Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an advanced
degree from Emory University, I hereby grant to Emory University and its agents the non-
exclusive license to archive, make accessible, and display my thesis or dissertation in whole or in
part in all forms of media, now or hereafter known, including display on the world wide web. 1
understand that I may select some access restrictions as part of the online submission of this
thesis or dissertation. I retain all ownership rights to the copyright of the thesis or dissertation. I
also retain the right to use in future works (such as articles or books) all or part of this thesis or
dissertation.

Signature:

Scott Michael Krummey Date






The Confluence of Protective Immunity and Alloreactivity: Analysis of Memory CD4" Th17 and

CDS8" T Cells During Heterologous Immunity

By

Scott Michael Krummey

Doctor of Philosophy

Graduate Division of Biological and Biomedical Science

Immunology and Molecular Pathogenesis

Mandy L. Ford, Ph.D. Lawrence H. Boise, Ph.D.
Advisor Committee Member

Brian D. Evavold, M.D., Ph.D. Jacob E. Kohlmeier, Ph.D.
Committee Member Committee Member

Christian P. Larsen, M.D., D.Phil.
Committee Member

Accepted:

Lisa A. Tedesco, Ph.D.
Dean of the James T. Laney School of Graduate Studies

Date



The Confluence of Protective Immunity and Alloreactivity: Analysis of Memory CD4" Th17 and

CD8" T cells During Heterologous Immunity

By

Scott Michael Krummey

B.A. (magna cum laude), Colgate University, 2007

Advisor: Mandy L. Ford, Ph.D.

An abstract of
A dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in
Graduate Division of Biological and Biomedical Science
Immunology and Molecular Pathogenesis

2014



Abstract

The Confluence of Protective Immunity and Alloreactivity: Analysis of Memory CD4" Th17 and
CD8" T Cells During Heterologous Immunity

By Scott M. Krummey

Effective immunodulation following solid organ transplantation presents a tremendous clinical
challenge. Microbe-elicited T cells that cross-react with allogeneic antigen and mediate graft
rejection, a process termed allogeneic heterologous immunity, are a strong barrier to
transplantation acceptance and tolerance. Although this phenomenon has been described in both
murine models and human studies, the specific parameters that control allogeneic heterologous
immunity are poorly understood. While the susceptibility of CD8" memory T cells to
CD28/CTLA-4 blockade with belatacept (a CTLA-4 Ig derivative) are well defined, the role of
Th17 memory cells in costimulation blockade resistant rejection is not known. We found that the
frequency of Th17 memory cells was specifically associated with acute cellular rejection in
patients treated with belatacept. Murine and human Th17 cells were resistant to costimulation
blockade with CTLA-4 Ig both in vitro and in vivo, due at least in part to higher expression of the
coinhibitory receptor CTLA-4. An additional undefined facet of allogeneic heterologous T cell
responses is the role of T cell priming affinity. As heterologous immunity requires a T cell to
recognize two distinct p:MHC complexes, T cell priming affinity is hypothesized to be a critical
feature of heterologous immunity. Here we report that compared to high affinity memory CD8" T
cells, memory T cells primed with low affinity antigen are capable of potent heterologous
rechallenge responses. We found that large CD45 isoforms, represented as CD45RB",
predominated on low affinity primed memory cells, and that CD45RB" expression conferred a
proliferative advantage during secondary rechallenge characterized by distinct IL-2/IL-2Ra
production. Low affinity primed secondary effectors also upregulated the TNF receptor 2
(TNFR2) and were more dependent on TNF:TNFR2 signals during graft rejection than high
affinity primed secondary effectors. Together, these data provide important phenotypic and
functional description of pathogen elicited T cell subsets in the context of transplantation. As the
successful modulation of pathogenic T cell responses depends on a more granular understanding
of T cell functionality, this work provides important description of the role of T cell subsets in the
context of heterologous immunity that may generate novel therapeutic strategies.
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Chapter 1. Introduction

In only the past half century, solid organ transplantation has transformed from an
experimental medical field into curative treatment for dozens of end-stage diseases. Central to
this advance is the discovery that the adaptive immune system, T and B cells, play a critical role
in mediating graft rejection. Much of the progress made towards maintaining functioning
allografts has been made through the development of pharmacologic therapy to suppress the
alloreactive T and B cell responses. Despite this progress there is a recent dearth of new
immunomodulatory therapies in the last three decades. While the one-year rate of graft survival
has steadily risen, the long-term survival of transplanted organs has simultaneously stagnated.
This is due largely to the toxicities associated with mainstay immunomodulatory therapy,
calcineurin inhibitors. As well, understanding of molecular and cellular factors that contribute to
graft rejection has plateaued. There is clearly is a great need for more a more detailed
understanding of the factors governing alloreactive immune responses, which will lead to higher
resolution analyses of novel targets for immunomodulation.

Great progress has also been made in our understanding of the nature of the adaptive
response that provides immunity to pathogens. Molecular and phenotypic analysis, enabled
largely by the advent of techniques such as multi-color flow cytometry, has deepened
understanding of T cells beyond simply CD4" and CD8" populations to encompass a wide and
growing array of subsets with specific functions and mechanisms of interacting with other
populations. In particular, there has been a great focus on understanding CD4" and CD8" T cell
memory cells, as these are critical for advances in enhancing immunity to pathogens. While there
are certainly caveats, a tremendous amount of knowledge has been gained from TCR transgenic
mouse models of acute and chronic infections, which allows the detailed analysis of pathogen

specific T cells over the course of infection. These models have generated a fundamental



understanding of T cell biology that applies to immune responses in other contexts, such as
autoimmune disease and transplantation. Compared to the fields of protective immunity and
autoimmunity, models of transplantation have lagged in the high-resolution techniques that
enable visualization of the whole course of an alloreactive response.

Protective immunity and transplantation, however, have become conceptually linked
through a body of work that demonstrates that pathogen-elicited memory T cell responses play a
large role in alloreactive T cell responses, a phenomenon termed allogeneic heterologous
immunity. Strikingly, pre-existing T cell memory has been shown in several models to be a
barrier to transplantation tolerance with immunomodulatory therapies. It seems that while
adaptive immune responses have evolved to provide robust memory responses to rechallenge
with the same or cross-reactive pathogens, these same properties might also be the detrimental to
long-term graft survival. Unfortunately, this appears to be a problem that requires highly granular
understanding of the immune system, as specific pathogens and subsets T cell memory may be
problematic, while others may not. This finding necessitates framing the study of alloreactive
memory responses around what is known of protective immunity responses, with the goal of
deepening our understanding of the molecular and cellular parameters that would make specific

targets for alloreactive immunomodulation.

Pathogen-Elicited Memory and Allogeneic T Cell Responses are Closely Intertwined

Characteristics of Memory T Cells

A hallmark characteristic of adaptive immunity and T cell responses is the ability to form
long-lived memory responses. During an infection, CD4" and CD8" T cells that recognize their
cognate antigen clonally expand and differentiate into effector cells (1-3). Following clearance of
antigen during the effector phase, these populations undergo significant contraction during which
the majority die by apoptosis, while a small fraction survive as memory T cells. The advantage of

this process is an enhanced ability to mount responses against repeated infection with the same



pathogen or cross-reactive antigen. This enhanced response by memory T cells has been well
characterized as more potent due to the enhanced cytolytic ability of memory T cells and an
elevated precursor frequency for a given antigen (4-7). Currently, two major subsets of CD4" and
CD8" T cell memory are thought to exist: central memory (Tcy), which reside primarily in
secondary lymphoid tissues and have high proliferative capacity, and effector memory (Tgy),
which reside in peripheral tissues and are more potently cytotoxic (1, 3, 8). A more detailed
discussion of these phenotypes is included below.

