts that targeting one or other subset
differentially is extremely challenging. Any attempt to promote the survival or
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activity of a regulatory cell subset in situ will most likely provide some degree of
positive stimulus to an effector cell subset. Extracting and culturing the regulatory
cells ex vivo provides an opportunity to manipulate these cells in isolation.
Furthermore, the resulting cell product can undergo further selection before
infusion, to isolate only those cells that exhibit favourable properties for the
treatment. For example, researchers have explored the benefits of selecting
alloantigen-reactive Tregs, by stimulating the cells in vitro with donor-derived
APCs or APCs pulsed with donor peptides?®”28, |In theory, Tregs expanded in the
presence of alloantigen should preferentially regulate immune responses

triggered by alloantigen, without impairing responses against unrelated antigens.

A parallel approach exploits culture supplements, such as TGFB®!, all-trans
retinoic acid (ATRA)?%?, interferon-y?’° or cilostimide?’?, to generate Tregs from
CD4* Teffs. This approach would be useful in clinical scenarios where a patient’s
endogenous Tregs are inadequate in number or function to be used as

progenitors for cells therapy.

Alternatively, gene transfer has been used to force expression of transgenic TCRs
of known specificity in Tregs?’2274.  Genetic engineering strategies, including
gene transfer, gene silencing and genome editing, might also be employed to
create “designer” cell therapy products to fit a particular specification (see

Section 1.5.3).

One of the major limitations of immune cell therapy is that immunogenicity of
allogeneic cells restricts clinicians to using autologous cells. The process of ex vivo
expansion imposes a lag between retrieval of the progenitor cells and
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administration of the product. Hence, the progenitor cells must be retrieved
several weeks in advance of the treatment starting. For cadaveric donor
transplant procedures, the date of transplantation cannot be predicted in
advance and it would be too costly to prepare cell products for potential
recipients prospectively, without having secured a donor. Immediately after
transplantation, it would be too late to retrieve cells from which to generate a cell
therapy product, as recipients are treated with induction immunosuppression
that generally ablates those cells. Considering other applications of immune cell
therapy, patients suffering from certain autoimmune pathologies have inherent
deficits in their regulatory immune cell populations that make retrieval of a

sufficient quantity and quality of cells very challenging?’>27¢.

A. Tooptimise a protocol for generating high yields of genetically engineered
primary human Tregs, which is ideally compatible with in vitro expansion

of these cells (Chapter 3)

B. To track adoptively-transferred, fluorescent protein-expressing human
Tregs in vivo in order to measure the longevity and homing behaviour of

these cells in a humanised mouse model. (Chapter 3)

C. To determine whether the protein Neuropilin-1 (NRP1) constitutes a
marker of, or contributes to the suppressive function of, human Tregs.

(Chapter 4)
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D. Should NRP1 prove to contribute to human Treg function, to identify
molecular mechanisms by which NRP1 influences Treg physiology.

(Chapter 4)

E. To explore the feasibility of driving expression of immunomodulatory
molecules in human Tregs to enhance their suppressive potency, with

particular focus on NRP1 and interleukin-10 (IL-10). (Chapter 5)

1.5.1 Background to aims A and B: Genetic approaches to study the cell biology

of cellular therapeutic agents
Many advances in the understanding of mouse immunology have been achieved
with the aid of transgenic models. Genetic labelling of cells permits dissection of
the physiology and cellular biology of immune cells. Meanwhile, molecular-scale
analyses can be aided by manipulation of protein expression. Certain aspects of
human immunology are not perfectly reflected in mouse models. In particular,
human Tregs appear to differ in several fundamental properties from their mouse
counterparts. Therefore, it would be desirable to apply genetic engineering
methodologies to the study of human immunology, which can be achieved by

transfection of cells in vitro using viral vectors.

In Chapter 3, we optimised a method for generating stably genetically-engineered
Tregs, whilst preserving the suppressive function of these cells. Building upon a
method for lentivirus-mediated transduction of T Cell Receptors into human
Tregs that has been published previously by Brusko et al?’”’, we identified
transduction conditions that generated consistently high yields of transduced

Tregs. We developed a 16-day protocol for concurrent expansion of, and gene
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transfer into, FACS-sorted Tregs. Finally, we explored some of the applications of
genetic manipulation of Tregs: transcriptional silencing of genes implicated in
Treg suppressive function and tracking of fluorescently-labelled Tregs in vivo by

flow cytometry, polymerase chain reaction (PCR) and intravital microscopy.

1.5.2 Background to Aims C and D: Studying the role of Neuropilin-1 in human
Tregs by reverse genetics

The suppressive mechanisms of Tregs must be regulated according to the
inflammatory context. Finer comprehension of the mechanisms by which Tregs
respond to their environment would greatly benefit our understanding of basic
immunology and our ability to translate this knowledge into therapeutic
strategies. Genetic analyses could be employed to investigate environmental cues
that regulate Treg activity and the molecular pathways by which Tregs transduce

salient contextual signals.

Neuropilin-1 (NRP1) is transmembrane glycoprotein that acts as a co-receptor for
plexins and growth factor receptors that bind ligands of the Semaphorin and
growth factor families (including VEGF, HGF, PDGF and TGFP2?7827°. First
characterised as a mediator of neural and vascular development?8%281 NRP1 has
been implicated more recently in immune system function?®?7284 Within the
immune system, NRP1 is expressed by T cells and antigen presenting cells and,

moreover, is required for immunological synapse formation in mice?8>-287.

Interest in this transmembrane glycoprotein as a marker of Tregs arose from
studies showing that, in mice, NRP1 is preferentially expressed by Tregs,

compared with Teffs?®288  or by thymus-derived Tregs specifically?8%2%.
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Moreover, NRP1 has been proposed to promote the suppressive capacity of
Tregs, either extrinsically, through modulation of APCs, or intrinsically, via NRP1-
dependent signalling that induces molecular mechanisms of suppression?88291,
Whilst it has been reported that NRP1 is not preferentially expressed in human
peripheral blood Tregs?®?, it has not been established whether suppressive

function is influenced by NRP1 in human cells.

In chapter 4, we demonstrate that, in spite of the minimal expression of NRP1 by
human Tregs, the immune suppression mediated these cells is dependent upon
Treg-intrinsic NRP1 expression. NRP1 expression by human Tregs was found to be
dispensable for cell survival, proliferation and activation. However, gene
expression analyses revealed that expression of three key mediators of autophagy
was dependent upon NRP1 expression. Additionally, synthesis of various
cytokines was moderately perturbed in NRP1 deficient cells, suggesting some role

for NRP1 in maintaining Treg phenotype.

1.5.3 Background to Aim E: Genetic engineering of cell therapy products

The necessity of culturing cells ex vivo prior to infusion for cell therapy
applications provides an ideal window of opportunity for genetic manipulation of
cellsin vitro, in order to enhance the function or safety profile of the cells. Genetic
engineering could be used to confer upon the cells a greater specificity or
bespoke functionality. Likewise, safety switches could be introduced to disable
cells in order to reverse or down-regulate the immune regulation exerted by the
cells?®3. Finally, in conditions where the patient’s own Tregs are functionally

defective, a clinician may elect to use cells from an allogeneic or xenogeneic
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source that have been modified to be less immunogenic?®*. Alternatively, if the
defect can be attributed to a particular genetic locus, the function of autologous

cell might be restored by ex vivo genetic engineering.

In chapter 5, we explored the potential to enhance Treg function by forcing
expression of two immunoregulatory molecules, I1L-10 and NRP1, in expanded
human Tregs. One might expect that driving expression of these proteins in cells
that already express them would not add to their function. However, the
expression of these molecules in native Tregs is dictated by the cell’s environment
via mechanisms that were tuned to operate for the purpose of maintaining
immune homeostasis. Native Tregs are adapted to permit physiological
inflammation and only impede immune responses that are interpreted as
pathological. However, Tregs applied for cellular therapy need to perform above
and beyond their native function if they are required to overcome the rather
unnatural scenario of a fully allogeneic tissue placed at a site that is not
immunologically privileged. Tregs expressing these molecules at constitutively
high levels might overcome the restrictions upon Treg activity conferred by
endogenous homeostatic mechanisms, permitting these cells to function with
maximal potency. Therefore, we hypothesised that constitutive overexpression
of IL-10 or NRP1 in human Tregs would enhance the suppressive capacity of these

cells.
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2.1.1 Isolation of PBMCs by density gradient centrifugation

Human PBMCs were isolated from the blood of healthy donors (provided by the
National Health Service Blood and Transplant, Oxford, U.K) using LSM 1077 (GE
Healthcare, Chicago, IL, USA) for density gradient centrifugation at 2200rpm, at
room temperature, for 30mins. Buffy coats were collected and washed with PBS.
Erythrocytes were lysed by incubating the PBMCs for 5mins in PharmLyse lysing

buffer (BD biosciences, Franklin Lakes, NJ, USA).

2.1.2 Isolation of human Tregs by FACS

Isolation of CD25* cells from PBMCs was performed by incubating PBMCs with
CD25 microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany) for 15mins at
4°C, washing and applying the cell suspension to Miltenyi LS column (Miltenyi) on
a MACS (Magnetic Cell Separation) magnet (Mitenyi), according to the
manufacturer’s protocol. CD4*CD25*CD127' cells were FACS-sorted, from CD25*-
enriched PBMCs, using a BD FACSAria instrument, after staining with aCD4-ECD
(Beckmann Coulter, Brea, CA, USA) aCD25-PE-Cy7 (BD Biosciences) aCD127 — PE
(BD Biosciences). Meanwhile, from the CD25" fraction of cells, CD4* Teffs were
isolated using CD4 microbeads (Miltenyi), according to the manufacturer’s
protocol. The remaining PBMCs were cryopreserved before use. For all in vitro
cell culture and assays, leukocytes were cultured in complete medium, composed

of RPMI medium supplemented with L-glutamine (Sigma-Aldrich, St. Louis, MO,
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USA), 100U/mL penicillin and 10mg/mL streptomycin (Sigma-Aldrich) and 10%
human AB serum (Seralab, Haywards Heath, U.K) (heat-inactivated for 20 minutes

at 55°C).

2.1.3 invitro Expansion of human Tregs and Teffs

After isolation, T cells were cultured for sixteen days in complete medium. During
the first fourteen days, culture medium was supplemented with 1000U/mL (for
Tregs) or 200U/mL (for Teffs) recombinant human IL-2 (Novartis Pharmaceuticals
UK Ltd, Surrey, UK). Tregs were stimulated with aCD3aCD28 T cell activator beads
(ThermoFisher Scientific) on day O of culture, at a ratio of 3 beads: 1 cell, and on
day 7, with 1 bead: 1 cell. Teffs were stimulated on both day 0 and day 7 with 1
bead: 1 cell. Cultures were split, and medium replaced, as required. Tregs and
Teffs were rested, without beads, in the presence of 200U/mL or 100U/mL IL-2,

respectively, for the final two days.

2.1.4 Generation of human monocyte-derived dendritic cells

CD14* monocytes were isolated from PBMCs using MACS CD14* microbeads and
LS (Miltenyi Biotech, Bergisch Gladbach, Germany), according to the
manufacturer’s protocol. CD14* mononuclear cells were incubated for five days
at 5x10° cells/mL medium in the presence of 1000U/mL IL-4 (Peprotech, Rocky

Hill, NJ, USA) and 50ng/mL GM-CSF (Peprotech)

2.1.5 Cryopreservation and thawing of human leukocytes

Cells were resuspended in freezing medium (45% RPMI, 45% Foetal Calf Serum

(FCS), 10% DMSO) at 50-200x10° cell/mL for PBMCs or 2-25x10%/mL for T cells.
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Cells were frozen in 1.5mL cryovials in freezing boxes at -80°C, before being

transferred to -160° for long-term storage.

Frozen vials of cells were transferred to -80°C for one hour before thawing at
37°C. Thawed cell suspensions were immediately washed in 10mL RPMI, added

dropwise.

2.2.1 Labelling of cell surface antigens with fluorophore-conjugated antibodies

Cells, washed with FACS buffer or PBS and plated onto 96-well v-bottomed plates
at 5-20x10* cells per well, were incubated with 0.15uL per sample of each
fluorophore-conjugated antibody, at 4°-8°C, in the dark. Antibody was washed
from the cells with FACS buffer after 30mins. All washes were performed by
adding PBS to each well and centrifuging samples at 1500rpm for 5mins at 4°C,
then tipping off the supernatant. Samples from in vivo experiments were stained
in 4mL FACS tubes, with 1uL of each antibody per sample. After washing, samples
were fixed in a volume of at least 100uL 1% paraformaldehyde (PFA). Flow
cytometry was performed using a BD FACSCanto Il instrument (BD) and data were

analysed using FACSDiva software (BD).

2.2.2 Antibodies
All antibodies for flow cytometry are reactive against human antigens, unless

otherwise stated.
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Methods

antigen | fluorochrome Species clone supplier
of origin

CD127 | PE Mouse hiL-7R-M21 BD

CD14 APC Mouse 61D3 BD

CDh14 APC-Cy7 mouse MdP9 BD

CD19 PE Mouse HIB19 BiolLegend

CD25 PE Cy7 Mouse M-A251 BD

CD25 APC Mouse M-A251 BD

CD3 PE Mouse HIT3a BD

CD3 PE Cy7 Mouse SK7 BD

CD3 eFlour450 Mouse OKT3 eBioscience

CD4 ECD Mouse SFCI12T4D11 | Beckmann Coulter

CD4 APC Mouse RPA-T4 BD

CD45 APC Mouse H130 eBioscience

CD69 APC Cy7 Mouse FN50 BD

CD8 FITC Mouse SK1 eBioscience
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CD8 PE Mouse HIT8a BD

CD8 APC Cy7 Mouse SK1 BD

CD80 FITC Mouse 2D10.4 BD

CD&3 PE Cy7 Mouse HB15e eBioscience
CD86 PE Mouse IT2.2 BD

FOXP3 | FITC Rat PCH101 eBioscience
FOXP3 | PE Rat PCH101 eBioscience
FOXP3 | eFluord50 Rat PCH101 eBioscience
HLA-DR | ECD Mouse Immu-357 Beckman Coulter
ICOS FITC Mouse ISA-3 eBioscience
Kie7 eFluor 450 Mouse 20Raj1 eBioscience
Mouse | PE Rat 30F11 eBioscience
CD45

NRP1 APC Mouse 12C2 BioLegend

2.2.3 Intracellular immunostaining

Following immunostaining of cell surface antigens (Section 2.2.1), cells were

incubated for 45mins-16hours at 4°C in 100uL per well, or 500uL per tube,
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fixation-permeabilisation buffer (eBioscience). Permeabilisation buffer was then
added before centrifuging samples to remove the buffers. Samples were
incubated for 10-20mins with 2ulL per well, or 5uL per tube, 2% rat serum
(eBioscience). Antibodies were added at 1-2uL per well and washed out after
incubating for 40mins at 4°C in the dark, after which, samples were washed and

fixed in 1% PFA (as for surface staining Section 2.2.1).

2.2.4 Cytokine bead array

Supernatants were collected from cell cultures, after 72hrs stimulation, unless
otherwise stated, and stored at -80°C until use. Thawed supernatants were
probed using a multiplex bead-based immunoassay. A LEGENDplex™ Human Th
Cytokine Panel (BiolLegend) was used to analyse Treg culture supernantants.
Supernatants from suppression assays were analysed using LEGENDplex Human

Inflammation Panel (BioLegend) Flow cytometric bead array kit.

2.2.5 Staining with cell viability dyes

Cell were incubated for 30mins at 4°C in the dark with 0.3ulL per sample of each
dye. 7-aminoactinomycin D (7AAD) (eBioscience) was stained concurrently with
antibodies in all flow cytometry assays. Annexin V-APC staining solution
(eBioscience) was also incorporated into antibody staining master mixes for cell
viability assays. When staining for Annexin V, all washes were performed in
Annexin V binding buffer (eBioscience) and cells were resuspended in binding

buffer for acquisition on the flow cytometer, immediately after staining.
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2.2.6 Staining with cell proliferation dyes

For staining with Violet Proliferation Dye (VPD) (BD), cells were washed in PBS
then resuspended in PBS at 30x10° cells/mL in PBS. Cells were incubated with
1uM VPD for 10mins at 37°C before being washed in PBS 5% FCS, followed by
PBS. To stain with carboxyfluorescein succinimidyl ester (CFSE), cells were
incubated in ImL RMPI with 10uM CFSE for 10mins at 37°C, then washed with

RPMI supplemented with 10% FCS.

2.3 lentivirus-mediated transduction of human Tregs

2.3.1 Lentiviral vectors

The VSV-G envelope plasmid, pMD2.G (Addgene plasmid #12259), lentiviral
packaging plasmids, psPAX2 (Addgene #12260), pMDLg/pRRE (Addgene #12251)
and pRSV-Rev (Addgene #12253) and eGFP transfer vector pWPXL (Addgene
#12257) were a gift from Didier Trono. Plasmid maps and sequences for these

vectors are available at www.addgene.org.

The NRP1 shRNA plasmid (TRCO000063525) was acquired from ThermoFisher
(Waltham, Massachusetts, USA), whilst the pLKO.1 - TRC cloning vector was a gift

from David Root (Addgene plasmid # 10878)2%°.

Plasmids for IL-10 and NRP1 overexpression, and the control vector CAG-GFP,
were designed for this study using VectorBuilder software and constructed by
Ciagen Biosciences. Both CAG-IL10 and CAG-NRP1 vectors contained the ORF
(IL10 or NRP1), linked via P2A sequence to an EGFP ORF, driven by a CAG

promoter (see plasmid maps and sequences for CAG-GFP [Appendix 1, Appendix
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2] CAG-IL10 [Appendix 3, Appendix 4] and CAG-NRP-1 [Appendix 5, Appendix 6].

All transfer vectors also encoded ampicillin resistance proteins.

2.3.2 Preparation of plasmids

Plasmids were isolated from 100mL or 250mL of overnight cultures of E.coli using
a Plasmid Maxi Prep kit (Qiagen, Hilden, Germany), following the manufacturer’s
protocol. Plasmid DNA was quantified using a NanoDrop instrument

(ThermoScientific) and frozen in TE buffer (Qiagen) at -80°C.

2.3.3 Generation of lentiviral vectors

293T cultures were maintained in DMEM supplemented with 10% FCS, 4mM L-
Glutamine, 100U/mL penicillin and 10mg/mL Streptomycin. 293T cells were
seeded at 1.6x10° cells per 75cm? tissue culture flask one day prior to
transfection. Transfection mixtures, containing envelope, packaging and transfer
plasmids, were prepared using Profection Mammalian Transfection System
reagents (Promega, Fitchburg, WI, USA), according to the manufacturer’s
protocol. The IL-10- and NRP1-overexpression vectors (10ug per flask) were
packaged using a third-generation lentiviral packaging system, utilising pMD2.G
(3ug per flask), pRSV-Rev (2.5ug per flask), pMDLg/pRRE (5ug per flask). All other
transfer vectors (6ug per flask) were packaged using a second generation system,
utilising pMD2.G (2.4ug per flask) and psPAX2 (3.6ug per flask). Transfection
mixture was added dropwise to each flask of 293T cells. Medium was replaced
10-16hrs after transfection and supernatants were harvested two to three times,
at approximately 12hr intervals. Lentivirus-containing supernatants were cleared

by centrifugation for 5mins at 1700rpm and filtered through 0.22uM filters.
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Cleared supernatants were concentrated by centrifugation for 3 hours at
18000rpm, 4°C and resuspended in culture medium at 100x concentration.

Concentrated supernatants were stored at 4°C, in the dark, for up to three days.

2.3.4 Transduction of human Tregs and selection of transduced cells

Transduction of human Tregs or Teffs was performed concurrently with the
expansion protocol outlined above (Section 2.1.3), by adding concentrated
lentivirus (50ulL of 100x viral concentrate per well of a 96-well plate, containing
200pL medium and 5-10x10° cells, unless otherwise stated) to freshly isolated T
cells on day O of the expansion. Cells transduced with shRNA or the TRC pLKO.1
control vector were selected by adding puromycin (Millipore, Billerica, MA, USA)
to cultures at 1ug/mL from day 7 until day 12, and then at 2ug/mL on day 13-14.
Cells transduced with vectors encoding fluorescent proteins were selected by

FACS at least 10 days post-transduction.

2.3.5 Titration of lentiviral vector by flow cytometry

293T cells were seeded at 10° cells per well of a 24-well plate one day prior to
addition of concentrated lentivirus stock at varying concentrations. Cells from one
well were enumerated manually at the time of lentivirus addition (day 1). 72hrs
after addition of the virus, cells were fixed in 1% PFA and the proportion of GFP*
cells was quantified by flow cytometry. The concentration of a viral stock was

calculated by the following formula:

Concentration (TU/mL) = # cells day 1 x fraction GFP* cells day 4 / volume

viral supernatant (mL)
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2.4.1 NRP1 Expression timecourse

Freshly isolated Tregs and Teffs, and in vitro expanded Tregs, were cultured in the
presence of beads (1bead: 5cells) and IL-2 (250U/mL) for seven days. Aliquots of
cells were stained with aNRP1 antibody (BioLegend, San Diego, CA, USA) on day

0, 2, 4 and 7 of culture and analysed by flow cytometry.

2.4.2 in vitro beads-stimulated Treg suppression assay

Responder PBMCs were stained with 10uM CFSE (Invitrogen) or 1uM VPD (BD)
(Section 2.2.5) and cultured (1 x 10° per well of a 96 well plate) for 72hrs with
Tregs, at ratios from 1 Treg: 1 responder to 1/64 Treg: 1 responder. T cells were
stimulated with aCD3aCD28 T cell activator beads (invitrogen) at a 1 bead: 5
responder cells ratio. Assays were performed in triplicate, unless otherwise
indicated. To quantify responder proliferation from CFSE/VPD dilution profiles,

division indeces were calculated using the following formula®®:

... . # cell divisions
division index = — =
# precursor cells

(# cells division1 )+2(# cells division 2)+~-~+n(# cells division n)

21 22 2n
(# cells diovision 0 )+2(# cells dilvision 1)+-~-+n(# cells dirllzision n)
2 2 2

Where “divisions” refer to peaks of the proliferation dye dilution profile,
and n=the number of the division peak (corresponding to the number of
cell cycles completed by cells in that peak), with the peak of highest
intensity (corresponding to undivided cells) designated as “division 0”.
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2.4.3 in vitro mixed lymphocyte reaction

in vitro-expanded Tregs were cultured for 6 days with autologous responder
PBMCs (1 x 10° cells per well of a 96 well plate), at ratios from 1 Treg:1 responder
to 1/64 Tregs: 1 responder. Monocyte-derived dendritic cells (moDCs) (allogeneic
to the responder cells and Tregs) were included as stimulators (1x10* per well).
Six replicates were performed for each condition. Relative cell proliferation in
each well was determined by incorporation of 3H-Thymidine (Perkin Elmer),
added for the last sixteen hours of culture, detected using a beta-plate reader.

Percentage suppression of responder proliferation was calculated as:

Proliferation =100x ([cpmPBMC+stim —

cpmMPBMC+stim+Treg]/cpmPBMC+stim)

2.4.4 Flow cytometric analysis of in vitro T cell proliferation

Tregs or Teffs were stained with 1uM violet proliferation dye (BD) (Section 2.2.5)
prior to being cultured (1x10*cells per well) for 72hrs with or without aCD3aCD28
beads (2x10% per well) before harvesting cells for flow cytometry to determine
dye dilution. Assays were performed in triplicate. Division indeces were calculated

asin2.4.2

2.4.5 Flow cytometric analysis of in vitro T cell activation

After culturing for 72 hours with or without aCD3aCD28 beads (1x10* per well),
Tregs or Teffs (5x10%cells per well) were stained with antibodies against activation
markers: alCOS-FITC (BD), aCD25-PE-Cy7 and aCD69-APC-Cy7 (BD). Cell surface

expression of these activation markers was determined by flow cytometry.
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2.4.6 Flow cytometric analysis of in vitro apoptotic cell death

Tregs or CD4* Teffs (5x10* per well) were stimulated with or without aCD3aCD28
beads (1x10* per well) and IL-2 (200U/mL for Tregs or 100U/mL for Teffs) for
72hrs. After staining cells with 7AAD (eBioscience) and Annexin V-APC
(eBioscience), AnnV*7AAD" (early apoptotic) and AnnV*7AAD" (late apoptotic)

cells were enumerated by flow cytometry.

2.5.1 RNAsolation

Cells were cryopreserved as dry pellets at -80°C after washing in PBS. Total cellular
RNA was isolated from cryopreserved cell pellets using a Qiagen RNeasy mini kit
(Qiagen, Hilden, Germany) or Ambion mirVana™ miRNA Isolation Kit
(ThermoFisher Scientific, Waltham, MA, USA), according to the manufacturers’
protocols. RNA that was not used immediately was stored in endotoxin-free water

at -80°C for up to 12 months.

2.5.2 cDNA synthesis

cDNA was reverse transcribed from RNA using a High Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific), according to the manufacturer’s
protocol. cDNA that was not used immediately was stored at -80°C for up to 12

months.

2.5.3 gRT-PCR
Quantitative real-time PCRs were performed with Tagman probe mixes
(ThermoFisher Scientific) and PerfeCTa® gPCR ToughMix® UNG Low ROX™ from

Quanta Biosciences (ThermoFisher Scientific), using an Applied Biosystems
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QuantStudio™ 7 Flex instrument (ThermoFisher Scientific). Each reaction was
performed with 2uL cDNA: 18uL PCR master mix per well of a 384-well plate
(ThermoFisher Scientific). HPRT mRNA was measured in all samples as an
endogenous control. In all cases, the reporter dye was FAM, the quencher NFQ-
MGB and the reference dye ROX. Results represented as 2" were calculated
from mean ACt values (threshold cycle of each target relative to HPRT for the
same sample) generated automatically by the QuantStudio 6 and 7 Flex™ 7

software (ThermoFisher Scientific).

2.6 Microarray

Total RNA was isolated from control and NRP1 KD samples of three cell types:
expanded, rested Tregs (N=5 donors); expanded, rested Teffs (N=3) and
expanded, stimulated Tregs (N=4 donors). Stimualted Tregs had been cultured for
72hrs with aCD3aCD28 beads (1 bead: 5 cells) and IL-2 (200U/mL). RNA was
isolated using Qiagen’s RNeasy kit (Qiagen) and hybridised to Illumina Human HT-
12 arrays. The microarray was conducted by the Bioinformatics and Statistical
Genetics Core, Oxford Genomics Centre, Wellcome Trust Centre for Human
Genetics. Analysis of differential gene expression between groups was
performed, with pairing of samples from the same donor, using LIMMA?®?, by Dr

Ruud Van Stiphout.

2.7 Microscopy assay to measure duration of intercellular contacts

between Tregs and DCs
Two wells of an 8-well microscopy chamber (Lab-Tek I, Nalge Nunc International,

Roskilde, Denmark) were loaded with 10° CFSE-stained dendritic cells and 10°
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autologous in vitro-expanded human Tregs per well, in 200uL complete culture
medium (2.1.1) with 20nM HEPES (Sigma). 10ug/mL of anti-human NRP1
blocking antibody (R&D Systems, Minneapolis, MA, USA) was added to one well
and Sheep 1gG (R&D Systems) control antibody to the second well. Cells were
incubated at 37°C, 5%CO; for 90 mins prior to imaging. Live cell imaging to detect
polarised light and CFSE (FITC channel) was performed using a DeltaVision Elite
Imaging System (GE Healthcare, Chicago, IL, USA), inside a chamber at 37°C,
5%CO;. Images were taken at 20s intervals for 40mins, at two points of interest
in each well, alternating between wells at each time point. For each timelapse
video, all Treg: DC contacts were analysed for ten DCs, selected on the basis of
being relatively stationary and positioned at a moderate cell density. Only direct
contacts between the plasma membranes of two cells were counted as contact
events. Duration of each Treg: DC contact was calculated by recording the
number of frames for which the cells remained in continuous contact. Interrupted
contacts were counted as separate events. Cells that were judged to be passively

trapped in close proximity were excluded from the analysis.

2.8.1 Mice

BALB/c Rag2” cy’ mice (The Jackson Laboratory, Bar Harbor, ME, USA) were
housed in the John Radcliffe Hospital Biomedical Services Unit under specific
pathogen-free conditions. All protocols were conducted in accordance with the
UK ASPA (Animals (Scientific Procedures) Act, 1986) and approved by Oxford

University's Committee on Animal Care and Ethical Review.
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2.8.2 Procurement of human tissue

Human tissue was obtained with informed consent from patients undergoing
plastic surgery procedures at the Department of Plastic and Reconstructive
Surgery, John Radcliffe Hospital, Oxford. Ethical approval was granted by the
Oxfordshire Research Ethics Committee, study number 07/H0605/130. The
outermost 1/100” of the skin was isolated from underlying tissues using a
dermatome (Zeiss, Jena, Germany). Patients diagnosed with inflammatory skin
conditions, or receiving immunosuppressive medication, were excluded as skin
donors. Skin was stored at 4°C in University of Wisconsin Solution for up to 12hrs

prior to transplantation.

2.8.3 Skin grafting procedure

Under anaesthesia (Domitor/Ketamine), BALB/c Rag2”" cy” recipients, aged 8-
12wks, were prepared for surgery by removing a 1cm? square of skin from the
shaven left flank. Surgical grafting 1cm? of human skin into the incised site was
performed using 8-0 polypropylene sutures (Ethicon, Somerville, NJ, USA). A small
nick was made using microscissors in the centre of each graft to allow gas bubbles
to escape. Skin grafts were covered with a patch of iodine-infused gauze
(Syntagenix, Gatwick, U.K.). A 1x10cm strip of sterile, non-woven swab was rolled
into a cylinder, placed over the graft, and secured with autoclave tape wound
around the abdomen of the mouse, to apply light compression to the graft. After

ten days, these bandages were removed under anaesthesia.

73



Methods

2.8.4 Adoptive transfer of human leukocytes

5 weeks after skin grafting, recipients received 5x10° cryopreserved PBMC in pure
RPMI via intra-peritoneal injection, with or without 2.5x10° in vitro-expanded
Treg. Tregs were autologous to the PBMCs. Both PBMCs and Tregs were
allogeneic to the skin graft. Grafts were assessed at least three times per week
for macroscopic markers of rejection. Mice were sacrificed after graft rejection or

at day 100 post-transplantation (whichever occurred sooner).

2.8.5 Flow cytometric analysis of lymphocytes in secondary lymphoid organs

and graft

Peripheral blood was harvested from the inferior vena cava, under anaesthesia,
prior to euthanasia. Half of each skin graft was digested for 1hr in 1.6mg/mL
collagenase D (Roche, Basel, Switzerland). Spleens were macerated, using a
syringe plunger, through a 70um nylon mesh. Erythrocytes were lysed in blood
and spleen cell suspensions in 10mL PharmLyse buffer (BD) for 8mins, before
washing in FACS buffer. Blood, skin and spleen cells were stained for analysis of
cellular composition by flow cytometry using the following antibodies: CD3-PE
(BD), CD4-ECD (Beckman Coulter), 7AAD (eBioscience), CD25-PE-Cy7 (BD),
hCD45-APC  (eBioscience), CD8-APC-Cy7 (BD) and mCD45-eFlourd50

(eBioscience).

2.9.1 Preparation of tissues

Skin grafts, dissected from skin graft recipient mice that had been reconstituted

with human PBMCs and GFP* Tregs (Sections 2.8.3-2.8.4) between three and
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seven weeks post-transplantation, were snap-frozen in OCT compound and
stored at -80°C. Skin samples were cut into fine shreds using sterile scalpels, after

removal of the OCT compound.

2.9.2 Preparation of standards for computation of PCR detection threshold

Standards were prepared by spiking known numbers of eGFP-expressing Tregs,
(from the same stocks as those used for the adoptive transfer into skin graft
recipient mice) into aliquots of GFP- PBMCs. These cell samples contained 5x10°
cells in total, with a five-fold serial dilution of GFP* Tregs from 10° to 1 cell. Cells
were frozen as dry cell pellets prior to DNA isolation using the Red ExtraNAmp kit

(Sigma), according to the manufacturers protocol for tissue samples.

2.9.3 DNAisolation

DNA was extracted from these skin samples (Section 2.9.1) and cell pellet
standards (Section 2.9.2) using extraction, tissue preparation and neutralisation
buffer from Sigma’s Red Extract N Amp DNA isolation kit (Sigma-Aldrich),

according the manufacturer’s protocol for tail tips.

2.9.4 Polymerase Chain Reaction (PCR)
PCR primers were designed using OligoPerfect software (ThremoFisher
Scienctific) to target sequences within the eGFP ORF of the pWPXL plasmid and

had the following nucleotide sequences:

Forward primer for eGFP: AGTTCACCTTGATGCCGTTC

Reverse primer for eGFP: CACATGAAGCAGCACGACTT
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PCR mixes were prepared using 0.5uL of DNA extract, 0.2uM of each primer and
reagents from the HotStarTag master mix kit (Qiagen), following the
manufacturer’s protocol. PCR was performed using a DNA Engine thermal cycler

(Bio-Rad Laboratories), with an annealing temperature of 60°C, for 35 cycles.

2.9.5 Gel electrophoresis for detection of PCR products

Gels were prepared with 1.75% agarose in TBE 0.5x buffer, with 1xSYBR Safe
reagent (ThremoFisher) to visualise bands. 8uL of each PCR reaction, with 2ulL
loading dye, was loaded per lane. DNA hyperladder IV (Bioline, Boston, MA, USA),
containing oligonucteotides of 100-1000bp, at 100bp intervals, was loaded in two
lanes. Electrophoresis was performed at 70V. Gels were imaged using a Gel Doc

EZ System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.10.1 Preparation of mice for imaging

BALB/c Rag2” cy’ mice received human skin grafts (as in Section 2.8.3) and
adoptively-transferred human PBMCs and GFP* Tregs (as in Section 2.8.4). Human
skin grafts were imaged, in situ, using a Zeiss 780 Upright instrument (Zeiss,
Oberkocken, Germany), 5 weeks after injection of human cells into the graft
recipients. Mice were anaesthetised using isofluorane during preparation and
imaging. Imaging of mice was conducted using an apparatus comprising a pair of
screws mounted on a base, onto which a metal plate, with a glass coverslip at the
centre, could be attached. Under anaesthesia, mice were positioned between the

two screws, cushioned by putty placed along the animal’s dorsal side and head,
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with the grafted flank uppermost. The skin of the flank was stretched over a block
of putty next to the abdomen and secured with two sterile 26G syringe needles
piercing either side of the graft. The metal plate was fixed directly over the flank
of the mouse, with the graft visible through the coverslip, securely enough to

flatten the skin without restricting blood circulation.

2.10.2 Instrument setup and imaging parameters

The tissue was excited at 860nm. Z-stack imaging was performed across 20
sections at intervals of 3um up to a depth of 100um, at 30 second intervals for 24
minutes. Images were corrected for autofluorescence and drift using Imaris

software (Bitplane, Zurich, Switzerland).

All statistical analyses were performed using GraphPad Prism software. Wilcoxon
Signed Rank tests were applied to data comparing numbers or percentages of
cells or MFls, pairing samples from the same donor. Unpaired data sets were
analysed using Mann Whitney U tests. Data from suppression assays performed
at varying Treg: responder ratios were analysed using a two-way ANOVA.

Meanwhile, graft survival data were assessed using Log Rank tests.

77



Optimisation and Application of Genetic Engineering in Human Tregs

Chapter 3: Optimisation and Application of

Genetic Engineering in Human Tregs

3.1 Introduction

Research into Tregs has flourished over the past two decades. Nonetheless,
greater comprehension of the mechanisms by which Tregs regulate other
immune system components, and how these cells respond to their environment,
would greatly benefit our understanding of basic immunology and our ability to

translate this knowledge into therapeutic strategies.

Many advances in the understanding of mouse immunology have been achieved
with the aid of transgenic models. Utilising a reverse genetics approach, the
function of a particular protein in a cellular response can be probed using a model
in which that molecule is genetically manipulated. A protein of interest may be
over-expressed, knocked out or knocked down. Reporter constructs can be used
to tag proteins, or promoters, enabling detection and localisation of protein
expression. Stable labelling of cells with fluorescent protein has been invaluable
for studying cell migration and cell fate, in vivo. Nowadays, fluorescently-labelled
cells can also be detected by intra-vital microscopy to study cellular interactions
in situ ?%.

Certain aspects of human immunology are not perfectly reflected in mouse

models and, in particular, human Tregs appear to differ in several fundamental

properties from their mouse counterparts. For example, among mouse T
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lymphocytes, expression of the transcription factor FOXP3 is ubiquitous in, and
exclusive to, cells with a regulatory phenotype. In human T cells, FOXP3 can be
expressed in Teffs upon activation'*. Given the obvious impediments to
transgenesis in humans, genetic engineering can be achieved by gene transfer
into cells in vitro. Stable genetic modification can be accomplished via
transduction of cells with a viral vector capable of integrating transgenes into the
host cell genome. Among viral gene transfer vectors, replication-incompetent
HIV-1 lentivirus exhibits the most favourable safety profile and is also known to
be very efficient for transduction of mammalian lymphocytes?®®=%3, In contrast
to other retroviral vehicles, lentiviruses can traverse the nuclear envelope in its

target cell, permitting integration in non-dividing cells.