In the case of interaction with cross-reactive antigen, microbe-elicited T cells have been
shown to cross-react with different pathogens (9-12) or also with allogeneic antigen (13-16). Thus,
these very properties that make T cell memory particularly poised to provide enhanced immunity

against cross-reactive challenge make it less susceptible to immunomodulatory strategies.

Evidence for Alloreactivity Among T Cell Memory

While it has long been appreciated that T cells are potent mediators of alloreactivity and
graft rejection, much work has been performed to understand the relative contribution of primary
effectors and memory cells to alloreactive responses (17). Seminal studies using cord blood,
which is absent of memory T cells, and alloantigen restimulation suggested that alloreactivity was
principally found within the memory T cell compartment (17, 18). Recent work by Metes and
colleagues examined the frequencies of alloreactivity among purified naive, central memory,
effector memory, and terminal effector memory populations, revealing that approximately equal
frequencies of alloreactive T cells exist among these subsets (19). Nevertheless, this work
establishes that a significant component of alloreactive T cell responses arise from memory T
cells.

Alloreactive memory T cells can be generated through a variety of mechanisms that can
be divided into three major categories. The first most traditional means is through sensitization

with alloantigen. Reports from both experimental models (20, 21) and clinical patients (22)



revealed worse outcomes in recipients of a prior graft, consistent with “second set” rejection.
Alloreactive memory T cells can also arise during pregnancy, during which time the female can
be primed against paternal antigens carried by the fetus (23). Furthermore, a recent study also
found that immunity generated following platelet transfusion was sufficient to induce rejection
following subsequent bone marrow transplantation in murine recipients, even across minor
histocompatibility antigens (24). Since platelet transfusion is a common occurrence prior to liver
transplantation in particular, these data indicate that the subpopulation of frequently tranfused
transplant recipients may be at an increased risk for memory T cell-mediated graft rejection.
Second, alloreactive memory T cells may be generated in an antigen-independent manner
when in a lymphopenic environment exists in the host. In these instances, naive CD4" and CD8"
alloreactive precursors are induced to undergo IL-7-dependent homeostatic proliferation and
differentiation into memory T cells (25, 26). Seminal studies from Turka and colleagues showed
that both adoptive transfer of lymphocytes into T and B-cell devoid SCID recipients and
experimental depletion of lymphocytes in murine transplant recipients resulted in rapid
reconstitution of peripheral T cell compartments with memory T cells (27). These findings may
be clinically relevant in that lymphopenia can be induced in patients following infection with a
viral pathogen such as HIV, or following therapeutic depletion of T cells for the treatment of
autoimmunity or transplantation, and residual naive T cells might be induced to undergo rapid
division and acquisition of a memory-like phenotype (28). Studies from non-transplant models
have revealed that these “pseudomemory” T cells have functional characteristics similar to those
of memory T cells as well (25, 26). Thus, lymphopenia-induced immunologic memory seems to
be both as phenotypically and functionally competent as true antigen-dependent memory.
Finally, microbe-elicited T cells might cross-react with allogeneic antigen, a phenomenon
termed allogeneic heterologous immunity. There is growing evidence that microbial stimulation
history might significantly influence the character of alloreactive memory. It has long been

recognized that a significant portion of the T cell compartment can respond to microbial antigen



(29) and that memory cells raised against microbial antigens can be cross-reactive with allogeneic
antigen (13, 30-32). Specific examples of T cells that were generated against EBV, CMV, or
tetanus peptide:MHC and are cross-reactive with allogeneic peptide:MHC have been described
functionally (33-35) and structurally (36-38). The significance of this phenomenon was
significantly elevated by the observation that nearly half of viral-specific CD4" and CD8"
memory cells are cross-reactive with allogeneic antigen (16, 39, 40). Murine models of
heterologous immunity have demonstrated that virus-primed T cells can mediate graft rejection
(15, 41). In addition, recent studies demonstrated that alloreactive T cells are inherently
polyspecific for peptide-MHC complexes (42-44), a finding that makes them permissive to

scenarios of heterologous immunity.

Alloreactive Memory is Highly Donor Specific

Despite intrinsic cross-reactive potential of TCRs, studies of virus-specific human
memory T cell clones revealed that while allo-cross reactivity was indeed very common, this
cross-reactivity was usually confined to a single HLA molecule (45). Thus, while several studies
have now shown that that alloreactivity exists among memory, the extent to which donor-reactive
memory T cells are present appears to be highly dependent on the donor tissue tested. This is an
important finding because it had previously been hypothesized that due to the lower activation
threshold of memory T cells, many different alloantigens might be capable of stimulating
memory T cells. In a 2007 study, Benichou and coworkers stimulated memory T cells from 11
different non human primates with a panel of 14 different stimulator cells, and found that the
donor-reactive memory T cell precursor frequencies within a given individual spanned an over
40-fold range depending on the allostimulator used (46). Interestingly, the authors also reported
that naive alloreactive T cell precursor frequencies did not range as widely across the different
responder: stimulator pairs tested, suggesting that the observed difference in donor-reactive

memory T cell precursor frequencies was not due to intrinsic differences in the alloreactive T cell



repertoires of these animals, but instead was likely due to differences in their immunologic

histories (46).

Alloreactive T Cells May Be Uniquely Polyspecific

In addition, recent studies out of the Allen lab have provided insight into the properties of
alloreactive T cells that makes them permissive to scenarios of allogeneic heterologous immunity
(47). Felix et al screened H-2" selected CD4" T cells for clones that reacted with [-E* restricted
antigen (42). Surprisingly, they found that allogeneic reactive T cells were able to recognize
multiple, distinct peptides with unrelated sequence homology. Another systematic investigation
of alloreactive H-2b restricted CD4" T cells against H-2d antigen demonstrated that alloreactive
recognition is an inherent property of certain T cells, as demonstrated by distinct TCR CDR3
domain sequences, and is peptide dependent (43). This demonstration that T cells can have an
intrinsic ability to recognize p:MHC in a polyspecific manner suggests that alloreactive T cell
responses might be preferentially mounted by T cells that are permissive to scenarios of

heterologous immunity.

The Role of CD4" T Cell Subsets in Heterologous Immunity

The CD4" T Cell Compartment Contains Distinct Th Subsets

T cells differentiate into distinct phenotypes based on the surrounding environment that
is present during their initial interaction with cognate antigen, and largely maintain this phenotype
during challenge with recall or cross-reactive antigen (3, 48-50). In particular, functional and
phenotypic diversity within the CD4" compartment has been well appreciated. Seminal work by
Mossman and Coffman established that CD4" Th1 and Th2 subsets produced discrete cytokine
profile that defined their function (51, 52). This work established the concept not only of

functional heterogeneity among CD4" T cell but also that these subsets regulate the development



and function of other subsets. Since this discovery, additional CD4" subsets have been identified,
including CD4'CD25 FoxP3" Tregs and Th17 cells (1).

CD4" T cell memory has received relatively less attention than CD8" T cell memory
(discussed below). Several groups have demonstrated that Thl effector memory cells arise from
Th1 effectors during clonal expansion (53, 54). While the IL-7Ra (CD127) is also permissive for
CD4" memory cell formation, the transcription factors T-bet, Blimp-1 and eomesodermin do not
delineate CD4" memory cell precursors in the same manner as CD8" memory (55, 56). Two
recent demonstrated that CD4 central memory cells have a T follicular helper-like
CCR7'CXCRS5" phenotype (57, 58). These molecular changes are partially responsible for
memory T cell superior functional capabilities, long life span, and reduced activation
requirements compared to naive counterparts (2).

The Th17 lineage was identified out of inconsistencies in the study of Th1 cells.
Pathogenesis of EAE was regarded as a Th1 mediated disease despite the paradoxical
observations that exogenous IL-12 or IFN-y inhibited disease (59, 60), while genetic deletion or
neutralization of IFN-y enhanced disease (61, 62). Work from two groups established that IL.-23
and IL-17 were produced by a distinct subset of inflammatory CD4" cells (63, 64) and that
passive transfer of IL-17 producing CD4" T cells could drive EAE (63). Studies by Harrington
and Park established that Th17 lineage development was reciprocal from Th1/Th2 transcription
factors (65, 66). Thus, the CD4" compartment is understood to have proinflammatory Th1, Th2,
and Th17 lineages as well as regulatory/suppressive CD25 FoxP3" Tregs.