In this chapter, we sought to optimise a method for generating high yields of
stably genetically-engineered Tregs, whilst preserving the suppressive function of
these cells. Building upon a method for lentivirus-mediated transduction of T Cell
Receptors into human Tregs that has been published previously by Brusko et al?”7,
we identified transduction conditions that generated consistently high yields of
transduced Tregs. We propose an optimised 16-day protocol for concurrent
expansion of, and gene transfer into, FACS-isolated human Tregs. Finally, we
demonstrated some of the applications of genetic manipulation of Tregs:
transcriptional silencing of genes implicated in Treg suppressive function and
tracking of fluorescently-labelled Tregs in vivo by flow cytometry, polymerase

chain reaction (PCR) and intravital microscopy.
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Objective 1: To optimise a protocol for generating high yields of genetically
engineered primary human Tregs that is ideally compatible with in vitro expansion

of these cells.

Hypothesis 1: Lentivirus-mediated transduction of human Tregs during in vitro
expansion will yield sufficient numbers of stably-transduced cells (>1.5 x 107 cells

per culture) to be used in adoptive transfer experiments in vivo.

Objective 2: To track adoptively-transferred, fluorescent protein-expressing
human Tregs in vivo in order to measure the longevity and homing behaviour of

these cells in a humanised mouse model.

Hypothesis 2: Human Tregs engineered to express enhanced Green Fluorescent
Protein (eGFP) will be detectable in human and mouse tissues (by PCR, flow
cytometry or two-photon microscopy) after adoptive transfer into a humanised

mouse model.

3.3.1 Optimal transduction efficiency in Tregs depends upon strength of TCR

stimulation, lentiviral titre and duration of pre-activation of cells

Many informative discoveries in mouse immunology have been achieved with the
aid of genetic engineering to label cells with a detectable marker, in order to track
the cells in vivo. In order to emulate these studies, we wished to optimise a
protocol for genetically engineering human Tregs to express a fluorescent
marker, enhanced eGFP (eGFP) constitutively. Fluorescent markers such as eGFP

are particularly amenable to in vivo cell tracking because they can be detected via
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a range of accessible methodologies, including fluorescence microscopy and flow
cytometry. For the same reason, this was also a pragmatic choice of transgene to
use for optimisation and validation of the gene transfer protocol. Lentiviral
vectors were chosen because these vectors have been identified as arguably the

most effective for stable gene transfer into lymphocytes.

Since many experimental and clinical applications demand large numbers of cells
and stable transgene expression, we sought to formulate a protocol for optimal
transduction in human Tregs that would maximise the yield of stably modified
cells. Whilst lentivirus can enter the nucleus via nuclear pores, independently of
cell division, genomic integration is favoured by activation and cell cycling3®.
Hence, we decided to co-opt an existing protocol for in vitro expansion of human
Tregs developed previously in our lab3%*, since this protocol was designed to drive

rapid and sustained cell proliferation [Figure 3.1 ].
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Figure 3.1 Protocol for transduction of human Tregs

Human PBMCs were isolated from buffy coats from healthy donors. CD4+CD25+CD127Io
Tregs were isolated from these PBMCs by Fluorescence-Activated Cell Sorting (FACS) and
stimulated with aCD3aCD28 beads (at a 3 beads: 1 cell ratio, unless otherwise stated) and
recombinant human IL-2 (1000U/mL). On the day of isolation (unless otherwise stated),
concentrated supernatant from lentivirus-producing 293T cells was added directly to the
Treg cultures. One week after Treg isolation, the Treg cultures were re-stimulated with
aCD3aCD28 beads (1 bead per cell) and cultured for a further week in the presence of IL-2
(1000U/mL). Finally, the stimulatory beads were removed from these Treg cultures, which
were rested for two days in the presence of 200U/mL IL-2. Throughout culture, cell cultures
were divided and medium replenished as required. Lentivirus-producing 293T cells were
generated by transfecting 293T cells with plasmids encoding lentiviral envelope
components, lentiviral packaging proteins and the transgene of interest (see plasmid maps,
Appendix 1). Lentivirus was concentrated by centrifugation of supernatants collected from
these transfected cells.
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The effect of stimulation intensity on the yield of transduced Tregs was assessed
by transducing Tregs stimulated with different ratios of stimulatory aCD3aCD28-
coated beads. Treg cultures stimulated with the highest bead: cell ratio (3 beads:
1 cell) yielded numbers of eGFP* cells at least as great as lower ratios tested (1

bead: 1 cell and 1 bead: 5 cells) [Figure 3.2a ].

It may be intuitive that a viral titre should correlate positively with transduction
efficiency. Nonetheless, the increased transduction efficiency expected from
higher viral titres might be negated by adverse effects of viral toxicity. Three viral
titres were tested: 0.05TU/mL (“low”), 0.5TU/mL (“medium”) and 5TU/mL
(“high”). The highest viral titre yielded the greatest number of stably-transduced
Tregs [Figure 3.2b]. In the existing literature, authors often advise that the
lentivirus should be added to cells that have been pre-activated?’’, inducing a
highly proliferative state that promotes viral integration rapidly after viral entry
into the cell. However, higher yields of transduced cells were obtained when
lentivirus was added to target cells on the same day as the cells were stimulated,
compared with adding virus to cells that had been pre-activated for three days

[Figure 3.2c].
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Figure 3.2 Effect of transduction conditions on transduction efficiency

+ + lo . . . .
CD4 CD25 CD127 Tregs isolated from human peripheral blood were stimulated with
aCD3aCD28-coated beads and IL-2, in the presence of lentiviral vector containing the
eGFP transgene, under various conditions, as follows. (a) Tregs were stimulated at one
of three bead: cell ratios (either 1 bead: 5 cells, 1 bead: 1 cell or 3 beads: 1 cell).
Lentiviral vector (0.5TU/mL) containing the eGFP transgene was added to all cultures
on day 3 after stimulation. Bars indicate mean+/-SEM of 3 cell donors. Statistical
significance was assessed using Kruskal-Wallis Tests with Dunn’s post-test for multiple
comparisons. (b) Tregs were stimulated with aCD3aCD28-coated beads (at a ratio of
1 beads: 5 cells). On day 3, one of three different titres of lentiviral vector were added
to each culture: either 0.05TU/mL (“low”), 0.5TU/mL(“medium”) or 5TU/mL (“high”).
Bars indicate mean +/-SEM for 3 cell donors). Statistical significance was assessed
using Kruskal-Wallis Tests with Dunn’s post-test for multiple comparisons (p<0.05,
unless indicated otherwise). (c) After stimulation with 3 beads: 1 cell, lentivirus was
added to Treg cultures either on the day of cell isolation (“day 0”) or 3 days after
isolation (“day 4”). On day 14 after stimulation, cells counted manually and by flow

cytometry to determine the percentage and absolute number of GFP” cells in each
culture. Total number of live cells in each condition is plotted in yellow and number

of GFP cells in each culture is superimposed in green. Bars indicate mean +/- SD for
2 donors. Statistical significance was determined using Fisher’s Exact Test: p<0.001.
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3.3.2 Stable transgene expression in human Tregs can be achieved by lentivirus-

mediated transduction
When relying upon a transgenic marker for long-term assays, it is critical to
confirm stable expression of the transgene, such that the cells will not revert to a
wild-type phenotype during the course of the experiment. Stable transgene
expression requires genomic integration and permissive epigenetic regulation.
Cultures containing greater than 85% eGFP* Tregs were obtained at the end of a
16-day transduction protocol. Throughout a further 54 days of in vitro cell culture,
the frequency of eGFP* Tregs detected by flow cytometry remained constant,
confirming that transgene expression persisting at day 16 post-transduction was
sustained long term [Figure 3.3]. Furthermore, the stable frequency of transduced
cells confirms that cells expressing transgene were not subject to negative
selection when placed in competition with wild-type cells. These results provide
confidence that the modified phenotype of transduced Tregs should be
consistent, at the level of the cell population, over the course of a long-term

experiment.
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Figure 3.3: Stability of lentivirus-mediated transduction in human Tregs
+ + |
Following expansion and lentiviral transduction with eGFP, CD4 CD25 cD127°

Tregs were sorted into GFP and GFP" fractions. GFP and GFP’ Tregs were
cultured for a further 8 weeks in the presence of 200U/mL recombinant IL-2 and
aCD3aCD28-coated beads (1 bead: 5 cells). Cells were restimulated every 2
weeks with 1 bead: 1 cell. Cell cultures were divided and culture medium

replenished as required. (a) GFP’ cells were enumerated periodically in aliquots
from these cell cultures by flow cytometry. N=3 cell donors. (b) Representative

FACS plots depicting GFP expression in GFP and GFP" sorted Treg cultures on
day 65 post-isolation.
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3.3.3 Treg physiology is not impaired by lentivirus-mediated transduction

Previous studies have cautioned that the presence of virus within a cell, disruption
of genomic integrity during viral integration, or the expression of transgene
products (particularly those of xenogeneic origin) could all result in alterations to
the fundamental biology of the target cell. Should transduction or transgene
expression modify the biology of target cells, this might confound experimental
assays or make the outcomes of clinical applications unpredictable. In order to
ascertain whether this protocol affects Treg cell biology, particularly with respect
to cell viability and activation, eGFP* Tregs were stimulated in vitro, alongside
eGFP" cells (from the same culture as eGFP* cells but not expressing eGFP by day
14 post-isolation). After three days’ stimulation in vitro, the frequency of
apoptotic cells (determined by staining with Annexin V and 7AAD) did not differ
significantly between eGFP* and eGFP~ Tregs [Figure 3.4a]. In the same assay, the
proliferation of eGFP* Tregs, as determined by dilution of a proliferation dye, was
not significantly different from that of eGFP™ Tregs [Figure 3.4b]. Finally, no
significant difference was observed between eGFP* and eGFP~ Tregs with respect
to the cell surface density of two Treg activation markers, CD25 [Figure 3.4c] and
CD69 [Figure 3.4d]. Although not statistically significant, there was a trend
towards higher proliferation and lower survival among eGFP* Tregs, compared to
eGFP~ Tregs. For this reason, caution should be exercised in conducting in vitro
assays that rely upon comparison of transduced versus non- transduced cells, as
there appear to be slight but fundamental alterations in their biology that might

affect sensitive assays.
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Figure 3.4 Survival, proliferation and activation of transduced Tregs in culture

GFP  and GFP Tregs were sorted from cultures transduced with the vector
PWPXL according to the protocol in Figure 3.1. These Tregs were stained with
violet proliferation dye and cultured with or without aCD3aCD28-coated beads
(1bead: 5 cells) and 200U/mL IL-2. On day 3 after stimulation, cells were stained
with vital dyes 7AAD and Annexin V for analysis by flow cytometry. (a) Cells

undergoing early apoptotic cell death (7AAD-AnnexinV+) and late apoptotic cells

(7AAD+AnnexinV+) were enumerated. (b) Dilution of violet dye by Tregs was
determined by flow cytometry and used to calculate a division index. (c) Cell
surface expression of activation markers CD25 and CD69 was quantified by flow
cytometry. N=3 blood donors. Statistical significance was assessed using a
Wilcoxon matched-pairs signed rank tests: (a) p=0.500, 0.250; (b) p=0.500; (c)
p=0.250; (d) p=0.250.

88



Optimisation and Application of Genetic Engineering in Human Tregs

3.3.4 Treg suppressive function is not compromised by lentivirus-mediated

transduced with a xenogeneic transgene
Ultimately, we are most concerned with whether suppressive function is modified
in transduced Tregs. When cultured with autologous PBMCs, stimulated with
aCD3aCD28 beads, the suppression of PBMC proliferation in the presence of
eGFP* Tregs was not significantly different from the suppression mediated by
eGFP~ Tregs [Figure 3.5]. This result was consistent between CD4* [Figure 3.53,b]
and CD8* [Figure 3.5¢,d ] responder T cells. We conclude that human Tregs
genetically engineered in vitro using lentiviral vector are not defective in their

suppressive function and can, therefore, be used for functional assays.
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Figure 3.5 Effect of transduction upon the suppressive function of Tregs

PBMCs were stained with a proliferation dye and cultured for 72 hours with
aCD3aCD28-coated beads (1 bead: 5 cells) in the presence or absence of Tregs at
various Treg: responder PBMC ratios. (a,c) Dilution of the proliferation dye, indicating
cell division, was measured by flow cytometry and used to calculate division indeces,

which are plotted for (a) cD4" and (c) cpg’ responder cells, as a mean and SEM of
four cell donors. (b,d) FACS histograms from one representative donor depict

proliferation dye dilution by (b) cp4” and (d) cpg’ responder cells, under three
conditions: (i) unstimulated, (ii) with beads, (iii) with beads and Tregs. Statistical
significance was analysed by a two-way ANOVA with Bonferroni post-test: (a)
p=0.149; (c) p=0.480.

90



Optimisation and Application of Genetic Engineering in Human Tregs

3.3.5 Transduction with fluorescent protein permits detection and imaging of

human Tregs in vivo

For cells that are being investigated as an adoptive cellular therapy, one
particularly appealing application of fluorescently-labelled cells is in vivo tracking.
We investigated briefly three techniques for tracing fluorescently-labelled cells in
vivo: flow cytometry, PCR and intravital two-photon microscopy of live tissues, in

situ.

For these experiments, we adoptively transferred eGFP* human Tregs into
immunodeficient mice that had been surgically grafted with human skin, derived
from a different donor to the cells. Blood and spleen, extracted from these mice
five weeks after adoptive transfer of the cells, were macerated and stained for
markers of human leukocytes. Whilst we detected substantial infiltration of
human leukocytes within the blood and spleen, eGFP* cells were not detectable
in meaningful numbers in these tissues by flow cytometry. eGFP* cells constituted
less than 1% of the human CD4* cells in the spleen [Figure 3.6a] and less than
0.4% of the total human leukocytes in the spleen [Figure 3.6b], corresponding to
a maximum of approximately 800 cells in this organ [Figure 3.6c]. Meanwhile, a
negligible proportion of human cells in the blood (<0.03%) were eGFP*
Considering that we had confirmed that cells from the same culture as those used
in this experiment retained eGFP expression for longer than the duration of this
experiment [Figure 3.3], the absence of detectable eGFP* cells cannot be

attributed to loss of eGFP expression. Alternatively, human Tregs may not localise
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to these particular tissues in this mouse model. We discounted this explanation
because we know from previous experience that FOXP3* human cells can be
detected in these tissue in this model?%>3%_ Whether these cells are the original
Treg population that was infused or de novo induced Tregs, we cannot distinguish.
In either case, we know that human cells with a Treg phenotype can reside in the
blood and spleen of these humanised mice. The remaining explanation is that the
method of detection, flow cytometry, is inadequate to detect eGFP or that that
preparation of samples or flow cytometry compromises the detectability of eGFP

in these samples.
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Figure 3.6 Attempted detection of GFP’ Tregs within lymphoid tissues by flow
cytometry
Human skin (1cmzsplit thickness) was surgically grafted onto the flank of BALB/c

Rag2_/_vc_/_ mice. GFP" human Tregs (5x10° per mouse) were injected into skin
graft recipients 35 days after transplantation, along with autologous PBMCs

(5><106 per mouse). (a) GFP* cells detected by flow cytometry in spleen, at 3-7
weeks after cell transfer, are plotted as a percentage of CD4* cells and as a

percentage of human cD4s’ leukocytes. (c) Number of GFP'CD4" cells
enumerated in spleens by flow cytometry are plotted over time. (d) Percentage

of GFP' CD4 " cells among total human leukocytes is plotted for spleen and blood
at 5 weeks. Data for each mouse are as depicted as individual points, with bars
indicating mean +/- SD.
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3.3.6 Detection of eGFP within skin grafts from humanised mice treated with

eGFP-expressing human Tregs

In order to ascertain whether the eGFP* Tregs that had been infused into mice
with human skin grafts had infiltrated the graft, we performed PCR on DNA
extracts isolated from these skin grafts between three and seven weeks after cell
transfer. Since the genomes of neither the mouse nor the human PBMCs contain
eGFP, we used primers that bound within the eGFP ORF. Using standards
comprising known numbers of eGFP* Tregs from the same culture as those used
for this in vivo experiment, we confirmed that this PCR protocol could detect eGFP
in samples containing as few as 8 eGFP* Tregs [Figure 3.7]. We tested DNA
extracts from human eight skin grafts derived from mice that had received eGFP*
Tregs. The degree of reconstitution with human PBMCs, quantified by flow
cytometry, was variable between these graft recipients. Of these eight skin grafts,

eGFP was detected in 6 grafts [Figure 3.7a,b].
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Lane Sample ID # GFP*
1 Ladder 100-1000bp

2 Standard C 20000
3 Standard D 4000
4 Standard E 800
5 Standard F 160
6 Standard G 32

7 Standard H 8

8 Standard | 1

9 Standard J 0

10 Skin D39 m3 (no GFP* cells) 0

11 Skin D55 m5 ?

12 Skin D55 mé ?

13 Skin DS5 m7 ?

14 Skin DS5 m9 ?

15 Skin D55 m12 ?

16 Skin DS5 m13 ?

17 Skin DS5 m14 ?

18 Skin D55 m15 ?

19 NTC 0

20 Ladder 100-1000bp
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Figure 3.7 Detection of GFP-expressing
Tregs in human skin allografts by PCR
Human skin grafts and infusion of PBMC

with GFP" Tregs were performed as in
Figure 3.. 35 days after injection of cells,
skin  grafts were  cryopreserved.
Genomic DNA isolated from each skin
graft was used as the substrate for PCR
with primers complementary to portions
of the eGFP ORF. As standards, DNA was

isolated from known numbers of GFP"
Tregs from the same cell culture as those
infused into the mice. After PCR
amplification, PCR products were
subjected to gel electrophoresis. Bands
of DNA corresponding to ~300bp
amplification products indicate the
presence of eGFP in the sample. The
same gel is pictured in (a) greyscale and
(b) pseudo-colour, for better print
reproduction. (c) Content of lanes is
tabulated by lane number (with
increasing numerical order from left to
right of the gel).
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3.3.7 Visualisation of human eGFP-expressing Tregs within a skin allograft in situ

by intravital two-photon microscopy
Whilst flow cytometry and PCR can be used to detect labelled cells in vivo, both
methods provide only a snapshot and require culling of the animals. One method
that can be used for longitudinal analyses is intravital microscopy, whereby
imaging of fluorescently labelled cells can be conducted in living animals, at serial
time points if necessary. Using two-photon microscopy, we imaged human skin
grafts, in situ, on the flank of a humanised mouse that had received adoptively-
transferred human eGFP* Tregs five weeks prior to imaging. Crucially, we used a
non-invasive set-up, whereby the skin of the mouse’s flank was flexed out over a
piece of insulating putty, making the graft accessible to the imaging apparatus
without making any incision in the skin. Time-lapse z-stack images revealed that
eGFP* Tregs could be detected in the graft using this two-photon microscopy set-
up [Figure 3.8]. Furthermore, the cells that we could see were exhibiting roaming

behaviour typical of healthy, active lymphocytes.
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10 mins 14 mins

22 mins

Figure 3.8 Visualisation of GFP-expressing human Tregs within a human skin graft

Human skin grafts and infusion of PBMCs and GFP” Tregs was performed as in
Figure 3.6 35 days after injection of cells, skin grafts were imaged in situ by two-
photon intra-vital microscopy. Images were taken at 5 frames per second, across
a 60um z-stack, up to a depth of approximately 100um depth, for a total of
24mins. Signal from eGFP is depicted in green, whilst magenta indicates second
harmonic signal from collagen. Still images captured at 4min intervals in the time-
lapse video are presented to illustrate the dynamic behaviour of the cells. Scale
bar indicates a 30um distance. White text indicates time elapsed since
commencing imaging. Blue circles track one cell to illustrate movement.
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3.3.8 Lentivirus-mediated transduction of shRNA into human Tregs facilitates

transcriptional silencing of genes for functional analyses
Another experimental application of genetic engineering is reverse genetics,
blocking the expression of a protein in order to deduce the function of that
molecule. We investigated the feasibility of utilising our protocol for transduction
of human Tregs to knock down two genes that have been implicated in the
function of mouse Tregs, in order to ascertain the contribution of their products
to human Treg-mediated suppression. Tumour Necrosis Factor (TNF)-Related
Apoptosis Inducing Ligand (TRAIL) is a cytokine that induces apoptosis in target
cells via ligation of the death receptors DR4 and DR5. Galectin-1 (encoded by
LGALS1) is a beta-galactosidase-binding protein that can induce apoptotic
signalling in T cells and modulate integrin-dependent inter-cellular adhesion.
Galectin-1 has been shown to exert anti-inflammatory effects upon the immune
system via inhibition of leukocyte recruitment and modulation of DC

3072309 shRNA directed against each of these genes was introduced

phenotype
into primary human Tregs, and CD4*CD25 Teffs, using the protocol for lentivirus-
mediated transduction outlined in Figure 3.1. By the end of the protocol, which
involved selection for puromycin resistance conferred by transduction, efficient

silencing of target gene transcription was achieved for LGALS1 [Figure 3.9a] and

TRAIL [Figure 3.9b].
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Figure 3.9 Efficiency of shRNA-mediated knock-down of LGALS1 and TRAIL in
human Tregs

During in vitro expansion, Tregs and CD4'CD25 Teffs were either transduced with
one of five shRNAs against (a) LGALS1 or (b) TRAIL, or not transduced (“non Td”).
gRT-PCR was performed on cDNA from these cultures using probes for HPRT and
(a) LGALS1 or (b) TRAIL. mRNA expression of each shRNA target, relative to HPRT,

is depicted as a mean +/-SD for two replicates from one donor.

3.3.9 Genetic knockdown reveals that TRAIL is required, whilst Galectin-1 is
dispensable, in human Tregs for optimal Treg-mediated suppression of

cell proliferation
In order to determine whether TRAIL or Galectin-1 expression in human Tregs is
required for Treg-mediated suppression, we performed an in vitro assay for
suppression of PBMC proliferation. In the presence of LGALS1 KD Tregs, PBMC
proliferation was comparable to that observed in the presence of control Tregs,
indicating that Galectin-1 expressed by Tregs is dispensable for Treg-mediated

suppression [Figure 3.10a]. Meanwhile, suppression of PBMC proliferation in the
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presence of TRAIL KD Tregs was marginally but significantly less than the
suppression observed in the presence of control Tregs [Figure 3.10b]. This result
suggests that TRAIL expressed by human Tregs promotes optimal suppressive
function in these cells. However, reduced suppression by TRAIL KD Tregs is only
evident at lower Treg: responder ratios, suggesting that TRAIL does not contribute

to a dominant mechanism of Treg-mediated suppression.
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Figure 3.10 Suppression of PBMC proliferation by Galectin-1 KD and TRAIL KD
Tregs

PBMCs (105 cells per well) stimulated with aCD3aCD28-coated beads (2x104per
well) were cultured for 6 days in the presence or absence of Tregs. Tritiated
thymidine was added for the final 16 hours of co-culture and proliferation of
responder cells was measured as uptake of tritium (counts per minute).
Suppression of proliferation in the presence of Tregs was calculated as a
percentage of proliferation of stimulated PBMCs in the absence of Tregs. (a)
Suppression assay using Tregs transduced with either a control vector, pLKO.1, or
with LGALS1 shRNA. Bars indicate mean +/- SEM for three cell donors. (b)
Suppression assay using Tregs transduced with either a control vector, pLKO.1, or
with TRAIL shRNA. Bars indicate mean +/- SEM for two cell donors. Statistical
significance was calculated using a two-way ANOVA with Bonferroni post-test:
(a) p= 0.561; (b) p=0.0303.
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Therapeutic strategies harnessing the immune regulatory function of Tregs to
inhibit graft rejection are the subject of much investigation. Optimal manipulation
of these cells (either endogenous or adoptively-transferred) in vivo will depend

upon an understanding of how these cells are regulated physiologically.

The study of mouse immunology has excelled through the exploitation of
genetically engineered mouse models. For experiments in human immunology, a
genetic model could be achieved by incorporating genetically engineered human
immune cells into a humanised mouse model. The results presented here
demonstrate that human peripheral blood Tregs are amenable to lentivirus-
mediated transduction, with high transduction efficiency. Further investigation of
the transduction conditions disclosed that activation of Tregs with a high ratio of
stimulatory beads and exposure to relatively high viral titres generated optimal

yields of transduced Tregs. Consistent with previous studies?’’

, it appears that
strong stimulation via the TCR made Tregs more permissive to viral transduction.
Yet it was not necessary for activation to precede addition of the virus. From these
findings, we optimised a protocol for simultaneous in vitro transduction and

expansion of human Tregs that reliably yielded sufficient engineered cells to be

used in in vitro assays or in a humanised mouse model.

Whilst we had demonstrated the feasibility generating sufficient genetically
engineered human Tregs for experimental applications, we felt that it was critical
to examine the quality of these transduced cells. Both intuition and scientific

evidence inform us that the process of transduction can have undesired effects
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upon the target cell3°. Firstly, the viral vector is bound to be immunogenic and
has been shown to induce innate and adaptive immune mechanisms3t,
Genotoxicity resulting from insertional mutagenesis is a particular concern when
using genome-integrating vectors such as retroviruses®'2. In fact, the regions of
DNA in the vicinity of actively-transcribed protein-coding genes and regulatory
elements are more likely to adopt an open chromatin structure that is permissible
to retroviral integration3'331# Thus, retroviruses have a natural tropism for the
very genes that are most active in their host cell. Furthermore, the products of
the transgene being introduced into the cell may also be immunogenic3!?,
particularly if it is derived from a xenogeneic source. Given that eGFP is derived

from a species of jellyfish, it would not have been surprising to find that this

protein is not tolerated well by the target cell or by the immune system.

At the lentiviral titres tested (up to 5TU/cell), Treg biology was not substantially
affected by lentiviral transduction. eGFP* Tregs exhibited marginally higher
survival and proliferation rates than eGFP™ Tregs, in vitro, yet these trends were
not statistically significant. Furthermore, on average, the suppressive potency of
transduced cell was not compromised by transduction of transgene expression.
Notably, the mean trends obscure considerable heterogeneity between
transduced cell cultures. It would advisable when using transduced human Tregs
for experimental applications to replicate assays with Tregs from different
transduction cultures. Thus, we conclude that lentivirus-mediated transduction
of Tregs should be compatible with most experimental applications, provided that

a vector control is used if transgene-positive cells are to be compared with
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transgene-negative cells. Nonetheless, for each experiment, it is important to
consider the specific effects of the transgene product on the cell. Our results are
consistent with previous reports that, in spite of alterations in the expression of
genes in the vicinity of integrated retroviruses in retrovirus-transduced T cells,
the gross physiology of the cells was unaffected3!3. Furthermore, the authors of
that study detected no evidence of clonal selection of transduced cells after

infusion into patients.

For analysis of protein function, reverse genetics offers certain advantages over
alternative approaches utilising blocking antibodies or small molecule inhibitors
to neutralise the function of a molecule of interest. Stable genetic knockdown
can be achieved in order to assess the impact of long-term deprivation of the
protein of interest, without sustained treatment with a blocking agent. This is
particularly useful if the target cells are to be adoptively transferred into an
animal, where it may not be practicable to continue treating the cells in vivo. In
this manner, the deficiency resulting from genetic knockdown can be restricted
to the target cells, without exposing neighbouring cells in a co-culture or in vivo,

after adoptive transfer of the target cells.

Adopting a reverse genetics approach, we used our Treg transduction method to
investigate proteins that have been implicated in Treg function but have not yet
been interrogated experimentally in primary human Tregs. Two candidate
proteins identified in previous studies as contributing to mouse Treg immune
regulatory mechanisms were selected for investigation: TRAIL and Galectin-1.

TRAIL, a death receptor ligand, has been investigated mostly in tumour models,
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in which it promotes the graft-versus-tumour activity of adoptively-transferred T
cells. Serendipitously, it was observed that over-expressing TRAIL in T cells also
reduced graft-versus-host by suppressing proliferation of alloreactive T cells3%°.
Tregs have been shown to induce apoptosis in CD4* Teffs through a Fas-
independent, TRAIL-dependent mechanism?4°. Galectin-1, a glycan receptor, has
been shown to inhibit immune cell recruitment and induce a tolerogenic
phenotype in DCs3%/3%°, By transducing human Tregs with short hairpin RNA
(shRNA) directed against the transcript of each gene of interest, we were able to
silence expression of these candidate proteins efficiently. In vitro suppression
assays revealed no significant impairment of suppressive function in Tregs
deficient in Galectin-1. In fact, in two out of three assays, Galectin-1 KD Tregs
suppressed PBMC proliferation more potently than control Tregs. TRAIL deficient
Treg, in contrast were impaired in their ability to suppress PBMC proliferation,
relative to control Tregs. Thus, we concluded that TRAIL contributes to Treg-
mediated suppression, though other mechanisms of Treg-mediated suppression

can compensate for a deficiency in TRAIL, whilst Galectin-1 is dispensable for the

suppressive mechanisms that dominate in these in vitro assays.

The transduction of Tregs provided a relatively labour-efficient method for
conducting a small-scale screen of candidate proteins. For larger-scale screens, a
number of emerging technologies, particularly in the field of genome editing,
would permit a much more efficient, high-throughput methodology.
Nonetheless, for labs without expertise in genomics and bioinformatics,

interested in validating a small number of target proteins in-house, we feel that
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the protocol described herein is more appropriate. Crucially, genetic silencing
provides a cleaner analysis of protein function than exposure of cells to reagents
that block or stimulate the function of the protein. Genetic silencing or
overexpression of the protein permits dissection of cell-intrinsic versus cell-
extrinsic functions of the protein. Furthermore, long-term effects of deprivation

of that protein can be determined without repeated application of the reagent.

Due to constraints on time and resources, we did not assess the function of TRAIL
KD and Galectin-1 KD Tregs in an in vivo model. However, this genetic knockdown
approach proved to be invaluable for an analogous study outlined in Chapter 4 of
this thesis, in which we explore the function of one molecule, neuropilin-1, in

human Tregs.

Beyond molecular studies, the methodology of Treg genetic engineering might be
adopted for a variety of experimental applications. One application that is
particularly pertinent to our research interests is in vivo tracking of adoptively-
transferred cells. The successful detection of adoptively-transferred eGFP* Tregs
in allogeneic skin grafts provides evidence that these cells do persist in vivo for at
least five weeks and do retain their eGFP expression for this duration. In the
future, we would consider expanding this experiment by performing PCR to
detect GPF in various tissues at different time points after cell infusion. In this
way, we could examine the kinetics of Treg infiltration or trafficking into various
tissues, and their persistence within these tissues. Other cell types could also be

tracked in this manner.
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Considering that Tregs persisted and retained eGFP expression in skin for the
duration of the experiment, and that other human CD4* T cells are abundant in
the lymphoid organs of these mice, our failure to detect eGFP* Tregs in the blood
and spleen of these animals is most likely attributable to limitations of the
methodology. It appears that either our method of preparing tissues for flow
cytometry or the flow cytometric analysis is not conducive to detection of eGFP-
expressing cells present at low frequency. With optimisation, we hope that flow
cytometry could be utilised in the future. Whilst PCR was sufficiently sensitive to
detect the eGFP-expressing cells in animal tissues, this method merely
discriminates presence versus absence of the cells. Flow cytometry would enable
phenotypic analysis and absolute enumeration of the cells tracked by eGFP
expression. This approach could be used for simple cell fate analyses, to account
for phenotypic plasticity among T cells subsets that can be a confounding factor

in experiments on Tregs.

Previous data from our lab has demonstrated that human FOXP3* cells are
detectable in allografts from mice that have received adoptively-transferred
human Tregs at 100 days post-cell infusion3%>3%, |n the future, we envisage
utilising this cell tracking method to determine whether these FOXP3* cells were
the in vitro-expanded Tregs that we infused or whether these were derived from
the PBMCs with which these mice were reconstituted, by de novo Treg induction.
Additionally, it would be useful to compare the phenotype of adoptively-
transferred Tregs before and after infusion. We would predict that the phenotype

of these cells is altered after exposure to the inflammatory environment of an
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allograft response. Furthermore, where phenotypic heterogeneity within this cell
population is associated with different in vivo behaviours, such as homing to
different tissues, it may be possible to deduce causality between molecular

phenotype and behaviour.

The use of conditional reporter constructs might further facilitate cell tracking
experiments. For example, in mouse studies, the combination of a eGFP-cre
fusion protein driven by directly the FOXP3 promoter and RFP driven by a cre-
activated constitutive, ubiquitous promoter has been used to discriminate
between current and historical FOXP3 expression in T cells310317 This distinction
was critical for defining Treg phenotypic plasticity in both steady-state and
inflammatory environments, by identifying populations of “exTregs” and Teff

populations that express FOXP3 transiently.

We have demonstrated as a proof-of-principle that human Tregs engineered to
express fluorescent proteins can be imaged intravitally in a humanised mouse
model. Intravital imaging of immune cells in skin has been reported previously
using explants or by inserting a plate beneath the skin during imaging. Both of
these invasive approaches are likely to fundamentally alter the physiology of the
tissue being imaged, increasing the risk of artefacts. One group has developed a
protocol for non-invasive imaging of skin graft in the mouse ear3'8. Whilst this
approach is a refinement on previous invasive methods, grafting of human skin
(which is usually procured as a very delicate split-thickness sample) onto mouse
ears is technically challenging. Furthermore, compared to skin grafts situated on

the animal’s flank, which can be protected with bandaging, skin grafts on the ear
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are at much greater risk of damage inflicted by the animals. Our method for non-
invasive imaging of skin graft on the flank of mice could greatly benefit future
intravital skin imaging experiments. It must be noted that we could not detect
these cells in all skin grafts that we examined. In particular, we found that the
thickening of the skin associated with immunological rejection of the graft greatly
reduced the clarity of the images that could be obtained, to the extent that it
precluded discrimination of eGFP* cells from background noise. The use of an
alternative fluorescent marker might help to mitigate the problem of
discriminating between eGFP and auto-fluorescent signal. Furthermore, the
eGFP* cells appeared to present at low frequency and to be concentrated in
particular localities within the graft, rather than being distributed throughout the
tissue. In the future, labelling other structures, such as the vasculature, within the
grafts might help us to identify whether these Tregs are associating with
particular anatomical structure. With some refinement, this methodology could
be used to explore the in vivo dynamic behaviour of human Tregs, where

previously mouse experiments have served as a proxy.

Venturing into the future, the prospect of applying genetically-manipulated Tregs
in the clinic is tantilising®®®. Cellular therapies are regarded as a promising
approach to treat cancer and immune-mediated pathologies and are progressing
well through clinical trials'?7-2%_ Already, genetic engineering and gene editing are
being exploited to improve the efficacy and safety of putative cellular

therapeutics3?°. The possibility of enhancing the function of human Tregs by
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employing the genetic engineering protocol described here, to augment the

expression of immunoregulatory molecules, is explored in Chapter 5 of this thesis.
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Chapter 4: Investigating the Role of

Neuropilin in Human Regulatory T Cells

4.1 Introduction

All leukocytes must be responsive to environmental cues that encode information
about local and systemic physiology, including immune and metabolic status. In
order to strike the optimal balance between immunity and tolerance, regulatory
T cells must themselves be subject to regulation, as components of an
orchestrated network. Proliferation, migration and secretion of suppressive
cytokines are potentiated in response to potentially pathological inflammation,
whilst being prohibited during physiological inflammation. Identifying the
molecular signals that dictate Treg activity will further our understanding of basic

Treg cell biology and help to inform the design of Treg-based cellular therapy.

First characterised as a mediator of neural and vascular development?80.281
neuropilin-1 (NRP1) is a transmembrane glycoprotein that has been implicated
broadly in the regulation of immunity 2827284 Neuropilin-1 associates with various
receptors, including plexins and growth factor receptors. Ligands of these NRP1-
receptor complexes include diverse members of the semaphorin and growth
factor families (including Vascular Endothelial Growth Factor (VEGF), Hepatocyte
Growth Factor (HGF), Platelet-Derived Growth Factor (PDGF) and Transforming

Growth Factor beta (TGFB)) 278272,
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Within the immune system, NRP1 is expressed by T cells and dendritic cells and
NRP1-associated ligands are expressed broadly by lymphocytes and APCs.
Depending upon the cell type and the receptors with which this co-receptor
interacts, NRP1 and its ligands have been associated with both activation?®> and
inhibition3%1322 of immune cells. Additionally, NRP1 and semaphorins have been

shown to regulate immune cell migration323

In addition to supporting receptor-ligand interactions, trans-cellular homophilic
interactions of NRP1 appear to perform an adhesive function that stabilises
intercellular adhesions between mouse T cells and DCs. In mice, Nrpl has been
shown to contribute to immunological synapse formation as a component of the
peripheral Supramolecular Activation Complex (pSMAC)?%¢. Subsequent T cell
priming was dependent upon Nrp1, as demonstrated by inhibition of DC-induced
T cell proliferation following pre-incubation of either T cells or DCs with anti-NRP1

blocking antibody 28°.