While Th17 cells were initially shown to drive autoimmune inflammation, a great deal of
work has identified phenotypic heterogeneity within the Th17 lineage. Several groups have
established that Th17 cells can function as protective or pathogenic cells, termed “classic” and

“alternative” by Kuchroo and colleages, depending on the particular cytokine composition of



their environment and their expression of effector molecules besides IL-17 (67). The role of two
key cytokines, IFN-y and IL-10, will be discussed herein.

Several studies have identified Th17 cells that co-express the Th1 transcription factor T-
bet and produce IFN-y. These IL-17'TFN-y" have been associated with sites of inflammation in
multiple disease models of EAE (68-70) and colitis (71, 72). IL-17/IFN-y double producers have
also been identified in IBD patients (73) and MS patients (74). Co-expression of IFN-y by Th17
cells has been shown by several groups to be dependent on IL-23 exposure during differentiation
(75-77). A recent study by Hirota et al recently demonstrated that these double producers are
generated from Th17 cells that begin expressing IFN-y. Using a fate-mapping IL-17 mouse, they
showed that during EAE IL-17 TFN-y" cells were derived from cells that first expressed 1L-17
only and that a significant portion of Th17 cells shut down IL-17 production (78). On a
transcriptional level, it was recently shown that IL-17 TFN-y" cells express lower levels of ROR-
yt, which was shown to be due to T-bet inhibition of ROR-yt via Runx1 sequestration (78). While
IL-17TFN-y" cells have been associated with sites of inflammation and are postulated to be more
pathogenic, it has not been shown conclusively whether the production of IFN-y by Th17 cells is
protective or pathogenic.

The anti-inflammatory cytokine IL-10 has also been shown to play an important role in a
subset of protective Th17 cells. Seminal work from McGeachy and colleagues demonstrated that
exposure to IL-6 and TGF-B1 in the absence of IL-23 drives myelin-reactive CD4" cells to
produce IL-10, and that they fail to induce CNS inflammation in a model of EAE (69, 77). A
recent study demonstrated that IL-17" and IL-17'TFN-y" cells are sensitive to IL-10 suppression
owing to higher IL-10R expression (79). A recent study added another layer to the role of TGF-f
in Th17 pathogenicity with the finding that TGF-3 production by Th17 cells was an IL-23-
dependent pathological determinant distinct from TGF-1 (80). An important study in human

cells demonstrated that different Th17 polarizing pathogens can affect the Th17 phenotype.



Zielinski et al showed that Candida albicans-specific Th17 cells co-produced IFN-y while
Staphylococcus aureus-specific Th17 cells produced IL-10 (81). In summary, a growing number
of studies have demonstrated heterogeneity among Th17 cells. The most recent model is that in
the absence of IL-23 signaling, Th17-mediated inflammation is self-limited by IL-10 production;
conversely, IL-23 exposure during or after differentiation promotes a pro-inflammatory “alternate”
Th17 phenotype that is capable of driving severe inflammation (67).

Despite this detailed work identifying Th17 subsets, major outstanding questions remain
in this area, mostly centered on the behavior of these subsets in vivo. For one, despite
categorization as protective “classical” and pathogenic “alternate” phenotype, major functional
differences between these subsets have not been demonstrated in disease settings. For example,
what are the functions of IL-17 in each setting, and how do co-expressed IFN-y and IL-10 shape
an immune response? Additionally, a greater understanding is needed of the signals and
transcriptional programs that favor one subset over another. The elegant work of Lee and Hirota
and colleages demonstrate that the answer is likely to require a very fine resolution, as they found
that many genes were differentially expressed in pathogenic and classical Th17 cells. Finally, the
plasticity between Th17 phenotypes has not been thoroughly addressed in vivo. Are these subsets
capable of shifting between functional subsets in vivo as the environment changes, e.g.

subsequent infections?

CD4" T Cell Subsets Have Distinct Costimulation Requirements

Our understanding of CD4" T cell costimulation comes largely from the study of Th1
cells, as these are the most abundant CD4" subset in naive mice and the majority of this work was
conducted before the discovery of Th17 cells. This work established the CD28/CTLA-4 pathway
as the prototypic T cell costimulation pathway (82). CD28 is constitutively expressed on T cells

and transmits costimulatory signals that enhance IL-2 production and T cell proliferative



10

responses. In contrast, CTLA-4 is maintained in intracellular vesicles that rapidly flux to the
surface upon TCR stimulation, and mediate coinhibitory signals that antagonize T cell responses.
While much work has identified mechanisms by which CTLA-4 acts in a cell intrinsic manner,
very recent studies have identified cell extrinsic mechanisms of CTLA-4 action (discussed below).

There is growing evidence, however, that Th17 cells have costimulation requirements
that differ from those of traditionally studied Th1/Th2 cells. An early study of muring Th17 cells
found that IL-17 and IFN-y production were similarly dependent on CD28 (66). More recent
studies of naive murine CD4" T cells under Th17 polarizing conditions have found that both
CD28 (83, 84) and CTLA-4 can inhibit differentiation (85). Paulos and colleagues demonstrated
that in the presence of ICOS ligation, CD28 signaling inhibited Th17 differentiation (86). A
recent study by Santarlasci and colleagues revealed that human Th17 clones are uniquely
sensitive to CD28 signaling compared to Th1 clones (87). The conflicting results in these studies
might be explained by the differences in experimental conditions, such as naive murine CD4" T
cell cultured in the presence of exogenous cytokines versus human CD4" clones maintained in
long term culture with repeated anti-CD3/CD28 stimulation. However, these results raise the
possibility that the CD28/CTLA-4 pathway plays a different role on Th17 cells compared to Th1
cells.

Another intriguing body of work has demonstrated that Th17 cells might rely on
additional costimulatory pathways for optimal differentiation. Work from Paulos et al
demonstrated that ICOS was expressed on resting Th17 cells and required for optimal Th17
differentiation from naive CD4" cells under polarizing conditions (86). In murine models, Th17
cells were found to be dependent on ICOS signaling in a model of collagen induced arthritis (88).
Interestingly, several studies have implicated CDS5 as a critical costimulatory pathway for Th17
development. De Wit et al showed that CDS5 ligation was capable of augmenting Th17

differentiation under polarizing conditions (84). Two studies by Chatterjee identified
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costimulation through two SLAM family receptors, SLAMF3 and SLAMF6, as capable of
inducing Th17 polarization via enhanced RORyt recruitment of the IL-17 locus (89, 90).

The overall thrust of this work is that CD4" subsets might have different functional
requirements for costimulation. Several groups have demonstrated divergent roles for the
CD28/CTLA-4 pathway on Th17 cells compared to Thl cells. However, major discrepancies
regarding the nature of these differences remain to be resolved. The concept of subset-specific
cosignaling requirements has been most well studied in FoxP3+ Treg. Classically, Treg have been
shown to rely on CD28 for development [citation]. However recent work found that CD28 has a
post-maturational role on Treg function. Tregs are also unique for their constitutive expression of
the coinhibitor CTLA-4 and depend on it for cell-extrinsic suppressive function (discussed in
depth below). Certainly, more exciting work remains to be done to further understand the

programmatic cosignaling requirements of Th lineages.

The Emerging Identification of Th17 Cells in Alloreactive Responses

The observation that alloreactive T cell memory is comprised of cross-reactive pathogen-
elicited T cells raises the possibility that circulating pathogen elicited Th17 cells can cross-react
with allogeneic antigen in the same manner as Th1 cells. The degree of contribution of Th1/Th17
cells to alloreactivity is likely dependent on both the individual and the organ transplanted.
Certain disease indications for solid organ transplantation likely skew the CD4" compartment in a
particular direction. For example, autoimmune Type 1 diabetes or SLE have both been shown to
have Th17 components, and asthma is known to elicit Th17 responses in the lungs. Additionally,
the microbial stimulation history of an individual plays a role in the character of the Th17
memory compartment that can cross-react with allogeneic antigen. Th17 responses are elicited by
several ubiquitous pathogens, including Candida albicans and Staphylococcus aureus (81).

Finally, the character of alloreactivity might depend on the particular solid organ that is
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transplanted. For example, Th17 immunity to commensal gastrointestinal or respiratory microbes
might be particularly relevant in the liver or lung, respectively.

The likely dependence on multiple contextual factors makes the study of human
alloreactive Th17 responses difficult on a population level, and likely requires more detailed
analysis of patients stratified by the parameters described above. There is a growing list of reports
implicating Th17 cells in allogeneic responses. Elevated IL-17 has been described in rejecting
human lung and liver allografts (91-93) and correlated with kidney allograft dysfunction (94). In
murine studies, IL-17 producing cells have been identified after allogeneic stimulation (95).
Murine IL-17 producing cells were shown to mediate rejection in both Tbet” (95-98) and wild-

type animals (99).

The Role of CD28 in CD4" T cell Responses

The idea that T cells require a second signal for full activation was proposed decades ago,
and led to the discovery that T cell antigen receptor stimulation in conjunction with costimulation
was required for productive activation of T cells. CD28 was the first costimulatory molecule
described for T cells (100, 101). Although five additional members of the CD28 family have been
identified (CTLA-4, ICOS, PD-1, BTLA, and JAM-L) in addition to a variety of other
costimulatory molecules in the TNFR and CD2 family, among others. This discussion will focus
on the role of CD28, as it has been the most well studied costimulatory molecule in protective
immunity and a target for inmunomodulation in autoimmunity and transplantation.

The CD28/CTLA-4 pathway is the prototypic cosignaling pathway in T cells. T cells that
receive inadequate CD28 costimulation via suboptimal ligation of CD80 and CD86 (B7.1 and
B7.2, respectively) become anergized or apoptotic (102). CTLA-4 has been characterized as a
counter-signal to CD28 costimulation, as CTLA-4 also binds CD80/CD86 (103). In contrast to
CD28, which is constitutively expressed in most populations of T cells at rest and following

activation, CTLA-4 is not expressed on the surface of resting T cells, but is maintained in
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intracellular Golgi-associated vesicles beneath the plasma membrane. Upon antigen stimulation,
CTLA-4 surface expression is induced through both de novo gene expression and cycling of
existing CTLA-4 protein to the cell surface.

CD28 and CTLA-4 form homodimers and bind the ligands CD80 and CD86. In contrast
to CTLA-4 (discussed below), CD28 is constitutively expressed on T cells and signals through
two Y-based motifs in its cytoplasmic tails. Despite its widespread study as a costimulatory
molecule on a cellular level, CD28 signal transduction remains enigmantic. Studies have
implicated that signaling through the YMNM motif depends on PI3K activates NFkB to turn on
transcription of IL-2 (104-107) and Bcl-XL (108-110). Other studies have revealed that the PYAP
motif signals through PKCB8 to recruit Lck to the immunological synapse and enhances TCR
signaling (111). A recent study by Pagan et al demonstrated that CD4" T cells proliferate and
mediate NFkB translocation independent of either the YMNM and PY AP motifs (112),
suggesting that CD28 signaling occurs through yet undiscovered sites in the cytoplasmic tail.

The requirement of CD28 signaling to initiate primary T cell responses has been
appreciated in many model systems. TCR engagement without CD28 ligation leads to a state of
anergy or apoptosis (113). Early systems utilized influenza (114, 115), VSV (116), and gHV68
(117) infections to show that the absence of CD28 signaling, either through CTLA-4 Ig
administration or CD28" mice, leads to clonal expansion of CD4" and CD8" T cells as well as
their function and antibody responses (118). One exception to this work is LCMV, with which
was shown to not require CD28 for CD8" responses and viral clearance. However, it is likely that
this is due to the unusually high levels of LCMV induced TCR stimulation in it natural host,
leading to greater antigen load and persistence (118). Seminal work by Lanzavecchia
demonstrated that TCR stimulation must achieve a threshold for T cell activation to occur, while

the presence of CD28 lowers that threshold significantly (119). Together, this work established
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the importance of costimulation and established CD28 as the prototypic costimulatory molecule
for primary CD4" and CDS8" T cell responses.

Several early studies investigating the role of CD28 for memory responses concluded that
T cell memory was largely independent of CD28 signaling, a finding that has formed a paradigm
in immunology for decades (120-123). One such in vivo study challenged OT-I containing VSV-
OVA immune mice with oral OVA in the presence of absence of CTLA-4 Ig. Based on blast size
and ex vivo cytolytic function, the authors concluded that CD8" memory cells were independent
of CD28 (122). Similar studies examining the ex vivo killing capacity of T cells revealed that on
a per cell basis, cytolytic function is not affected by the absence of CD28 costimulation (120, 121,
123). A study in LCMV demonstrated that WT and CD28-/- mice formed similar populations of
long-lived CD8" memory T cells and were able to survive a lethal challenge dose of LCMV (124).

Indeed, recent studies have modified this understanding and provided considerable
evidence that memory T cell responses are quite dependent on CD28 signaling (125-129).
Borowski et al carefully examined the requirements of CD28 during memory recall response to
HSV and influenza infection suing CD28 blockade or adoptive transfer into CD80/CD86
deficient hosts. CD8" T cell responses were significantly reduced (3-fold and 9-fold, respectively)
following rechallenge (125). Using a model of vaccinia infection, Fuse et al showed that CD28""
mice produced similar frequencies of memory cells, however CD28” memory cells expressed
less CD122 and CD27 and produced less IL-2 after restimulation (128). A recent study in CD4"
memory showed that the amount of IL-2 (but not IFN-y) was diminished during ex vivo
restimulation of influenza specific CD4 " T cells in the presence of CTLA-4 Ig (129).

While the early experiments described above formed the basis of the popular notion that
T cell memory is independent of CD28, there are several caveats of theses studies raised by
Boesteanu and colleagues that soften the interpretation of these experiments. First, ex vivo
cytolytic assays utilized adjusted CD8" T cell numbers, failing to take into account differences in

secondary challenge expansion with and without CD28 signaling. Second, primary responses to
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LCMYV were shown to be independent to CD28, unique among most model infections, which
calls into question the interpretation of CD28 independent memory responses in this system.
Third, studies in CD28” T cells carry the caveat of reduced fitness of these cells due to the
requirement of CD28 during thymic selection (118).

Taken together, the evidence is growing that early interpretations of CD28 independence
of memory were overstated. While further work must be done to further clarify this question
(such as the generation of a inducible CD8" specific CD28 knockout mouse), two alternate
interpretations exist. First, it is possible that the desire to extrapolate findings from model systems
is overstated and that the costimulation requirements are truly different between memory
generated against different pathogens. Second, the description of CD28 costimulation
requirements might not be binary but rather a continuum, by which memory cells are less
dependent on CD28 (or more poised to rely on other costimulatory pathways), but still affected
by CD28 signals for optimal function.

CTLA-4, which shares binding partners with CD28, has been less extensively studied
than CD28. This is largely due to its expression only on activated CD4" and CD8" T cells. Indeed,
CTLA-4 was initially described as an activation marker because of the induction of its message
upon antigen engagement (102, 130, 131). Early studies with blocking monoclonal antibodies
also confounded the function of CTLA-4, with several investigators proposing that CTLA-4 was
an induced costimulatory molecule because of augmented responses following antibody
engagement (131-133). Subsequent studies revealed that cross-linking of CTLA-4 inhibited T cell
proliferation and IL-2 production (134, 135). However, the description of lymphoproliferation of
both CD4" and CD8" subsets in the CTLA-4" mouse established the coinhibitory role of CTLA-4
(136). Subsequent decades have revealed many functions for CTLA-4 with little progress in the

way of consensus or unification.