Both semaphorins and growth factors are known to be exploited extensively in
the immune system for intercellular signalling, both among lymphoid cells and
between cells of the immune system and cells of non-lymphoid
tissues?®+287,324325  Migration has been shown to be impaired in DCs that are
deficient in SEMA3A or plexinA13%6. Sema4A signalling via Tim-2 contributed to
the pathogenesis of Experimental Autoimmune Encephalomyalitis (EAE) in mice,
by promoting T cell activation3?”. Meanwhile, optimal activation of CD8* T cells,
DCs and B cells is dependent upon signalling via Sema4D-plexinB2328-330,

Conversely, semaphorins can exhibit anti-inflammatory functions. For example,
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in one study, PBMCs downregulated secretion of certain pro-inflammatory
cytokines upon exposure to exogenous semaphorin 3A (Sema3A) and
administration of SEMA3A delayed the development of experimental collagen-
induced arthritis®?2. TGFB has well-established roles as an anti-inflammatory
cytokine3317333 VEGF has been implicated in mechanisms of tumour immune
evasion®34, including inhibition of DC maturation33°. Driving neuronal expression
of Hepatocyte Growth Factor promoted induction of tolerogenic DCs and Tregs

and reduction of other immune cell infiltrates in a mouse model of EAE 33°,

The biochemistry of NRP1-dependent intracellular signalling is not firmly
established. Upon ligand binding, NRP1 can recruit PTEN (Phosphatase and Tensin
Homologue) to the plasma membrane, resulting in inhibition of AKT
phosphorylation and changes in expression of AKT-dependent transcripts. More
extensive signal transduction associated with NRP1 probably derives from the
receptors to which NRP1 is complexed. In the context of osteogenesis,
semaphorin-dependent signalling downstream of plexins has been found to
modulate the insulin-like growth factor33” and WNT (Wingless-related Integration
site)®3® signalling pathways. At the nexus of so many pertinent signalling
pathways, NRP1 appears to be ideally placed to integrate complex immunological

signals.

In relation to Tregs, interest in NRP1 arose from studies showing that, in mice,
Nrpl is preferentially expressed by Tregs, compared with Teffs?86288 or by
thymus-derived Tregs specifically?®®2°0.  Based upon these findings, Nrpl is

generally regarded as a reliable cell surface marker of Treg phenotype in mice.
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Furthermore, several studies have demonstrated a functional role for Nrpl in
mouse Tregs?86:288291333 - Of particular interest in the context of transplant
immunology, prolonged survival of cardiac allografts was observed in mice
receiving adoptively-transferred CD4*CD25'Nrp1* T cells, whilst Nrpl T cells

failed to prolong graft survival33.

Some studies found Nrpl expression by CD4*CD25 T cells to be sufficient for
suppressive of PBMC proliferation?®®349 jn vitro and of EAE pathogenesis in a
mouse model34°, In fact, the latter study found CD4*CD25 Nrp1* cells to be more

suppressive than CD4*CD257 cells.

The mechanisms by which Nrpl promotes mouse Treg function appear to be
manifold. One study demonstrated that DCs formed immunological synapses with
Tregs at a greater frequency and for a longer duration than with Teffs, which
could be attributed to the higher density of Nrpl expressed on Tregs?®. The
authors speculate that this prolonged interaction with DCs confers upon Tregs a
competitive advantage over Teffs, by permitting activation at a lower threshold
of cognate antigen concentration. An important mechanism of Treg-mediated
suppression, induction of a tolerogenic phenotype in DCs, relies upon physical
interaction of Tregs with DCs. Thus, NRP1 may support both activation of Tregs
by DCs, with competitive exclusion of Teffs from DCs, and modulation of DC

function by Tregs.

As well as the adhesive function of NRP1, ligand-dependent intracellular signalling
downstream of this co-receptor might also facilitate Treg function in a cell-

intrinsic manner. In a mouse tumour model, the downregulation of AKT-mTOR
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signalling upon Nrpl-Semada ligation correlated with acquisition of a
transcriptional profile associated with greater Treg phenotypic stability. The
ligation of Teff- or DC-derived Semada to Nrpl on Tregs was shown to be
necessary and sufficient to potentiate contact-independent mechanisms of Treg-
mediated suppression?®?. Interestingly, the dependence of Tregs upon Nrpl was
found to be critical in an inflammatory context, namely within a tumour
microenvironment, but dispensable for steady-state Treg homeostasis. This
finding suggests that Nrp1 does indeed convey signals encoding immunological

cues in order to regulate Treg activity adaptively.

Whilst it has been reported that NRP1 is not preferentially expressed in human
peripheral blood Tregs?®?, it has not been established whether suppressive

function is influenced by NRP1 in human Tregs.

Objective 1: To determine whether the protein neuropilin-1 (NRP1) constitutes a

marker of, or contributes to the suppressive function of, human Tregs.

Hypothesis 1: NRP1 deficient human Tregs will exhibit impaired suppression of

cell proliferation and cytokine secretion in vitro and of graft rejection in vivo.

Objective 2: Should NRP1 prove to contribute to human Treg function, to identify
NRP1-dependent molecular mechanisms by which NRP1 influences Treg

physiology and potentiated Treg suppressive function.

Hypothesis 2: NRP1-deficient Tregs will exhibit altered gene expression and

impaired physical interaction with antigen presenting cells.
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4.3.1 NRP1is expressed transiently by human Tregs and CD4* Teffs upon TCR

stimulation

Previous studies have reported that among mouse T cells, NRP1 is expressed
preferentially, or even exclusively, by CD4*CD25* Tregs. In order to assess the
extent to which NRP1 is expressed by human Tregs, CD4*CD25*CD127'° Tregs and
CD4*CD25 Teffs were isolated from human peripheral blood and stimulated with
aCD3aCD28 beads and IL-2. In contrast to the data from studies of mouse Tregs,
both the frequency and density of NRP1 expression, determined by flow
cytometry, were lower among freshly-isolated human Tregs, compared with
Teffs. Whilst mouse studies reported constitutive expression of NRP1 by mouse
Tregs, the expression of NRP1 on human Tregs increased transiently, peaking at
48-72hours after TCR stimulation [Figure 4.1a]. NRP1 expression was also
assessed in human Tregs that had been exposed to prolonged TCR stimulation
during a 16-day in vitro expansion procedure. NRP1 expression was elevated in
expanded Tregs, compared with freshly-isolated Tregs, but still fluctuated in

response to current TCR stimulation [Figure 4.1b-c].
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Figure 4.1 Expression of NRP1 at the surface of human Tregs and Teffs

(a) Directly after isolation, Tregs and Teffs from each donor were cultured for 7
days in the presence or absence of beads (1 bead: 5 cells) and IL-2 (200U/mL for
Tregs and 100U/mL for Teffs). At each time point, cells were harvested for
analysis of cell surface expression of NRP1 by flow cytometry. N=3 donors. (b)
After cryopreservation, in vitro-expanded Tregs were cultured as described for

(a). Percentage of NRP1" cells (a,b) and MFI of NRP1 (c) are plotted as mean +/-
SD of three donors
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Consistent with previous reports %2, the transitory nature of NRP1 expression by
human Tregs suggests that NRP1 is not a marker of human peripheral blood Tregs
and that NRP1* Tregs are not a stable population. Some in vitro assays could be
performed in the presence of NRP1 blocking antibody, however the
interpretation of these assays could be confounded if the effects of blocking NRP1
on responder T cells might negate the effects of blocking NRP1 on Tregs. We
sought a new approach that would isolate any Treg-intrinsic requirement for
NRP1. We discounted the alternative strategy of comparing FACS-sorted
populations based upon their level of NRP1 protein expression on the basis of the
instability of NRP1 expression in human Tregs. If sorted, these cells would not
maintain their phenotype with respect to NRP1 expression for the duration of our
experiments. Therefore, we examined the role of NRP1 in human Tregs by
genetically silencing NRP1 in these cells by lentivirus-mediated transduction with
a construct encoding shRNA against NRP1. By the end of the 16-day expansion
and transduction procedure, the density of NRP1 protein on the surface of NRP1
knockdown Tregs was reduced by 32.9-83.2%, relative to Tregs from the same

donor transduced with a control vector [Figure 4.2].
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Figure 4.2 Knockdown Efficiency in human Tregs transduced with NRP1 shRNA

CD4+CD25+CD127IO Tregs transduced with lentivirus containing plasmids encoding
either NRP1 shRNA or a control vector containing a stuffer insert. Transduced Tregs
were stimulated for 72hrs with aCD3aCD28 beads and IL-2. Cell surface expression
of NRP1, quantified by flow cytometry, is (a) tabulated and (b-c) plotted as (b)
median fluorescence intensity and (c) frequency of cells expressing NRP1. Mean
values for each donor are plotted separately, with lines adjoining cells from the same
donor. Wilcoxon matched-pairs signed ranks tests were used for statistical analyses:
(b) p=0.008; (c) p=0.008. (d) FACS plots from one representative donor are shown
for NRP1 expression in (upper) control and (lower) NRP1 KD Tregs.
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4.3.2 NRP1 expression by Tregs was required for Treg-mediated suppression of

cell proliferation and pro-inflammatory cytokine secretion in vitro

In several studies, Nrp1 has been implicated in the suppressive function of mouse
Tregs?86:291,339341 et the role of NRP1 in human Treg function has not been
assessed experimentally. In order to determine whether NRP1 expression by
Tregs is required for the function of these cells, NRP1-KD Tregs were compared
with NRP1-sufficient Tregs in an in vitro suppression assay. The proliferation of
PBMCs stimulated with allogeneic monocyte-derived dendritic cells was
dramatically reduced in the presence of NRP1-sufficient Tregs, indicating Treg-
mediated suppression of PBMC proliferation. In striking contrast, no suppression

of PBMC proliferation was observed in the presence of NRP1-deficient Tregs

[Figure 4.3].
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Figure 4.3 Suppression of PBMC proliferation by NRP1 KD Tregs in vitro

PBMCs (105 cells per well) stimulated with allogeneic moDCs (104per well) were
cultured for six days in the presence or absence of Tregs, transduced with either
control lentiviral vector, pLKO.1, or with NRP1 shRNA. Tritiated thymidine was
added for the final 16 hours of co-culture and proliferation of responder cells
was measured as uptake of tritium (cpm). Bars indicate mean +/- SEM of three
assays using different cell donors. Statistics were performed using a two-way
ANOVA with Bonferroni post-tests (p<0.0001).
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In addition to inhibiting T cell proliferation, Tregs are known to supress Th1, Th2
and, to a lesser extent Th17, cytokine production. In order to investigate the
impact of Treg-intrinsic NRP1 on the ability of Tregs to affect cytokine production,
we stimulated T cells polyclonally, in the presence or absence of Tregs. Secretion
of proinflammatory cytokines IL-5 IL-6, IL-13 (and to a lesser extent IL17A and
TNFa) by beads-stimulated PBMCs was also suppressed significantly less by NRP1
KD Tregs, than by control Tregs [Figure 4.4b-f]. Meanwhile, the concentration of
anti-inflammatory 1L-10 was elevated in co-cultures of PBMCs with NRP1-
sufficient Tregs compared to PBMCs with NRP1-deficient Tregs [Figure 4.4a].
These data indicate a functional defect in human Tregs that are deprived of NRP1,

suggesting that NRP1 is required for optimal Treg suppressive function.
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Figure 4.4 Cytokine secretion by PBMCs in the presence of NRP1 KD Tregs in vitro
PBMCs stimulated with aCD3aCD28-coated beads were cultured for 72hrs with or
without either NRP1 KD or control Tregs. Supernatants from the co-culture assay
were subjected to a 13-plex cytokine bead array. Of the 13 cytokines analysed, only
those detected at substantial levels in all replicates are presented here. Each chart
depicts representative data from one of two cell donors tested. Bars indicate mean
+/- SD of at least 3 replicates. Statistical significance was determined by two-way
ANOVA with Bonferroni post-tests.: (a) p=0.0002; (b) p=0.0019; (c) p<0.0001; (d)
p=0.0083; (e) p=0.0001; (f) p<0.0001.
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4.3.3 NRP1-deficiency impairs Treg-mediated suppression in vivo

In order to determine whether the functional dependence of human Tregs upon
NRP1 is biologically significant in vivo, we assessed the ability of NRP1 KD Tregs to
suppress immunological rejection of an allograft in a humanised mouse model of
skin transplantation. Immunodeficient mice grafted with human skin and
reconstituted with allogeneic human PBMCs rejected their grafts with a median
survival time of 39days. Graft survival time was significantly prolonged if control
Tregs were administered concurrently with the PBMCs. However, treatment with
NRP1 KD Tregs from the same cell donor failed to prolong graft survival [Figure
4.5]. These data demonstrate that Treg-intrinsic NRP1 is required for Treg-

mediated abrogation of allograft rejection in vivo.
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Figure 4.5 Rejection kinetics of human skin allografts after adoptive transfer of
NRP1 KD Tregs in a humanised mouse model

Split thickness human skin was grafted onto the flank of BALB/c Rag2-/_ll2rv_/-
mice. Five weeks post-transplantation, each mouse received an intraperitoneal

injection of PBMCs (5x106 per mouse) with or without Tregs (2.5x106 per mouse).
Grafts were monitored for macroscopic signs of immunological rejection for 100
days after the transfer of cells. Percentage of grafts surviving (i.e. not rejected)
is plotted over time for each treatment group and median survival time is
tabulated below. Statistical significance was determined by a log-rank test:

*p=0.038, **p=0.0013.
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4.3.4 NRP1-deficiency does not increase susceptibility to apoptosis in human
Tregs

One trivial explanation for the poor suppressive function of NRP1-deficient Tregs
might be that NRP1-KD cells are inviable, undergoing cell death during the assay
and thereby reducing the effective ratio of Tregs: responders. The lower cell
yields that we observed after expansion of Tregs transduced with NRP1 shRNA,
compared to cells transduced with a control vector, suggests that there may be

some deficit in cell viability following silencing of NRP1 [Figure 4.6].
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Figure 4.6 Cell yields from expansion of NRP1 KD Tregs

CD4+CD25+CD127IO Tregs transduced with lentivirus containing plasmids
encoding either NRP1 shRNA or a control vector (pLKO.1) containing a stuffer
insert during a 16-day expansion protocol. The fold change in cell number from
day O to day 16 (after selection for transduced cells with puromycin) is plotted
for each donor, with lines adjoining cell cultures derived from the same donor.
Statistical significance was determined by a Wilcoxon Matched-Pairs Sign Rank
test, p=0.0003.
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However, in a flow cytometric assay, the frequency of Tregs staining positive for
cell viability dyes 7AAD and Annexin V was comparable between cultures of
stimulated NRP1-deficent Tregs and NRP1-sufficient Tregs [Figure 4.7a-b].
Furthermore, the relative abundance of transcripts encoding anti-apoptotic
proteins BCL-2 [Figure 4.7 c¢], BCL-XL [Figure 4.7d], MCL-1 [Figure 4.7e] and pro-
apoptotic BIM [Figure 4.7f] was not significantly different between NRP1-deficient
and control Tregs. These data suggest that after expansion, and within the time
scale of our in vitro functional assays, at least, NRP1 silencing does not impair Treg
survival. Therefore, we concluded that the functional defect of NRP1-deficient
Tregs could not be attributed to greater susceptibility to apoptosis in these

modified cells.
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Figure 4.7 Viability of NRP1 KD Tregs in vitro

(a) NRP1 KD and control Tregs stimulated for 3 days with aCD3aCD28-coated beads
(1bead :5cells) and IL-2 (200U/mL) were stained using cell viability dyes 7AAD and
AnnexinV staining solution, which were was quantified by flow cytometry. Bars
represent means +/- SEM for data derived from 5 donors, with 3 replicates per donor.
FACS plots of 7AAD versus AnnexinV are shown for (left) control and (right) NRP1 KD
Tregs from the same donor. (c-f) gRT-PCR was performed on cryopreserved cell pellets
of NRP1 KD and control Tregs, using Tagman assays for anti-apoptotic factors(c) BCL2,
(b) BCL2L1 (BCL2-XL) and (c) MCL1 and pro-apoptotic factor (d) BCL2L11 (BIM). The
mean of two replicates from each cell donor is plotted as a separate point, with lines
joining data from the same cell donor. Statistical significance was assessed using
Wilcoxon signed rank tests: (a) p=0.8703, p=0.6250; (c) p=0.2188 ; (d) p=0.9375 ; (e)
p=0.6875 ; f) p=0.3125.
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4.3.5 Proliferation and activation are not impaired in NRP1 deficient human

Tregs in vitro

To illuminate more subtle changes in Treg viability, stimulated Tregs were also
examined by flow cytometry for expression of activation markers and dilution of
cell proliferation dyes. After three days’ stimulation in vitro, dilution of a cell
viability dye was not diminished in NRP1-deficient Tregs relative to control Tregs
[Figure 4.8f], indicating that the proliferative potential of these cells is not
reduced. The cell surface density of one Treg activation marker, ICOS (Inducible T
Cell COStimulator), was marginally but significantly diminished at the protein level
[Figure 4.8c], but not the mRNA level [Figure 4.8e], in NRP1-deficient Tregs,
without a significant reduction in the proportion of ICOS-expressing cells [Figure

4.8d].

However, expression of another T cell activation marker, CD69, was significantly
elevated in NRP1-deficient Tregs, compared with control Tregs, with respect to
per-cell density and frequency of positive cells [Figure 4.8a-b]. We speculate that
the reduction in ICOS expression may reflect a specific influence of NRP1 upon
induction of ICOS protein expression, rather than a deficit in global activation.
Therefore, we concluded that neither the proliferative nor the activation

potential of Tregs is dependent upon NRP1 expression.
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Figure 4.8 Activation and proliferation potential of NRP1 KD Tregs

NRP1 KD and control Tregs were stained with a proliferation dye and stimulated
for 72hrs with aCD3aCD28 beads and IL-2 before staining cells with antibodies
against Treg activation markers ICOS and CD69. Density (a, c) and frequency (b,
d) of protein expression were quantified by flow cytometry. (e) Relative
transcription of ICOS was measured by gRT-PCR using Tagman assays for /COS
(and HPRT as an endogenous control). (f) Division index was calculated from
dilution of the proliferation dye, quantified by flow cytometry. Bars depict mean
+/- SEM for 7 cell donors. Statistical significance was determined by Wilcoxon
signed rank tests: (a) p=0.0313; (b) p=0.0355; (c) p=0.0313; (d) p=0.2188;(e)
p=0.2969 ; (f) p=0.0625.
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4.3.6 Intercellular interactions between human Tregs and Dendritic Cells are

not dependent upon NRP1

In mice, intercellular adhesion mediated by homotypic interactions between
Nrpl expressed on mouse T cells and on dendritic cells was identified as an early
event in immune synapse formation and subsequent DC-induced T cell
proliferation 28, To assess whether human Treg: DC interactions are dependent
upon NRP1, we performed live cell imaging to quantify the frequency and
duration of intercellular interactions between Tregs and monocyte-derived DCs

(moDCs)3#?, in the presence and absence of anti-NRP1 blocking antibody.

In contrast to the results published from an analogous experiment performed on
mouse cells?8®, blocking NRP1 had no effect upon the frequency or duration of
contacts made between Tregs and DCs [Figure 4.9]. This result suggests that the
contribution of NRP1 to human Treg function cannot be attributed to the
adhesive properties of NRP1 mediating interaction between Tregs and DCs.
Rather, it seems probable that NRP1 contributes to human Treg function via Treg-

intrinsic NRP1-dependent intracellular signalling.
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Figure 4.9 Effect of blocking NRP1 upon Treg:DC contact duration

Expanded human Tregs (2x104 per chamber) were incubated with CFSE-stained

autologous moDCs (2x104 per chamber) in an 8-well microscopy chamber, in the
presence of either anti-NRP1 blocking antibody or sheep IgG control antibody
(10pg/mL). After 2hrs incubation at 37°C, 5%CO,, live cell cultures were imaged

by fluorescence microscopy. Images were acquired in the FITC and polarised light
channels, every 20s for 40mins, at two positions for each culture. (a)
representative frames from time-lapse video. One DC of interest is marked with
a magenta square; Tregs in contact with the DC of interest are identified by white
arrows. (b) The duration of physical contact between Tregs and DCs was
measured manually for 13 DCs per condition. At least 45 intercellular contacts
were measured for each position. Each Treg:DC contact is plotted individually,
with bars indicating mean contact duration across all DCs. Statistical significance
was calculated using a Student T-test (p=0.7661).
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4.3.7 NRP1 expression is required to maintain the transcription of IL-10, but not

TGFB or CD39, by human Tregs

The ability of Tregs to suppress effector immune cells has been attributed to a
plethora of molecular mechanisms, relying upon several immunomodulatory
molecules. Among these, the anti-inflammatory cytokines IL-10 and TGFB are
believed to be critical to contact-independent Treg-mediated suppression?*. The
ectonuclease CD39 has also been implicated in the functionality of Tregs, by
depleting extracellular ATP upon which effector cells depend for their function?42.
The functional deficit of NRP1-deficient Tregs might be explained if the expression

of one of these molecules were found to be NRP1-dependent.

By gRT-PCR, we detected a significantly lower level of /L10 mRNA expressed by
NRP1 KD Tregs, relative to control Treg [Figure 4.10a]. No difference was detected
between NRP1-deficient and control Tregs in the levels of transcript encoding the
Treg-associated anti-inflammatory cytokine TGFB (TGFB1) [Figure 4.10b].
Surprisingly, transcription of the ectonuclease CD39 (ENTPD1) was actually
significantly elevated in NRP1 KD Tregs [Figure 4.10c]. The fact that NRP1 KD Tregs
exhibit defective suppression, in spite of the presumed advantage conferred by
higher ectonuclease expression, suggests that other Treg suppressive
mechanisms must be impaired by loss of NRP1. Thus, we conclude that
transcription of genes encoding IL-10, but not TGFB or CD39, is dependent upon
NRP1 in Tregs. Transcriptional regulation of NRP1-dependent transcriptional
regulation of IL-10 could contribute to Treg suppressive function, although this
does not exclude the possibility of NRP1-depenent post-transcriptional

regulation.
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Figure 4.10 Expression of Treg immunomodulatory molecules by NRP1 KD Tregs
gRT-PCR was performed on cryopreserved cell pellets of NRP1 KD and control
Tregs, using Tagman assays for immunomodulatory molecules /L10 (encoding IL-
10), TGFB1 (encoding TGFB) and ENTPD1 (encoding CD39). Data from each cell
donor is plotted as a separate point, with lines joining data from the same cell
donor. Statistical significance was determined by Wilcoxon signed rank tests: (a)
p=0.0156; (b) p=0.2696; (c) 0.0469.

4.3.8 The expression of Th- and Treg-associated transcription factors by human

Tregs is not determined by the expression of NRP1

CD4* T lymphocytes are classically categorised into subsets according to their
differential repertoires of ligands and cytokines, determined by expression of
different transcription factors. In T helper 1 cells, for example, expression of IFNy
and CXCR3 is prescribed by the transcription factor T-BET. Meanwhile, the Th2

subset is defined by expression of the transcription factor GATA-3 and the Th17
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subset by expression of RORyt. Expression of any Th-associated transcription
factors in Tregs, which are defined by expression of FOXP3, can be regarded as an
indicator of phenotypic instability, whereby Tregs acquire a more pro-
inflammatory phenotype. No reduction in expression of FOXP3 mRNA [Figure
4.11e] or protein [Figure 4.11g-h] was observed in NRP1 KD Tregs. Although there
was a discernible negative correlation between the expression of NRP1 protein
and FOXP3 protein, this trend was not statistically significant [Figure 4.11f].
Counterintuitively, NRP1 KD Tregs transcribed significantly higher levels of IKZF4
mRNA (encoding the Treg-associated transcription factor EQS343244) than control
Tregs [Figure 4.11]. The mRNA levels Th-associated transcription factors, GATA3
[Figure 4.11b] and RORC (encoding RORyt) [Figure 4.11c] were not significantly
upregulated in NRP1 KD Tregs. Moreover, TBX21 (encoding T-BET) [Figure 4.11a]
was actually transcribed at lower levels in NRP1 KD Tregs than in control Tregs.
Therefore, we concluded that, under homeostatic conditions, NRP1 deprivation
does not compromise phenotypic stability of Tregs with respect to transcription
factor expression. Nonetheless, the critical test of phenotypic stability is to
ascertain whether the Tregs have the capacity to promote inflammation by
producing pro-inflammatory mediators. Hence, we examined the secretion of

cytokines by NRP1-deficient Tregs.
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Figure 4.11 Expression of Treg- and Th-associated transcription factors by NRP1 KD
Tregs

(a-e) gRT-PCR was performed on NRP1 KD and control Tregs, to quantify transcripts
encoding (a) Thl-associated T-BET (TBX21), (b) Th2-associated GATA3 (GATA3), (c)
Th17-associated RORyC (RORC), Treg transcription factors (d) EOS (/KZF4) and (e)
FOXP3 (FOXP3). Data from each cell donor are plotted as a separate point, with
lines joining data from the same donor. (f-h) Expression of FOXP3 protein was
quantified by flow cytometry in NRP1 KD and control Tregs after 72hrs stimulation
with aCD3aCD28-coated (1 bead: 5 cells) and IL-2 (200U/mL). (e) Density (MFI) of
FOXP3 protein expression is plotted against density of NRP1 expression in the
same samples. (g) Frequency and (h) density of FOXP3 protein expression are
plotted as mean +/- SEM of 5 cell donors. Statistical were analysed by matched-
pairs Wilcoxon Matched-Pairs Sign Rank tests: (a) p=0.0469; (b) p=0.5781; (c)
p=0.5781; (d) p=0.469; (e) p=0.9375; (g) p=0.3125; (h) p=1.000.
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4.3.9 NRP1is not critically required to prevent pro-inflammatory cytokine

secretion by human Tregs in vitro

Using a cytometric bead assay, the concentrations of thirteen T cell-derived
cytokines were quantified in the supernatants of stimulated Treg cultures. In all
four donors tested, the concentration of IL-10, an anti-inflammatory cytokine
implicated in the mechanisms of Treg-mediated suppression, was consistently but
not significantly diminished in cultures of NRP1-deficient Tregs, compared with
control Tregs [Figure 4.12g]. This trend is corroborated by data from a gRT-PCR
assay, which demonstrate that transcription of IL-10 is significantly diminished in
NRP1 KD Tregs, relative to control Tregs [Figure 4.10a)]. The concentration of none
of the pro-inflammatory cytokines tested (IL-6, IL-5, IL-13, TNFa, IFNy, or IL-17A)
was significantly elevated in NRP1 KD Tregs [Figure 4.12a-f respectively].
Together, these results hint that the NRP1 expression by Tregs may influence anti-
inflammatory cytokine production but, under steady-state conditions, is not
critically required for the maintenance of phenotypic stability of Tregs with

respect to cytokine secretion.
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Figure 4.12 Cytokine secretion by NRP1 KD Tregs
A cytokine bead array assay was performed on supernatants from cultures of
NRP1 KD or control Tregs stimulated for 72hrs with aCD3aCD28-coated (1 bead:
5 cells) and IL-2 (200U/mL). Concentration of cytokine, computed from median
fluorescence intensities, is plotted for each cell donor, with lines joining data from
the same cell donor. (a) IL-6, (b) IL-5, (c) IL-13, (d) TNFa, (e) IFNy, (f) IL-17A, (g) IL-
10. Statistical significance was assessed by matched-pairs Wilcoxon signed ranks
tests: (a) p=0.1250; (b) p=1.000; (c) p=0.1250; (d) p=0.1250; (e) p=0.3750; (f)

p=1.000; (g) p=0.1250.
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4.3.10 Global gene expression in Tregs is modified by NRP1 expression

Finally, we sought to identify NRP1-dependent transcriptional signatures in
human Tregs and Teffs by performing a microarray-based genome-wide
transcriptional analysis on these cells. The microarray revealed significantly
differential expression between unstimulated NRP1 KD and control Tregs at 205
loci. The majority of differentially expressed genes were down-regulated in NRP1-
deficient cells, relative to control cells, in both unstimulated and stimulated Treg,
as well as in Teffs [Figure 4.13]. Interestingly, a large proportion of differentially
expressed loci were unique to Tregs, with a distinct set of loci identified in the
comparison of NRP1 KD and control Teffs [Figure 4.14]. This suggests that Tregs
and Teffs may utilise NRP1 to regulate different biochemical processes, perhaps

contributing to the disparities in cell biology between these two populations.

137



Investigating the Role of Neuropilin in Human Regulatory T Cells

a  Unstimulated Tregs b Stimulated Tregs
Top differentially expressed genes for AB groups Top differentially expressed genes for CD groups
7 | & e

DCLRE & (LUN_1738386)
BTLA(ILMN_2000508)
CEPTI (LUN 1676888)

(LMN 1728062)
LER (ILUN_{768663)
PONIZ1C (LN _3235008)
LACTH0316 LN 1662130)
ACAR2 ILHN_1680190)
C120rE2 (LWN TE0268%)

TMED! (ILUN_1683045)
FSCN1 (LUN_1606707)
FBXOZ1 (ILN_1745887)
KIAATI81 (ILMN_2376133)

1
AL (LUN_17182T3)

PIC)
NRPLIB (LN 1804473)
TRIKAT (LM 1712708)

Setee) 1A etz SEaPas (L T
1 (LM 17631 B
BETRRI guu'ﬂmm MUDENG (ILMN_1741351)

¢ Unstimulated Teffs Figure 4.13 Heat map of gene

expression in NRP1 KD

Tregs and control Tregs

Genome-wide analysis of gene

o | | — transcription was conducted on RNA
premmen samples isolated from three cell

(LN T
11645 (ILMN_1762679)
TSP ANTS (LN 1668560)

T, populations (a) unstimulated control
] (A) and NRP1 KD (B) Tregs (N=5
donors); (b) control (C) and NRP1 KD

g (D) Tregs stimulated for 72hrs with
;Z.‘“%;,' aCD3aCD28-coated (1 bead: 5 cells)

(ILMN_ 1880406}

| S and IL-2 (200U/mL) or (N=3) (c) control

L EHE: (E) and NRP1 KD (F) CD4'CD25 Teffs
Er) (N=3). For each cell population,
S genome-wide transcriptional levels

i were  compared  between  cell

—% im,::'ﬁ:m transduced with NRP1 shRNA (orange)

versus cell transduced with the control

vector (pLKO.1) (green). The 50 most

A differentially-expressed  genes, as

identified by LIMMA analysis, are

mmmm NRP1 KD cells ™=mmControl (pLKO1) cells depicted for each cell population.

Top difterentially expressed genes for EF groups

F2
F1
F3

€3

E1

E2

138



Investigating the Role of Neuropilin in Human Regulatory T Cells

Overlapping genes per experiment

C

Figure 4.14 Distribution of genes differentially expressed between NRP1 KD and
control cells in different cell populations

Genome-wide analysis of gene transcription was conducted on RNA samples
isolated from three cell populations (a) control (A) and NRP1 KD (B)
unstimulated Tregs (N=5); (b) control (C) versus NRP1 KD (D) Tregs stimulated
for 72hrs with aCD3aCD28-coated (1 bead: 5 cells) and IL-2 (200U/mL) (N=3);
or (c) control (E) versus NRP1 KD (F) CD4*CD25 Teffs (N=3). For each cell
population, transcriptional profiles were compared between cells transduced
with NRP1 shRNA versus cells transduced with the control vector (pLKO.1). The
Venn diagram illustrates proportions of genes, among the 500 genes identified
as most differentially expressed between NRP1 KD and control cells, that are
common between cell populations

In an unbiased manner, we selected the five genes (ATP5H, BECN1, COPS4,
MAP1ILC3B and PTP11) for which the transcriptional level was most significantly
disparate between NRP1 KD and control Tregs for validation and further analysis.
ATP5H encodes a subunit of the mitochondrial ATP synthase3**. BECN1 encodes
beclin-1, a component of the phosphatidylinositol-3 kinase (PI3K) complex that
regulates autophagy and apoptosis3*®347. COPS4 is a subunit of the COP9

(COnstitutive Photomorphogenesis 9) Signalosome (CSN), a protein complex that
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regulates multiple signalling pathways as a protease component of the ubiquitin-
proteosome pathway3#. The CSN has also been implicated in autophagic protein
degradation3493°0, MAP1/LC3B (Microtubule-Associated Protein 1 Light Chain 3
Beta) encodes LC3B, a microtubule-associated protein that participates in
autophagolysosome biogenesis and recruitment of substrates for autophagocytic
degradation3>'. Tyrosine-protein phosphatase non-receptor type 11 (PTPN11),
also called SRC homology protein 2 (SHP-2), encoded by PTPN11, transduces
signals via diverse growth factor-, cytokine- and hormone-induced signalling
pathways. SHP-2-dependent signalling pathways regulate various cellular
processes, including cell cycle and metabolism3>2. gRT-PCR confirmed that all five
genes were transcribed at significantly lower levels in NRP1 KD Tregs than in
control Tregs [Figure 4.15]. Intriguingly, three out of these five genes (BECN1,
COPS4 and MAP1ILC3B) are key components of the cellular machinery regulating
autophagy. It is reasonable to speculate, therefore, that NRP1 regulates
autophagy in human Tregs. A further inference, that Treg function is influenced
by NRP1-dependent autophagy pathways, is particularly plausible considering
recently-published findings that Tregs are more reliant upon autophagy than

other T cel |S353,354355,356
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Figure 4.15 Validation of genes identified as differentially expressed between
NRP1 KD Tregs and control Tregs in microarray

cDNA synthesised from total cellular RNA of NRP1 KD and control Tregs was
subjected to qRT-PCR with Tagman assays for the following transcripts: (a)
ATP5H, (b) BECN1, (c) COPS4, (d) MAP1LC3B and (e) PTPN11. Mean values from
two replicates are plotted for each of 7 donors, with lines adjoining samples
from the same donor. Statistical significance was determined by a Wilcoxon
Signed Ranks tests: (a-e) p=0.156.
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4.3.11 Not all NRP1-dependent cellular processes are restricted to Tregs

In order to determine whether the effects of NRP1 deficiency that we observed
in Tregs are Treg-specific or general to CD4* T cells, we repeated certain in vitro
assays on NRP1 KD CD4*CD25" Teffs [Figure 4.16]. The proliferation of Teffs in
response to TCR stimulation was comparable between NRP1 KD Teffs and control
Teffs [Figure 4.17]. Nor did we observe a significant reduction in the level of
FOXP3 protein [Figure 4.19a] or the frequency of FOXP3* cells [Figure 4.19b]
among NRP1 KD Teffs, compared to control Tregs. In common with Tregs, neither
the expression of CD69 [Figure 4.18a,c] nor CD25 [Figure 4.18b,d] upon TCR
stimulation was diminished in NRP1 KD Teffs, compared with control Teffs.
However, it is notable that there was a significant, strong positive correlation
between NRP1 protein expression and the MFI of CD69 [Figure 4.18e] and CD25
[Figure 4.12f]. This correlation suggests that, contrary to our observations in

Tregs, NRP1 is associated with activation status in Teffs.