The Role of CTLA-4 in CD4" T Cell Responses
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CTLA-4 expression is induced not only by antigen stimulation, but also by CD28
signaling (137). Indeed, multiple studies have shown that CD28 triggering is required for
maximal CTLA-4 expression and coinhibition coinhibition (137, 138). The pathways that control
de novo CTLA-4 expression are not completely understood (139). Seminal work demonstrated
that the mTOR inhibitor rapamycin or the NFAT pathway inhibitor cyclosporine function to
reduce CTLA-4 expression (140). Consistent with a role for the Akt/mTOR signaling pathway to
control CTLA-4 expression, the FOXO family of transcription factors was recently shown to bind

to the upstream regulatory region of CTLA-4 and induce expression (141, 142).

CTLA-4 is a Critical Inhibitor of Alloreactive T Cell Responses

CTLA-4 has been established as a critical molecule for controlling antigen specific T cell
responses (143, 144) and in models of autoimmune disease, pathogen-responses, and cancer (102,
103, 145). In transplantation, the function of CD28 as a critical regulator of T cell activation led
to many studies investigating its potential as a target to induce long term graft survival (102).
Indeed, many early studies investigating mechanisms of tolerance found enhanced graft survival
using the CD80/CD86-binding molecule CTLA-4 Ig. While it was largely presumed that this was
due to the inhibition of CD28 signals, work from several groups demonstrates that the inhibitory
effects of blocking CD28 require CTLA-4 signals. In a cardiac allograft model of tolerance
induction with CTLA-4 Ig and DST, Judge et al. showed that CTLA-4 signals early following
transplantation were required for long term graft survival. Interestingly, donor CD80, but not
CD86, signals were critical for the effect of CTLA-4 in this model (146). Similarly, cardiac
allografts transplanted into CD28™ recipients displayed accelerated rejection kinetics when
CTLA-4 signals were blocked (147).

More recently, CTLA-4 has been demonstrated to be a critical regulator of alloreactive T
cell responses (Table 1). In a model of islet allograft tolerance with anti-CD45RB, CTLA-4 was

selectively upregulated and CTLA-4 signals were required for allograft survival (148, 149). Two
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recent studies utilizing selective CD28 blocking reagents have demonstrated long-term survival
of skin and cardiac allografts (150, 151). In both models, the efficacy of CD28 blockade was
dependent on CTLA-4 signals, as concurrent CD28 and CTLA-4 blockade abrogated the
enhanced graft survival. Together, these studies establish the importance of CTLA-4 as a
regulator of alloreactive T cell responses, and demonstrate that CTLA-4 coinhibitory signals are

critical for multiple strategies that enhance allograft survival.

The Traditional Model of CTLA-4 Coinhibition

CTLA-4 has long been understood to function as a coinhibitor that restrains T cell
responses, owing to early studies using monoclonal antibodies to block CTLA-4 that augmented
murine and human T cell proliferation (139), and the profound auto-proliferative phenotype of
CTLA-4 knockout mice, which develop severe polyclonal T cell infiltration in multiple tissues
(136). However, a precise understanding of the mechanism of CTLA-4 coinhibition has been
elusive, as a number of proposed mechanisms of coinhibition have been proposed.

Here we define the traditional model of CTLA-4 cell-intrinsic coinhibition that is based
on two phenomena (Figure 1): 1) the higher binding affinity of CTLA-4 vs. CD28 for the shared
ligands CD80/CD86, and 2) the transmission of negative intracellular signals through the CTLA-
4 cytoplasmic tail (for a detailed review, see Reference 4). While CD28 and CTLA-4 share the
same ligand binding motifs, CD28 binds its ligands monovalently, while CTLA-4 binds
bivalently. Multiple groups have demonstrated that CTLA-4 expression can prevent CD28 ligand
binding, possibly through its recruitment to the immunological synapse (139). Once CTLA-4
engages its ligands, inhibitory intracellular signaling cascades are initiated that involve the ITIM
motif of CTLA-4 and SHP-2, PP2A, and/or cbl-b (139). This model has established that the
localization, expression kinetics, and biochemistry of CTLA-4 inhibit T cell responses. However,
recent studies have uncovered additional roles for CTLA-4 that significantly broaden our

understanding of CTLA-4 as a global regulator of T cell responses.
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Mechanisms of Cell Extrinsic CTLA-4 Function

While early studies employing selective CTLA-4 blockade or genetic ablation
demonstrated that CTLA-4 functions to dampen T cell proliferative responses, considerable
evidence demonstrates that CTLA-4 also functions in a non-cell autonomous, or cell extrinsic,
mechanism. Although CTLA-4 KO T cells have an autoreactive phenotype, two groups reported
that in bone marrow chimeras of CTLA-4 KO and sufficient cells, CTLA-4 KO cells do not
hyper-proliferate (152, 153). This finding demonstrates that the expression of CTLA-4 on T cells
is sufficient to provide coinhibition to CTLA-4 deficient T cells. A cell extrinsic function for
CTLA-4 found on activated T cells has also been demonstrated in vitro (154).

Recently the importance of the cell extrinsic function of CTLA-4 in vivo has been further
investigated. Using a co-adoptive transfer approach of antigen-specific CTLA-4 deficient and WT
CD4" T cells, Corse et al. showed that the presence of CTLA-4 on WT CD4" T cells limited the
hyper-proliferation of CTLA-4 KO cells to WT levels (155). Interestingly, gene expression
profiling on CD4" CTLA-4 KO and WT cells demonstrates that the absence of CTLA-4 induces a
signature of cell cycle progression during in vivo immune responses. Similarly, Wang et al.
showed in dual adoptive transfer experiments that the presence of CTLA-4 on CD4" Teffs limited
the proliferative response of CTLA-4 KO Teffs (156). However, only CTLA-4"" Tregs, but not
CTLA-4"" Teffs, were sufficient to suppress disease in a RIP-OVA model of diabetes.

In a seminal study, Qureshi et al. provided a compelling mechanistic explanation for cell
extrinsic CTLA-4 coinhibition by demonstrating that CTLA-4 facilitates the trans-endocytosis of
CD80/CD86 from antigen presenting cells (157). The authors demonstrated that in both human
and murine T cells, CTLA-4 selectively removes its ligands from the surface of neighboring cells
and targets it for degradation in the endocytic vesicles of the recipient cell. This mechanism is

sufficient for suppressor function of CD4" Tregs and Teffs, as blockade of CTLA-4 with
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monoclonal antibodies preserved the expression of CD80/CD86 on APCs and enhanced
costimulatory function of T cells.

Together, these studies demonstrated that CTLA-4 expressed by Teff acts during primary
CD4" clonal expansion in a cell extrinsic suppressive manner. One potential cell extrinsic CTLA-
4 mechanism of coinhibition is the induction of IDO expression in APCs mediated through B7
signals, which inhibits T cell responses by limiting tryptophan availability (158). However,
outcomes beyond inhibiting proliferation — including limiting effector functions — remain to be
shown. As well, CD8" effectors and memory cells upregulate CTLA-4 following TCR
engagement, and it remains to be seen whether CTLA-4 on CD4" or CDS8" cells limits expansion
of CD8" T cells. While CTLA-4 is recognized as a critical attenuator of alloreactive T cell
responses, strategies to maximize cell extrinsic CTLA-4 function in settings of transplantation
have not been fully explored. For example, strategies aimed at transiently inducing cellular
expression of CTLA-4 at the time of transplantation could effectively inhibit alloreactive T cell

responses.