Interestingly, the transcription of the autophagy genes BECN1 [Figure 4.20b],
COPS4 [Figure 4.20c] and MAP1LC3B [Figure 4.20d], identified as significantly
downregulated in NRP1 KD Tregs in the microarray, was reduced, though not
significantly, in NRP1 KD Teffs relative to control Teffs. Two of the other
transcripts that were most significantly downregulated in NRP1 KD Tregs, ATP5H
[Figure 4.20a] and PTPN11 [Figure 4.20e], were also expressed at not significantly
lower levels in NRP1 KD Teffs relative to control Teffs. These results suggest that,

whilst at a global level, the transcriptional targets of NRP1 differ between Tregs

142



Investigating the Role of Neuropilin in Human Regulatory T Cells

and Teffs, these two cell subsets may share in common certain NRP1-dependent

pathways.
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Figure 4.16 Knockdown Efficiency in human CD4'CD25 Teffs transduced with NRP1
shRNA

CD4'CD25 Teffs transduced with lentivirus containing plasmids encoding either
NRP1 shRNA or a control vector containing a stuffer insert. Transduced Teffs were
stimulated for 72hrs with aCD3aCD28 beads (1 bead: 5 cells) and IL-2 (100U/mL)
before quantifying cell surface expression of NRP1 by flow cytometry. (a) gRT-PCR
data for NRP1 mRNA expression of Teffs are tabulated by cell donor and (b) plotted
for each donor separately, with lines adjoining cells from the same donor. (c) FACS
plots from one representative donor show cell surface NRP1 protein expression
for (left) control and (right) NRP1 KD Tregs.
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Figure 4.17 Proliferative potential of NRP1 Kd Teffs in vitro

NRP1 KD and control CD4'CD25  Teffs were stained with cell proliferation dye
and stimulated for 72 hours with beads (1 bead: 5 cells) and IL-2 (100U/mL). A
division index was calculated from dilution of the proliferation dye, quantified
by flow cytometry. Bars depict mean +/- SEM for 5 cell donors. Statistical
significance was assessed using Wilcoxon Matched-Pairs Signed Rank tests:
p=0.6250
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Figure 4.18 Activation potential of NRP1 KD Teffs

NRP1 KD and control CD4'CD25 Teffs were stimulated for 72hrs with
aCD3aCD28-coated (1 bead: 5 cells) and IL-2 (100U/mL) before staining cells
with antibodies against activation markers ICOS and CD69. (a, b) Frequency and
(c, d) density of protein expression were quantified by flow cytometry. Bars
depict mean and SEM for 7 cell donors. MFls for each cell donor are plotted as
separate points, with line joining data from the same donor. Statistical
significance was determined by Wilcoxon signed rank tests: (a) p=0.3125 ; b)
p=0.2500; (c) p=0.2500; (d) p=0.5000.. (e, f) Regression plots of CD69 and CD25
MFI against NRP1 MFI for all cells samples (control and NRP1 KD Teffs), with
correlation assessed by Spearman’s Rho tests.
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Figure 4.19 Expression of FOXP3 by NRP1 KD Teffs
(a) Density of FOXP3 protein expression and (b) frequency of FOXP3" cells in NRP1

KD and control CD4'CD25 Teffs was quantified by flow cytometry. Means +/-
SEM are depicted for 3 cell donors. Statistics were determined by Wilcoxon
Matched-Pairs Signed Rank tests: (a) p= 0.2500; (b) p=0.2500. (c) FACS plots of
FOXP3 against NRP1 are shown for (left) control and (right) NRP1 KD Tregs from
the same donor. (d) MFI of FOXP3 protein is plotted against MFI of NRP1 in the
same samples, with correlation analysis performed using Spearman’s Rho test.
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Figure 4.20 Expression by NRP1 KD Teffs of genes identified as differentially
expressed between NRP1 KD and control Tregs

cDNA synthesised from total cellular RNA of NRP1 KD and control CD4'CD25
Teffs was subjected to gRT-PCR with Tagman assays for the following transcripts:
(a) ATP5H, (b) BECN1, (c) COPS4, (d) MAPILC3B and (e) PTPN11. Each cell
sample is plotted as a separate point, with lines adjoining samples from the
same donor. Statistical significance was determined by a Wilcoxon Matched-
Pairs Signed Rank test: (a-e) p=0.1250.
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4.3.12 NRP1 expression is not sufficient to confer substantial suppressive

function upon CD4* Teffs

The experiments outlined so far confirm that NRP1 is necessary for Treg-
mediated suppression. In order to assess whether NRP1 is sufficient for Treg-
mediated suppression, we transduced non-Treg CD4*CD25 Teffs with a construct
that drives expression of NRP1 and GFP, or with a control vector encoding GFP
alone. At the end of the transduction procedure, we performed an in vitro
suppression assay to measure the proliferation and expression of activation
markers by PBMCs in the presence of NRP1 over-expressing Teffs. NRP1 over-
expressing Teffs did not suppress PBMC proliferation significantly more than
control Teffs [Figure 4.21a]. However, expression of CD25 [Figure 4.21b] and CD69
[Figure 4.21c] was suppressed to a significantly greater extend in the presence of
NRP1-overexpressing Teffs, compared with control Teffs. These results suggest
that the expression of NRP1 by Teffs does confer some immunoregulatory
capacity upon these cells but is insufficient to confer the full suppressive capacity

of Tregs.
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Figure 4.21 PBMC proliteration and activation in the presence ot NRP1 over-
expressing Teffs
(a) Tregs transduced with lentivirus encoding either NRP1 and EGFP or a control
vector encoding EGFP. Transduced Tregs were stimulated for 72hrs with beads
and IL-2. Transcription of NRP-1, quantified by qRT-PCR, is plotted for each donor.

P=0.125 (Wilcoxon matched pairs signed rank). (b-d) VPD-stained PBMCs (105
cells per well) stimulated with allogeneic moDCs (104per well) were cultured for

4 days in the presence or absence of cD4’cD25 Teffs, transduced with either
control lentiviral vector, CAG-GFP, or CAG-NRP1. Dilution of proliferation dye and
median fluorescence intensity for CD25 and CD69 were measured by flow
cytometry. Percentage suppression was calculated relative to DC-stimulated
PBMC in the absence of Teffs. Bars indicate mean +/- SEM for three cell donors.
Statistics are derived from a two-way ANOVA with Bonferroni post-tests: (b)
p=0.3363; (c) p=0.0033; (d) p=0.0084
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Numerous studies have implicated Nrpl in Treg function in mouse
models?91:339.341357 Kyt far less has been reported relating to NRP1 in human
lymphocytes. In mouse experiments, a genome-wide microarray identified Nrp1l
as a transcript highly enriched in Tregs versus Teffs 288 In the same study, Nrpl
expression was found to be constitutive in Tregs, not Teffs, and correlated with
suppressive function of those Tregs. In contrast to the mouse data, and consistent
with a previous report 292, we observed that the expression level of NRP1 protein
was low among resting human peripheral blood Tregs, comparable to that of
Teffs. Hence, we conclude that NRP1 is not a useful marker of Treg phenotype in
humans, as it is in mice. NRP1 protein expression by Tregs increased marginally
and transiently in response to in vitro stimulation [Figure 4.1] indicating that NRP1
expression by Tregs is not a stable phenotype delineating distinct NRP1™ and
NRP1* populations. Rather, we deduce that elevated NRP1 expression is a marker
of activation in human CD4* T lymphocytes. Notably, expanded human Tregs
expressed a higher density of NRP1 than freshly-isolated Tregs [Figure 4.1b], likely
reflecting the higher global activation status of Tregs that have been exposed to

long-term stimulation.

The minimal expression of NRP1 by human Tregs might suggest that NRP1 does
not contribute substantially to the function of human Tregs. Rather than
comparing Tregs sorted for high versus low levels of NRP1, which would not
represent historical or future expression levels, we elected to manipulate NRP1

expression levels genetically. Introducing into primary human Tregs a shRNA
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against the NRP1 transcript successfully reduced NRP1 protein levels by a mean
of 54.9% [Figure 4.1] Given the marginal expression of NRP1 in freshly-isolated
Tregs, the impaired suppression mediated by NRP1 KD Tregs of T cell proliferation
[Figure 4.2] and the suppression of pro-inflammatory cytokine secretion by
PBMCs [Figure 4.3] was unexpected. Therefore, we validated these results in vivo,
observing that adoptively transferred NRP1KD Tregs failed to prolong survival of
the allograft in a humanised mouse model of skin allograft rejection, whilst graft
survival was extended significantly in mice receiving the same number of control
Tregs [Figure 4.5] Therefore, we concluded that Treg-intrinsic NRP1 is necessary

for Treg-mediated suppression of allograft rejection in vivo.

Whilst NRP1 was necessary for Treg-mediated suppression, our experiments
using NRP1-overexpressing Teffs demonstrated that NRP1 is not sufficient to
recapitulate the suppressive capacity of Tregs [Figure 4.21]. Given the plethora of
suppressive mechanisms employed by Tregs, it is unsurprising that expression of
a single immunomodulatory molecule could not recapitulate the suppressive
phenotype of Tregs. In fact, one might expect that, if NRP1 is required for generic
T cell fitness, that NRP1-overexpressing Teffs would exhibit a more robust pro-
inflammatory phenotype. The observation that activation marker expression on
PBMCs is reduced in the presence of NRP1-overexpressing Teffs supports the
theory that NRP1 is an inherently immunoregulatory molecule, rather than simply

conferring fitness upon T cells that bear this molecule.

Since the mechanisms by which NRP1 influences Tregs in mice are varied and

incompletely understood, we sought to understand more about the nature of
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NRP1 activity in human Tregs. First eliminating more trivial explanations for the
diminished function of NRP1-deficient Tregs, we demonstrated that the cell
viability of NRP1-KD Tregs was not compromised, since cell survival and
proliferation of NRP1 KD Tregs were equal to NRP1-sufficient Tregs. Therefore, it
seemed plausible that NRP1 performed a more direct role in Treg function. Within
the immune system, and in T lymphocytes specifically, NRP1 has been implicated
in both cell-extrinsic functions (e.g. adhesive intercellular interactions)?8>3>7 cell-
intrinsic functions (modifying cell behaviour, e.g. via regulation of gene

expression)?82:291,

Considering the strong dependence of Treg-mediated suppression upon Treg
activation, we assessed the effect of NRP1 signalling deprivation upon Treg
activation in vitro, revealing that activation of Tregs is not globally impaired in
Tregs deficient in NRP1 protein. Therefore, we conclude that the dependence of
Treg function upon NRP1 cannot be attributed to regulation of Treg activation by

NRP1 [Figure 4.8].

Given the reports from mouse studies that implicate NRP1 in the immunological
synapse formation between T cells and DCs?%¢, we predicated that intercellular
adhesion mediated by NRP1 may account for the functional deficit in NRP1 KD
Tregs. However, blocking NRP1 with antibody had no effect upon the average
duration of contact between human Tregs and DCs, suggesting that intercellular
adhesion is not a dominant mechanism by which NRP1 contributes to the function
of human Tregs [Figure 4.9]. Instead, it seemed probable that intracellular

signalling downstream of NRP1 might have Treg-intrinsic effects that would
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promote Treg suppressive function. Hence, we sought to survey cell-intrinsic

events that might be modulated by NRP1.

One of the most crucial functional distinctions between Tregs and their Teff
counterparts is the anti-inflammatory cytokine profile of Tregs, versus the pro-
inflammatory cytokine repertoire of Teffs. Accumulating evidence of phenotypic
plasticity among CD4* T cell subsets3°%3>° | including Tregs®Y, in recent years has
led us to examine whether NRP1 expression in Tregs influences Treg lineage
stability. Accordingly, we found that none of the Th-associated transcription
factors was upregulated, nor were Treg-associated transcription factors
diminished, in NRP-deficient Tregs [Figure 4.11]. Nonetheless, we demonstrated
that, compared with control Tregs, the cytokine profile of NRP1 KD Tregs was
mildly perturbed, with a non-significant trend towards enrichment of certain
proinflammatory cytokines but also diminished secretion of other such cytokines.
[Figure 4.12] The subset of cytokines that were elevated did not suggest

polarisation towards a particular Th subset.

Whether the consequences of Treg reprogramming are physiologically adaptive
or pathological probably depends upon the context. Some reports suggest that,
by co-opting Th transcriptional programs, Tregs become adapted to target the Th
subset whose behaviour they are emulating®®. However, other studies identify a
causal association between acquisition of Th-like phenotype in Tregs and
exacerbated immune pathologies'®®361 Whilst not statistically significant, the
diminished levels of the anti-inflammatory cytokine IL-10 that we observed in

NRP1 KD Treg cultures, in combination with the poorer control of pro-
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inflammatory cytokine secretion by PBMCs by NRP1 KD Tregs, could plausibly
contribute to a pro-inflammatory milieu that would promote inflammation and
impede immune regulation. In our co-culture assays, secretion of Th2-associated
cytokines (IL-5, IL-6 and IL-13) by PBMC was particularly poorly regulated by NRP1
KD Tregs [Figure 4.4b, d, f], suggesting that control of Th2 responses may depend

upon NRP1 expression in Tregs.

The signalling events downstream of NRP1-associated receptors have not been
fully characterised. The promiscuous nature of NRP1-receptor-ligand
interactions likely generates a complex network of cellular processes that are
influenced by NRP1-dependent intracellular signalling. In order to identify
transcriptional targets of NRP1-dependent signalling, we compared global gene
expression between NRP1 KD and control Tregs and Teffs. A microarray revealed
a large number of genes whose transcription is NRP1 dependent in Tregs, and a
distinct repertoire of genes whose transcription is NRP1-dependent in Teffs

[Figure 4.13, 4.14].

Notably, among the five genes that were most significantly differentially
expressed between NRP-deficient and control unstimulated Tregs were two,
BECN1, COPS4 and MAP1LC3B, whose products are key mediators of autophagy.
Autophagy is a catabolic process by which energy is released through the
lysosomal degradation of cytosolic components, as an adaptive response to
cellular stress and to recycle dysfunctional organelles and macromolecules.
MAP1LC3B (LC3) is required for autophagolysosome biogenesis, whilst beclin-1

(encoded by BECN1) constitutes part of the phosphatidylinositol-3-kinase (PI3K)
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complex that initiates autophagy*®. COPS4 is a subunit of the COP9 (COnstitutive
Photomorphogenesis 9) Signalosome (CSN), a protein complex that regulates
multiple signalling pathways as a protease component of the ubiquitin-

proteosome pathway34.

Four recent publications have emphasised the
importance of autophagy as part of a Treg- specific metabolic program that

promotes survival and lineage stability of Tregs3>3-3°6

It is now well-established that utilisation of metabolic pathways differs between
Tregs and Teffs?>43627365 Tregs rely more upon fatty acid oxidation, whilst
glycolysis is favoured by Teffs, and exhibit higher activity of mTORC1 than Teffs
(and hence, are more resistant to the cytostatic effects of Rapamycin). The
influence of NRP1 upon autophagy might be considered in the context of existing
reports of regulation of the PI3K-mTOR-AKT pathway by VEGFR and some
semaphorin receptors3®. Incidentally, an homologous co-receptor, NRP-2, has
been reported to promote autophagy in tumour cells, upon ligation of VEGF-C,
via negative regulation of mTORC1 activity®®’. We speculate that, via positive
regulation of the autophagy pathway, NRP1 may promote metabolic homeostasis

in Tregs.

Notably, beclin-1 also contains a BH3 domain that mediates interaction with anti-
apoptotic, but not pro-apoptotic, members of the BCL-2 family, BCL-2, BCL-XL and
MCL-1. In our analyses, none of these anti-apoptotic proteins was differentially
transcribed between NRP1 KD and control Tregs but perhaps these proteins are
subject to post-translational regulation via their interaction with beclin-1.

Increasing evidence supports the notion that apoptosis and autophagy are
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regulated in a mutually antagonistic manner and beclin-1 appears to be placed at
a critical point of convergence between these two pathways3*’. Whilst we
observed no alteration in susceptibility to apoptosis in NRP1-deficient Tregs, such
alterations might be unmasked under nutrient-poor conditions. Integrating these
lines of evidence, it is plausible to conjecture that NRP1 promotes the function of
regulatory T cells by transducing salient environmental cues to regulate adaptive
metabolic programming in these cells. By promoting expression of beclin-1 and
thus modulating the activity of mTORC1, NRP1-dependent signalling could
influence the balance between autophagy and apoptosis, and between different
metabolic pathways, in response to ligands encoding nutritional and

immunological cues.

Another function of NRP1 that we did not explore in our experiment, but which is
likely to be pertinent to Treg function, is activation of latent TGFB. Glinka et al
demonstrated that this NRP-dependent TGF[ activity promoted Treg function in

mice3%8.

Characterisation of the differential outcomes of different NRP1-receptor-ligand
interactions in Tregs will be valuable in designing methods of modulating Treg
function via administration of NRP1 ligands. Several NRP1 binding partners, in
particular TGFB, VEGF-VEGFR3%3353%9  Sema3A- plexin A1322370 Sema4A-TIM-
2291371372 gnd Sema4D-CD72287:3%8373 have been shown to modulate lymphocyte
and dendritic cell function in mice. In addition, the NRP1-independent effects of
NRP1-associated receptors are already the subject of investigations into immune

modulation?®?3%> and should be considered with respect to Tregs. For example,
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the TIM family of receptors has been implicated in the regulation of different Th
subsets (Tim-1 in Th2 and Tim-3 in Th1) in mice3?’371, Possibly NRP1 is one
component of a broader network of immune regulatory mechanisms

orchestrated by the semaphorin family.

We demonstrated that some effects of NRP1 deficiency in Tregs are recapitulated
in Teffs. It is important to consider, if we are to regard NRP1 as a molecular target
for therapeutic intervention, that dependency upon NRP1 per se may not be
unigue to Tregs. Strategies that target NRP1 may not affect Tregs and Teffs
differentially. Thus, it will be crucial to dissect out the specific NRP1-dependent

pathways that are Treg-restricted.

In conclusion, the results presented in this chapter demonstrate that the co-
receptor NRP1 is required for the suppressive function of human regulatory T
cells. Whilst NRP1 was found to be dispensable for human Treg survival, FOXP3
expression and activation, NRP1-dependent expression of the autophagy proteins
LC3B, COPS4 and beclin-1 hints that metabolic regulation by NRP1 promotes
optimal Treg cell function. Furthermore, the expression of a IL-10, a key mediator
of immune regulation, by Tregs is dependent upon cell-intrinsic NRP1 expression.
Tregs have been implicated broadly in the pathology of malignancies and chronic
infections and have been exploited as therapeutic agents in immunopathological
conditions. Therefore, the finding that NRP1 influences Treg function might
inform future clinical strategies. NRP1 might constitute a molecular target via
which endogenous Tregs could be modulated in vivo or adoptively-transferred

Tregs could be manipulated in culture prior to infusion.
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Chapter 5: Investigating Strategies to
Enhance Human Treg Function during in

vitro Expansion

5.1 Introduction

The period of in vitro expansion required to generate therapeutic doses of Tregs
provides an opportunity to manipulate these cells prior to infusion, with the aim
of improving their therapeutic potential in vivo. Already, it is known that the
process of TCR-stimulation that is required to expand Tregs also, incidentally,
improves the suppressive potency of expanded cells, compared with freshly-
isolated cells®’4. Furthermore, several groups advocate the use of allogeneic
stimulation to select for alloreactive Tregs, which confer stronger suppression on
a per-cell basis?®’. The in vitro expansion procedure might also incorporate
treatment with chemical agents to improve the purity of the final cell product or
to promote the viability or suppressive function of the Tregs. Rapamycin, for
example, is added as a supplement in Treg expansion cultures to favour the

survival and proliferation of Tregs relative to Teff contaminants?>%.

In vitro culture of Tregs also offers an opportunity for genetic manipulation aimed
at enhancing the function or safety profile of the cells. Genetic engineering could
be used to confer upon the cells a greater specificity or bespoke functionality.
Likewise, safety switches could be introduced to disable cells in order to reverse

293

or down-regulate the immune regulation exerted by the cells?®. Finally, in
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conditions where the patient’s own Tregs are functionally defective, a clinician
may elect to use cells from an allogeneic or xenogeneic source that have been
modified to be less immunogenic?®*. Alternatively, if the defect can be attributed
to a particular genetic locus, the function of autologous cells might be restored

by gene therapy.