CTLA-4 as T Cell:APC Conjugation Inhibitor

Recently an entirely novel mechanism of CTLA-4 inhibition of T cell activation has been
elucidated for CD4" T effector (Teff) cells involving the control T cell:APC conjugation. T cell
activation requires a sustained stable conjugation between the T cell and cell presenting its
cognate antigen. In the absence of cognate antigen, T cells rapidly scan antigen-presenting cells in
search of cognate antigen. Recognition of a TCR and its cognate pMHC induces expression of
molecules that enable the T cell to arrest its motion and facilitate sustained conjugation. Seminal
work from Schneider and colleagues demonstrated that CTLA-4 plays an important role in
reversing the TCR-mediated stop signals that occurs when a T cell encounters peptide:MHC
complex (159). Using two-photon microscopy, this groups showed that CTLA-4 negative cells

increased their contact times upon contacting antigen while CTLA-4 positive cells were unable to
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increase APC dwell times. These observations corroborate earlier observations that CTLA-4 is
able to associate with the immunological synapse, and provide another distinct cell intrinsic

mechanism of action for CTLA-4.

The Role of CTLA-4 on Tregs

The CD4" T cell compartment is comprised of pro-inflammatory effector as well as anti-
inflammatory suppressor cells, the best characterized of which are CD4 'CD25 FoxP3" regulatory
T cells. FoxP3" Tregs play a critical role in maintaining self-tolerance in models of autoimmunity
and transplantation (160). Prior to the discovery of FoxP3 as the master regulator of CD4 CD25"
suppressor function, CTLA-4 was shown to be constitutively expressed on Tregs (161-163). The
identification of FoxP3 as a master factor of Treg function revealed that CTLA-4 is in fact a
transcriptional target, leading to the investigation of CTLA-4 in FoxP3" Tregs (164).

While experiments using CTLA-4 blockade in vivo and in vitro produced conflicting
results, more recent work has established that CTLA-4 is required for Treg-mediated suppression
of immune responses (164). In a FoxP3" conditional knockout mouse model of CTLA-4 deletion,
Wing et al. definitively demonstrated that CTLA-4 deficiency in FoxP3" Treg cells is sufficient to
allow the development of spontaneous and fatal autoimmunity, reminiscent of CTLA-4 KO mice
(165). Conditional deletion of CTLA-4 on Tregs also leads to enhanced tumor immunity and an
enhanced allogeneic proliferative response (165). Recently, several groups have shown that
reduced expression of CTLA-4 on Tregs leads to dysfunctional Treg function in vitro and in vivo
(141, 142, 166). Similarly, suppression by human T cells requires CTLA-4 but not FoxP3 (167).
Recently, Zhang et al showed that CD28-deficient Tregs were unable to maintain self-tolerance
(166). CD28-deficient Tregs had diminished CTLA-4 expression and fail to survive following a
skin graft challenge in the presence of CD28 sufficient Tregs.

While these studies have established that CTLA-4 is required for Treg mediated

immunosuppression, it remains to be seen whether the suppressive effect of Tregs is mediated by
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solely by high CTLA-4 expression or whether CTLA-4 has a unique biochemical properties when
expressed on Tregs. Many studies have provided evidence of the former scenario, that CTLA-4
expression on non-FoxP3" Tregs is sufficient to induce a suppressor function. For example, Tai et
al. demonstrated that activated Teffs had in vitro suppressive capacity similar to Tregs, and both
cell types required the extracellular, but not the intracellular, CTLA-4 domains (154). Studies
examining cell extrinsic suppressive function of CTLA-4 have thus far not identified a unique
role for CTLA-4 on Tregs (155, 156). This is further supported by the finding that Teffs and
Tregs demonstrate a similar ability to trans-endocytose CD80/CD86 molecules via CTLA-4 (157).
Together, these findings suggest that suppression is a function of high CTLA-4 expression, not a
unique property of CTLA-4 when expressed on Tregs, as evident by the fact that high CTLA-4
expression can induce suppressive function on otherwise effector T cells.

Interestingly, recent work from Rudd and colleagues has demonstrated a divergent
function of CTLA-4 on Tregs and Teffs that is independent of expression level (168). Using two-
photon microscopy in an antigen-specific system to monitor T cell migration, the investigators
were able to sensitively detect the conjugation patterns and kinetics of T cell: APC conjugates.
While the presence of CTLA-4 limited the conjugation time with APCs for CD4" Teffs, Tregs
were resistant to CTLA-4-mediated reverse stop signals. This study supports a model in which
APC conjugation of Teffs is limited by CTLA-4, while longer conjugation times of Tregs are
better able to occupy APC binding sites. While this striking finding is consistent with the function
of Tregs as occupying antigen binding sites on APCs and out-competing Teffs for costimulatory
receptors, it indicates that the reverse stop potential of a cell does not rely solely on the CTLA-4
expression level. This work is the most thorough demonstration that CTLA-4 might have a
different functional role on Tregs compared to non-Tregs, and future studies will examine the
mechanistic basis for this result, whether due to a biochemical property of CTLA-4 expressed by

Tregs and Teffs, or the presence of additional molecules that can override CTLA-4 function.
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The Expression of CTLA-4 on Thl7 cells

Th17 cells are a pro-inflammatory CD4" lineage that provides immunity to fungi,
including Candida albicans, and extracellular bacteria. Th17 cells can be potent mediators of
pathogenic T cell responses in autoimmune disease, and have been shown to participate in graft
rejection in several animal models and in human studies (169, 170).

Recently it has been demonstrated that Th17 cells are resistant to CD28/CTLA-4
blockade with CTLA-4 Ig in vitro and in vivo (83, 138, 171). Human and murine Th17 cells
express high levels of CTLA-4 compared to primary and memory Thl cells (138, 171). In an
antigen-specific pathogen immunization model, murine Th17 cells also expressed more CTLA-4
than Th1 cells and correlated with CTLA-4 Ig resistant skin graft rejection (171). Interestingly,
the expression level of CTLA-4 correlated to the level of augmentation of proliferation in the
presence of CTLA-4 blockade with antibodies, suggesting that CTLA-4 acts in a cell intrinsic
manner on Th1l and Th17 cells. Consistent with the finding that Th17 cells are reliant on CTLA-4
signals, Ying et al found that CD28" Th17 cells were augmented by CTLA-4 blockade with
CTLA-4 Ig (85).

Interestingly, costimulation blockade with the CTLA-4 Ig derivative belatacept has
demonstrated mixed efficacy in Th17 mediated disease (102). Renal transplant recipients who
experience rejection while being treated with belatacept, but not calcineurin inhibitors, had an
elevated frequency of Th17 memory cells in their blood, suggesting that Th17 memory cells
participate in graft rejection in the setting of CD28/CTLA-4 blockade therapy (138). Together,
these studies suggest that CTLA-4 Ig, which was designed to induce deletion and anergy through
blockade of CD28 signals, might have unintended consequences on specific T cell populations

through blockade of endogenous coinhibitory signals.

Unanswered Questions About CTLA-4 Function
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CTLA-4 has been established as a critical regulator of peripheral tolerance, and offers
tremendous therapeutic potential as a target that can be harnessed to limit alloreactive T cell
responses. In addition to the traditional model of CTLA-4 function, recent studies outlined here
have broadened our understanding of the mechanisms of action of CTLA-4 coinhibition. An
updated “new” model of CTLA-4 function can be segregated into three components: 1.) CTLA-4
can inhibit cell autonomous T cell activation, 2.) CTLA-4 expressed on FoxP3" Tregs and Teffs
can act in a cell extrinsic manner to suppress T cell responses 3.) CTLA-4 has distinct expression
patterns on T cell subsets with functional consequences. Perhaps the greatest challenge facing our
complete understanding of CTLA-4 biology is that none of these modes of action are mutually
exclusive. As such, more work is needed to elucidate the contexts under which each of these
mechanisms do or do not occur.