For example, in recent years, there has been much interest in generating T cells
with defined antigen specificity by forcing expression of transgenic TCRs or
chimaeric antigen receptors (CARs) into these cells. Transgenic TCRs are derived
from natural TCRs that have been selected for their affinity for a salient disease-
associated antigen. CARs are engineered constructs composed of variable,
antigen-binding moieties of one molecule (most commonly the single chain
variable fragment of a BCR) fused to the transmembrane domain of another
receptor (classically, the CD3-zeta domain)3/>3/%. By splicing the antigen-
specificity of one receptor onto the intracellular signalling functionality of
another, one can create a T cell in which MHC-independent, high affinity

recognition of a chosen antigen is coupled to activation of the cell.

Currently, progress in the field of artificial antigen receptor technologies has
mostly been directed at Teffs for cancer therapy but several research groups and
companies are developing designer Tregs for application in immune-mediated
pathologies'®8277319.377  Tregs have been engineered to express TCRs with
specificity for alloantigen®’2378379 Expression of MHC class I-restricted TCRs in
Tregs has been explored as a means of allowing these cells to be activated by

endogenous antigens presented on the more ubiquitous class | MHC, as well as
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MHC class Il on professional APCs'’* The advent of genome editing technologies
will no doubt expiate development of genetic strategies for enhancing cell

therapy products in the future.

Synthetic biology can also be applied to modulate the in vivo behaviour of the
cells after infusion. For example, transgenic receptors for artificial ligands can be
coupled to the intracellular apparatus for lymphocyte activation, in order to place
the activity of cell therapy products under the control of the user who administers
the stimulus. More sophisticated transgenic antigen receptor designs employ
inducible switch mechanisms, responding to a synthetic small molecule ligand, to
exert an extra layer of user-controlled regulation upon cell activation®°. Likewise,
transgenic receptors, coupled to endodomains of chemokine receptors that
modulate the migration of cells, have been used exert user control over the
recruitment of engineered cells to a chosen anatomical site38!. Other designs
incorporate inhibitory receptors to transiently inactivate engineered T cells as a
means of reducing on-target off-tumour activity®®2. Even more complex Boolean
logic gates, whereby the activity of an engineered T cells is dictated by multiple
molecular parameters, are being explored for refining the safety and efficacy of

engineered cell therapy products383-38,

Following our discovery that NRP1 is required for optimal suppressive function in
Tregs, we were interested to determine whether NRP1, or its downstream
targets, could be targeted to enhance the suppressive function of Tregs during in
vitro expansion. If Treg suppressive function were found to be dependent upon a

particular NRP1-associated ligand, this would provide an amenable molecular
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target for enhancing Treg suppressive treatment during in vitro culture. In this
chapter, we explored two methods of augmenting the activity of NRP1 in Tregs:
exposure of Tregs to NRP1 ligands and genetic engineering of Tregs to induce
over-expression of NRP1. Additionally, we selected a second target for genetic
engineering, 1L-10, as a molecule with established immunoregulatory

386

properties®®°, whose transcription is NRP1-dependent.

Objective 1: To explore the feasibility of driving expression of immunomodulatory
molecules in human Tregs to enhance their suppressive potency, with particular

focus on NRP1 and IL-10.

Hypothesis 1: Human Tregs engineered to overexpress NRP1 will exhibit more

potent suppression of in vitro cell proliferation than wild-type Tregs.

Hypothesis 2: Human Tregs engineered to overexpress IL-10 will exhibit more

potent suppression of in vitro cell proliferation than wild-type Tregs.

Hypothesis 3: Human Teffs engineered to overexpress IL-10 will exhibit some

suppression of in vitro cell proliferation.

5.3.1 Treg-mediated suppression of PBMC proliferation is not enhanced by
increased availability of NRP1-associated ligands SEMA3A, SEMA4a or
VEGF

From our results discussed in Chapter 4, we inferred that regulation of a NRP1-
dependent transcriptional program was likely the dominant mechanism by which
NRP1 potentiates human Treg function. Since NRP1-dependent cell-intrinsic
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signalling is presumably initiated by engagement of extracellular ligand, we
predicted that exposing Tregs to exogenous NRP1 ligands in vitro would enhance

the suppressive function of these cells.

In order to test whether Treg function can be enhanced by increasing the
availability of NRP1 ligands, we performed an in vitro assay for Treg-mediated
suppression of PBMC proliferation, in the presence of three NRP1-associated
soluble ligands: Vascular Endothelial Growth Factor (VEGF), semaphorin 3A
(SEMA3A) and semaphorin 4A (SEMA4A). These ligands were selected on the
basis of published evidence implicating these ligands in modulation of immune
activity327:334369371 However, the suppression of PBMC proliferation in the
presence of Tregs was not enhanced in the presence of any of these three ligands,
at either moderate concentrations (250ng/mL) [Figure 5.1a] or high
concentrations (1000ng/mL) [Figure 5.1b]. Therefore, we conclude that short-
term incubation with VEGF, SEMA-3A SEMA4A is insufficient to enhance the

suppressive function of human Tregs.
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Figure 5.1 Suppression of PBMC proliferation by Tregs pre-incubated with NRP1
ligands in vitro

PBMCs (105 per well) stimulated with allogeneic moDCs (104 per well) were

cultured for 6 days in the presence or absence of Tregs (105 per well). NRP1
ligands SEMA3A, SEMA4A and VEGF were added at concentrations of (a)
250ng/mL and (b) 1000ng/mL or an equal volume of PBS. Tritiated thymidine was
added for the final 16hours and proliferation of responder cells was measured as
uptake of tritium (cpm). Percentage suppression was calculated relative to PBMCs
with DCs and no Tregs. Bars indicate mean +/- SEM for 3 cell donors. Statistics
were derived from Wilcoxon matched pairs signed rank test: (a) p= 0.7500,
0.2500 and 0.2500, for PBS vs VEGF, SEMA3A, SEMA 4A, respectively. (b) p=
1.000, 5.000 and 1.000 for PBS vs VEGF, SEMA3A, SEMA 4A, respectively.
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5.3.2 Treg-mediated suppression of cell proliferation is not enhanced by over-

expression of NRP1 in Tregs

In order to achieve durable expression NRP1, we transduced Tregs with a vector
containing the NRP1 ORF driven by a strong, constitutive promoter (CAG?!). After
sorting successfully transduced cells, marked by expression of GFP, by FACS, we
measured the expression of cell surface NRP1 protein by flow cytometry. mRNA
levels of NRP1 were elevated in cells transduced with the CAG-NRP1 construct.
However, it must be noted that the increase in protein expression in CAG-NRP1-
transduced Tregs was modest, ranging from 11.6-21.3% in the donors that were
used for subsequent assay [Figure 5.2], despite successful transduction indicated
by expression of GFP from the same promoter. Notably, also, the expression of
NRP1 in resting Tregs was not altered significantly by introduction of the

transgene.

L CAG is a gene expression construct composed of the cytomegalovirus (CMV) early enhancer
element; a promoter comprising the first exon and the first intron of the chicken beta-actin
gene; a splice acceptor derived from the rabbit beta-globin gene.
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Figure 5.2 Over-expression efficiency in human Tregs transduced with CAG —
driven GFP and NRP1

CD4"CD25'cD127° Tregs transduced with lentivirus-containing plasmids
encoding either CAG-GFP or CAG-NRP1-GFP. (a) NRP1 expression in NRP1-
overexpressing and control Tregs (MRNA quantified by RT-PCR and protein
quantified by flow cytometry) of Tregs are tabulated by cell donor. (b) gRT-PCR
was performed to quantify NRPI mRNA in NRP1-overexpressin and control Tregs.
(c) Transduced Tregs were stimulated for 72hrs with aCD3aCD28 beads (1 bead:
5 cells) and IL-2 (200U/mL) before median fluorescence intensity of NRP1 was
quantified by flow cytometry. Statistical analysis was performed using Wilcoxon
Matched-Pairs Signed Ranks tests: (b) p=0.2500; (c) p=0.2500.

Nonetheless, we would predict that a moderate increase in NRP1 expression
could confer a detectable enhancement of suppressive function in these Tregs.

However, in an in vitro assay, suppression of PBMC proliferation in the presence
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of NRP1 OE Tregs was comparable to that observed in the presence of control
Tregs [Figure 5.3]. Therefore, we conclude that increased NRP1 expression is

insufficient to improve the suppressive potency of Tregs.
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Figure 5.3 Suppression of PBMC proliferation by NRP1-overexpressing Tregs in
vitro

PBMCs (105 cells per well) stimulated with allogeneic moDCs (1O4per well) were
cultured for 6 days in the presence or absence of Tregs, transduced with either
control lentiviral vector, CAG-GFP, or with CAG-NRP1-GFP. Tritiated thymidine
was added for the final 16hours of co-culture and proliferation of responder cells
was measured as uptake of tritium (cpm). Percentage suppression was
calculated relative to PBMCs with DCs and no Tregs. Bars indicate mean and SEM
of three assays using different cell donors, with at least 6 replicates. Statistics
were derived from a two-way ANOVA with Bonferroni post-tests: (p=0.4833).

5.3.3 Tregs over-expressing NRP1 exhibit altered cytokine secretion

Although overexpression of NRP1 in Tregs failed to promote suppression per se,
other alterations in the biology of these cells resulting from enhanced NRP1
expression might be favourable to cell therapy applications. Following TCR-
stimulation, no difference was observed in the proliferation, measured as
percentage of cells staining positive for Ki67, in NRP1 OE Tregs, compared to
control Tregs [Figure 5.4a). Likewise, the expression of activation markers CD25

and CD69 was comparable between NRP1 OE and control Tregs [Figure5.4b-c].
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These results indicate that the proliferative capacity and activation potential of

Tregs is not altered by enforced expression of NRP1.

ad 100
0O 8o
<
,i: 60
e
S 401
v
$ 204
0 r . v
GFP NRP1 GFP NRP1
unstimulated L + beads + IL-2
Treg phenotype
b 40000+ ns
2]
’ﬁh 30000+
N~
'-2'- 20000
Te)
8‘ 10000+
O e
0 . T . ¥
GFP NRP1 GFP NRP1
unstimulated + beads + IL-2
Treg phenotype
C 4000+ ns
o
& 30004
N~
(@]
8 2000+ _
O ,—4
T 10004
=
0 . T " 1
) GFP NRP1 . IGFP NRF’ll
unstimulated + beads + IL-2 '

Treg phenotype

Figure 5.4 Proliferation and activation of NRP1-over-expressing Tregs

Tregs, transduced with either control lentiviral vector, CAG-GFP, or with CAG-
NRP1-GFP, were cultured for 72hrs in the presence aCD3aCD28 beads (1
bead: 5 cells) and IL-2 (200U/mL). Expression of (a) the proliferation marker
Ki67 (b) activation marker CD25 and (d) activation marker CD69 was quantified
by flow cytometry. Mean values of three replicates are plotted for each donor.
Statistical analyses were performed using Wilcoxon matched-pairs signed
ranks tests: (a) p=0.500; (b) p=0.7500; (c) p=0.5000.
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The level of transcription of genes associated with Treg phenotype, FOXP3, IKZF4
(EQS) IL10, TGFB1 (TGFB) and ENTPD1 (CD39), was not significantly different
between NRP1 OE Tregs and control Tregs [Figure 5.5a-e] Likewise, no significant
difference was measured in the quantity of Th-associated mRNAs TBX21 (T-bet),
GATA3 and RORC (RORyt) [Figure 5.5f-h]. FOXP3 [Figure 5.5j] and /L-10 [Figure
5.5k] proteins were also expressed at comparable levels in NRP1 OE and control
Tregs. Together, these results suggest that the Treg-associated transcriptional

prolife of Tregs remains broadly unaltered by forced expression of NRP1.
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Figure 5.5 Expression of Treg and Th-associated genes by NRP1 OE Tregs

Tregs, transduced with control vector, CAG-GFP, or CAG-NRP1-GFP, were cultured
for 72hrs with aCD3aCD28 beads (1 bead: 5 cells) and IL-2 (200U/mL). (a-h) gRT-
PCR was performed to measure mRNA of Treg-associated genes TGFB1 (TGFB),
IL10, ENTPD1 (CD39), FOXP3 and IKZF4 (Eos). (f-h) mRNA of Th-associated
transcription factors TBX21 (T-bet), RORC (RORyt) and GATA3 was quantified by
gRT-PCR. Mean values from two replicates are plotted for each donor. (i) IL-10 in
the supernatants of Treg cultures was quantified using a flow cytometry bead
assay. (j) Intracellular expression of FOXP3 protein was measured by flow
cytometry. Wilcoxon Matched-Pairs Signed Rank tests were used to assess
statistical significance: (a) p0.8750; (b) p=0.5000; (c) p=0.8750 ; (d) p=0.8750 ; (e)
p=0.8750; (f) p=0.8750 ; (g) p=0.6250; (h) p= 0.6250; (i) p= 0.6875; (j) p= 0.8750.
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Analysing cytokine secretion in the supernatants of stimulated Tregs,
concentrations of pro-inflammatory cytokines (IL-4, I1L-13, IL-21, IL-22, IL17A and
IL-17F, IFNy, TNFa, IL-6 and IL-9) did not differ significantly between NRP1 OE and
control Tregs [Figure 5.6]. Nonetheless, it is of interest to observe a moderate
reduction in nearly all of the cytokines (excluding IFNy and IL-9) analysed in NRP1
OE Tregs. This reduction in pro-inflammatory cytokine secretion in NRP1 OE
Tregs, whilst very moderate and not statistically significant, is remarkably
consistent between cytokines and between cell donors. We speculate that the
sum of this differential cytokine secretion might prove to be biologically

significant, particularly if a higher overexpression efficiency were achieved.
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Figure 5.6 Expression of cytokines by NRP1- over-expressing Tregs

Tregs, transduced with either control lentiviral vector, CAG-GFP, or with CAG-
NRP1-GFP, were cultured for 72hrs with or without aCD3aCD28 beads (1 bead: 5
cells) and IL-2 (200U/mL). A flow cytometric bead assay was performed on
supernatants of Treg cultures to measure concentration of secreted cytokines.
The mean of three replicates is plotted for each donor. Wilcoxon matched-pairs
signed rank tests were used to assess statistical significance: (a) p=0.0313; (b)
p=0.0625; (c) p=0.2188; (d) p=0.0938; (e) p=0.0625; (f) p=0.0469; (g) p=0.4688;

(h) p=0.0313 ; (i) p=0.5000,
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5.3.4 Substantial over-expression of IL-10 in Tregs can be achieved via

transduction with CAG-IL10 in vitro

Following our discovery that forced expression of NRP1 was not sufficient to
enhance Treg suppressive capacity, we investigated the possibility that targeting
an effector molecule downstream of NRP1 might be a more efficient method of
promoting Treg function than forcing expression of NRP1. Specifically, we
selected IL-10 as a candidate for genetic modification in Tregs, due to its

established anti-inflammatory properties32®.

After transduction with /L10 driven by a strong promoter, we measured increased
expression of /L1710 mRNA [Figure 5.7a.b] and of IL-10 protein secreted in Treg
culture supernatants [Figure 5.7c.d], up to double the concentration secreted by
control Tregs. The efficiency of IL-10 overexpression was variable between cell
cultures, suggesting that the protocol could be optimised further for more

consistent results.
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Figure 5.7 Over-expression efficiency in human Tregs transduced with CAG —driven
GFP and IL-10

CD4+CD25+CD127IO Tregs transduced with lentivirus containing plasmids
encoding either CAG-GFP or CAG-NRP1-GFP were FACS-sorted upon expression
of GFP. (a) IL-10 expression in Tregs (mRNA guantified by RT-PCR and protein
quantified by flow cytometry) is tabulated by cell donor for IL-10-overexpressing
and control Tregs. (b) gRT-PCR was performed to quantify /[L10 mRNA. (c)
Transduced Tregs were stimulated for 72hrs with aCD3aCD28 beads (1 bead: 5
cells) and IL-2 (200U/mL) and concentration of IL-10 in the culture supernatants
was quantified by flow cytometry. Wilcoxon Matched-Pairs Signed Rank tests
were used to assess statistical significance: (b) p=0.2500; (c) p=0.0313.
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5.3.5 Tregs over-expressing IL-10 mediate more potent suppression of PBMC

proliferation in vitro

In an in vitro assay for PBMC proliferation, cell proliferation was suppressed to a
greater extent in the presence of IL-10 OE Tregs, compared with control Tregs
[Figure 5.8]. Therefore, we conclude that augmenting IL-10 expression in Tregs is

a viable strategy to improve the suppressive potency of these cells.
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Figure 5.8 Suppression of PBMC proliferation by IL-10-overexpressing Tregs in vitro

PBMCs (105 cells per well) stimulated with allogeneic moDCs (1O4per well) were
cultured for 6 days in the presence or absence of Tregs, transduced with either
control lentiviral vector, CAG-GFP, or with CAG-IL10-GFP. Tritiated thymidine was
added for the final 16 hours of co-culture and proliferation of responder cells
was measured as uptake of tritium (cpm). Percentage suppression was
calculated relative to PBMCs with DCs and no Tregs. Bars indicate mean and SEM
of three assays using different cell donors, with at least 6 replicates. Statistics
were derived from a two-way ANOVA with Bonferroni post-tests: (p=0.0084).

5.3.6 IL-10-over-expressing Tregs retain a normal phenotype

The proliferation of IL-10 OE Tregs, measured as expression of Ki67, was not
significantly different from that of control Tregs [Figure 5.9a]. IL-10 OE Tregs

expressed comparable levels of activation markers CD25 [Figure 5.9b] and CD69
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[Figure 5.9¢] to control Tregs. These results suggest that IL-10 over-expression

does not alter the activation or proliferative potential of Tregs.
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Figure 5.9 Proliferation and activation in IL-10-over-expressing Tregs

Tregs, transduced with either control lentiviral vector, CAG-GFP, or with CAG-
IL10-GFP, were cultured for 72hrs in the presence aCD3aCD28 beads (1 bead:
5 cells) and IL-2 (200U/mL). Expression of (a) the proliferation marker Ki67 (b)
activation marker CD25 and (c) activation marker CD69 was quantified by flow
cytometry. Mean values of three replicates are plotted for each donor.
Statistical analyses were performed using Wilcoxon matched-pairs signed ranks
tests: (a) p=0.1250; (b) p=0.1250; (c) p=1.000.
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Other than elevated transcription of /L10, we observed no significant differences
between [L-10 OE Tregs and control Tregs with respect to transcription of Treg-
associated genes [Figure 5.10a, b] or Th-associated genes [Figure 5.10 d-f]. Nor
was the expression of FOXP3 protein altered in IL-10 OE Tregs, compared to
control Tregs [Figure 5.10c]. These data indicate that the phenotype of Tregs is

stable after genetic modification to drive IL-10 expression.
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Figure 5.10 Expression of Treg- and Th-associated genes by IL-10 over-expressing
Tregs

(a-b, d-f) gRT-PCR was performed on cDNA synthesised from Tregs transduced with
either control