For investigators, the most salient conceptual dichotomy is how to reconcile cell-intrinsic
and cell-extrinsic CTLA-4 functions. As these studies were largely temporally separated — with
earlier studies focused on traditional biochemical cell autonomous functions of CTLA-4 and more
recent studies elucidating cell extrinsic functions -- more careful investigation of the potential
interplay of these two phenomena is needed. For example, do cell-intrinsic and -extrinsic
functions occur simultaneously? Do they occur preferentially in particular T cell subsets? Are
there synergistic or antagonistic effects of these mechanisms on T cell activation?

Additionally, regarding the cell extrinsic role of CTLA-4, further work needs to elucidate
the differences between Teffs and FoxP3" Tregs. While it is well established that Tregs require
CTLA-4 for suppression, it remains unclear whether the function of CTLA-4 is critically different
on Tregs than Teffs. Several groups have now shown that the expression of CTLA-4 is sufficient
for any CD4" T cell to have a suppressive function, while work from Lu et al. provides the most
compelling subset-specific functional difference to date. The goal of costimulation-blockade
based biologic therapies includes limiting effector T cell populations while retaining functional

Tregs, greater understanding of distinctions of CTLA-4 function on these populations is critical.
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In conclusion, our understanding of “the original” T cell coinhibitory receptor has
deepened substantially in recent years. The updated model of CTLA-4 demonstrates the
importance of continued mechanistic investigations of established therapeutic pathways, as new
understanding can lead to further advances in clinical applications. In the context of the higher-
than-anticipated acute rejection rates observed in belatacept-based regimens for renal transplant
patients, these new insights suggest that perhaps perturbations in the cell-extrinsic functions of
CTLA-4 or Th17 cells might be playing a role. While many challenges remain to unify the model
of CTLA-4 coinhibition, it remains a therapeutic target with tremendous promise to effectively

limit alloreactive T cells.

Blockade of CD28/CTLA-4 Signals in Autoimmunity and Transplantation

CD28 blockade with CTLA-4 Ig has been extensively studied in transplantation (102).
Over twenty years ago it was first demonstated that CTLA-4 Ig can prevent allograft rejection in
murine models (172, 173) and non-human primates (174). Since then, CTLA-4 Ig derivatives
have been effective in the clinical treatment of several autoimmune diseases. CTLA-4 Ig
derivative abatacept is an approved therapy for rheumatoid arthritis, and has been studied in pre-
clinical models of lupus, EAE, and Type I diabetes. Interestingly, in murine studies CTLA-4 Ig
was ineffective at preventing EAE disease relapse (175) and was ineffective in a clinical trial of
relapsing-remitting MS (102). In the NOD model of type I diabetes, CTLA-4 Ig resulted in
disease exacerbation despite inhibition of Th1 and Th2 cytokines, a finding that is attributed to
the inhibition of Tregs (161, 176). These results suggest that the complexities of autoimmune T
cell responses might render some conditions more amenable to CD28/CTLA-4 blockade, and
underscores the importance of gaining greater understanding mechanisms of pathogenesis as
more specific immunomodulatory agents are developed.

The CTLA-4 Ig derivative belatacept (LEA29Y) was designed to maximize CD80 and

CD86 binding for solid organ graft rejection prophylaxis (177). In a non-human primate model
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(NHP) of renal transplantation, belatacept was superior to CTLA-4 Ig in preventing graft
rejection (174). Recent work in NHP models have demonstrated that belatacept couples with the
mTor inhibitor sirolimus to prolong graft survival without the need for induction therapy (178,
179). Murine studies have demonstrated the potential for integrin blockade as an adjunct therapy
for costimulation blockade with CTLA-4 Ig. Kitchens and colleagues showed that anti-LFA-1 or
anti-VLA-4 enabled indefinite graft survival in minor antigen mismatch and full allogeneic
models (180, 181). Reisman et al demonstrated that anti-LFA-1 treatment resulted in the egress of
naive T cells from the peripheral LNs to the circulation, as well as an increase in Tregs in graft-
draining nodes (182). Anti-LFA-1 therapy has also been demonstrated efficacy in NHP renal
transplant models (183).

During clinical development, belatacept was shown to have comparable graft survival as
well as a diminished cardiovascular toxicity profile compared to CNIs, and was FDA approved
for renal transplantation in 2011 (184-186). Some caveats have been observed in the course of
belatacept therapy, however. First, belatacept is associated with increased PTLD in patients who
are EBV naive at the time of transplantation. As well, belatacept is associated with an increased
incidence of acute cellular rejection early following transplantation. Investigation into the
mechanisms of this rejection might reveal certain T cell subsets that are pathogenic and resistant

to CD28/CTLA-4 blockade.

The Role of CD8" T Cells in Allogeneic Heterologous Immunity

The CD8" T Cell Pool is Comprised of Heterogeneous Subsets

CD8" T cell responses are critical for immunity to viruses and intracellular bacteria, so-
called Type 1 responses (3, 17, 18). There is growing evidence that microbial stimulation history
might significantly influence the character of alloreactive memory. It has long been recognized
that a significant portion of the human T cell compartment can respond to microbial antigen (29).

For example, frequencies of EBV and CMV reactive CD8" T cell memory ranges from 10-40%
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(29). This finding has particular significance to transplantation, as work from several groups has
demonstrated that memory cells raised against microbial antigens can be cross-reactive with
allogeneic antigen, a process termed heterologous immunity (13, 30-32). Several studies have
observed that EBV and CMV-elicited CD8" T cells can cross-react with MHC Class I allogeneic
antigen complexes (30-32, 187). EBV and CMV specific CD4" memory T cells can also
recognize allogeneic MHC Class II antigen (39, 40). Surprisingly, in a systematic evaluation of
cross-reactivity to allogeneic MHC molecules, Amir et al found that 45% of CD4" and CD8" T
cell clones were reactive to allogeneic antigen (16).

While this work has established that microbe elicited T cells that survive to memory can
cross-react with allogeneic p:MHC complexes, work in murine systems has demonstrated that
allogeneic heterologous immunity can have important consequences for graft rejection (4, 13).
Seminal work from Adams and colleagues demonstrated that LCMV T cell memory was capable
of mediating graft rejection in a fully allogeneic skin graft model (41). Importantly, this study
showed that CD8" memory is a barrier to tolerance induction with costimulation blockade and
mixed chimerism. Resistance to tolerization regiment was greater in mice serially infected with
other viruses (VSV or VV), demonstrating that heterologous immunity can be a potent mediator
of graft rejection. Brehm et al extended these studies through demonstration of cross-reactivity
between LCMV epitopes and allogeneic antigen. The specific LCMV-specific clones that cross-
react varies with both the allogeneic target and the private TCR specificities of the host (15),
demonstrating that heterologous immunity is a highly specific phenomenon. Although providing
limited mechanistic insight and involving a murine pathogen with limited clinical relevance, these
observation provides striking evidence that microbial stimulation history has profound
implications for allogeneic T cell responses and immunomodulatory strategies to prevent graft

rejection.

The Role of T cell Affinity in Forming T Cell Memory and Allogeneic Heterologous Immunity
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Allogeneic heterologous immunity requires the TCR recognition of two distinct
peptide:MHC complexes, that of pathogenic peptide:MHC and allogeneic peptide: MHC. While
very high and low affinity T cells are eliminated during thymic selection against self
peptide:MHC, the affinity of T cells for allogeneic peptide:MHC is not physiologically restrained.
Indeed studies have shown that allogeneic recognition occurs at a broad range of TCR affinities
from 1-49 uM (36-38). By comparison, viral epitope recognition occurs at 1-20 uM and cancer
epitope recognition has been established at 20-200 uM, while self-epitopes occur at lower
affinities of greater than 250 uM (12). The independent recognition of multiple peptide:MHC
complexes as occurs during allogeneic heterologous immunity suggests that each of these
interactions has a unique affinity. For example, low affinity microbial memory may recognize
allogeneic antigen at higher affinity, or vice versa.

There are few examples of the structure and affinity of allogeneic heterologous immunity
pairs. Perhaps the most well studied example is of human CD8" T cell clone elicited against EBV
peptide that recognizes two allogeneic peptide:HLA combinations. Structural studies reveal that
the LC13 T cell clone recognizes all three peptide:MHC combinations in an identical manner via
an induced-fit mechanism of molecular mimicry (37). This investigation revealed that an
allogeneic peptide:MHC recognition can occur in a similar manner as recognition of pathogen
peptide:MHC. Interestingly, recognition of an allogeneic peptide:MHC was higher affinity (1
uM) than for its priming EBV peptide:MHC (70 uM) (37, 188). The affinity of the murine 2C
TCR for its allogeneic H-2L" was measured at 2 uM, compared to 83 uM for sygeneic H-2K"
(36).While few in number, these studies have provided important insight into the nature of
allogeneic peptide:MHC recogntion by the TCR and modified the hypothesis that allogeneic
recogition is intrinsically different from conventional peptide:MHC interactions by virtue of

being peptide-independent binding. These structural studies reveal that allogeneic T cell
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recognition is very similar, if not superimposable on conventional peptide:MHC recognition (12,
47).

The functional outcome of allogeneic peptide:MHC recognition by a memory T cell
likely depends on a variety of factors regarding the environment. Considering the requirement of
the TCR to recognize a cross-reactive peptide:MHC at a different affinity than its priming antigen,
this raises the importance of understanding the qualities of CD8" T cell memory primed at a
variety of TCR affinities. While a great body of work has been amassed regarding CD4" and
CDS8" T cell memory using monoclonal TCR systems, these systems do not take into account
phenotypic and functional differences that are a consequence of altered affinity (189, 190).

Several very recent studies have carefully investigated the functional characteristics of
low affinity effector and memory cell generation. Using an infection model of OVA altered
peptide ligands (APLs) for the OT-I system, Zehn and colleages showed that low affinity primed
CDS8" T cells (ranging from 2.8-650 fold lower ECsy) were capable of forming long-term memory
(191). Low affinity cells had similar upregulation of activation markers and costimulation
molecules during the primary effector phase. Low affinity primed cells, however, exited the
periarteriolar lymphoid sheath (PALS) and entered the bloodstream before day 4 post-infection,
while high affinity cells are not detected in the blood until later. Importantly, low affinity primed
OT-I cells were capable of robust recall responses. When rechallenged with heterologous OVA
APL-expressing pathogen, equal precursor frequencies of both low and high affinity primed
CDS8" cells responded with a magnitude equivalent to the affinity of the rechallenge antigen.
These observations establish that low affinity CD8" memory cells are maintained and are capable
of functional qualities similar to those of high affinity cells. While this work established the role
of TCR affinity in dictating the kinetics of a primary response, the phenotypic and functional
characteristics of low affinity primed memory CD8" T cells are poorly understood.

A thorough investigation of CD8" memory against influenza revealed that CD27

costimulation is a necessary for low affinity cells to be maintained into memory (192). CD8" T
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cells responses primed in the absence of CD27:CD70 interactions were devoid of low affinity
cells and less clonally diverse. Interestingly, CD27 was required for the formation of effector
memory cells specifically, raising the possibility that low affinity cells are biased towards an
effector memory phenotype. An elegant study by Gottschalk et al investigated the functional
consequences of antigen density and TCR affinity (193). Using the 5C.C7 TCR that recognizes its
natural ligand MCC as well as the APL 1028, they compared two doses of peptide that induced
the same amount of proliferation. Compared to the APL at higher density, the high affinity ligand
MCC induced greater sensitivity to IL-2, as visualized by greater CD122/CD25 expression levels,
and elicited more stable T:DC interactions in vivo. Gene array analysis of these two conditions
revealed differential induction of a network of genes to the high affinity ligand. This work
carefully demonstrates that within the scope of TCR functional avidity, TCR affinity and antigen
density have much different functional consequences. More importantly, TCR affinity may be
more sensitively sensed by the T cell than antigen density or duration.

Recent work in APL systems has provided further characterization of the functional
consequences of TCR affinity in the context of autoimmunity. Gronski et al studied several APLs
of the LCMYV epitope GP33 (194). Using a RIP-gp model if diabetes, P14 cells primed with an
intermediate but not low affinity APL were capable of inducing disease, although at a lower
frequency than WT mice. Interestingly, the intermediate APL primed T cells were similarly
cytotoxic to the high affinity primed T cells but proliferated less in vivo. These results
demonstrate that effector function and proliferative capacity can be decoupled on T cells.

In the OVA APLs in RIP-OVA mice, King et al showed that a certain threshold of TCR
affinity induced asymmetric cell division during activation. This asymmetric division was marked
by greater CD8 and VLA-4 expression and a higher frequency of SLEC formation, which
resulted in better infiltration of peripheral tissues and induction of diabetes (195). This study is
the first study implicating asymmetric cell division as a consequence of TCR affinity and

provides another mechanism of the development of quality CD8" effector responses.
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Enouz et al extended the investigation of OVA APL by generating a TCR transgenic
mouse that is low affinity for the OT-I OVA epitope, termed OT-3 (196). The affinity of OT-3
cells for OV A is at the threshold for negative selection, however not all cells were negatively
selected. OT-3 cells are capable of forming memory and responding to challenge antigen.
Surprisingly, OT-3 cells in the periphery were capable of responding to lower affinity APLs to
produce cytokine, lyse target cells, and induce diabetes. These results demonstrate that the
threshold of TCR affinity to activate a response in the periphery is well below that of negative
selection in the thymus, a finding which highlights the importance of understanding low affinity
memory cells.

In scenarios relevant to allogeneic heterologous immunity, the role of TCR affinity has
not been carefully assessed. For example, are pathogen elicited CD8" T cells more functionally
poised to respond to cross-reactive allogeneic antigen of lower or higher affinity? Are low affinity
memory cells relevant in this scenario? What immunomodulatory strategies are effective against
alloresponses of varying affinities? These outstanding questions are critical to advancing both

understanding of allogeneic T cell responses and new strategies to inhibit graft rejection.
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Chapter 2. High CTLA-4 Expression on Th17 Cells Results in Increased Sensitivity to

CTLA-4 Coinhibition and Resistance to Belatacept Introduction

During a secondary T cell response, memory T cells maintain the functional and
phenotypic properties that reflect their priming conditions (48). Recent studies have shown that
pathogen-primed memory T cells can cross-react with alloantigen (16, 41) and that alloreactive T
cells are inherently more polyspecific for peptide:MHC than conventional T cells (42, 44),
suggesting that the alloreactive memory T cell pool reflects the pathogen-specific stimulation
history of an individual. The heterogeneity of T cell memory recall responses is critically
important for transplant recipients who receive lifelong immunosuppression to prevent T cell
mediated graft rejection.

The recently approved CTLA-4 Ig derivative belatacept inhibits graft-specific immune
responses by blocking CD28/CTLA-4 signals on T cells, and offers significantly improved long-
term graft function and fewer toxicities compared to calcineurin inhibitors. However, belatacept
is associated with a high incidence of pathologically severe acute rejection within one year of
transplantation (186). While the mechanism of this rejection is currently unknown, the kinetics
and severity of this phenomenon suggests that a CD28/CTLA-4 blockade resistant population of
T cells mediates this rejection.

Although classically studied CD4" Th1 responses are known to depend on CD28 signals
for optimal secondary recall responses (41, 129), the costimulation requirements of Th17 cells are
less understood. Intriguingly, recent studies have suggested differences in the costimulation
signals that mediate differentiation of naive ThO cells into Th1 or Th17 cells (83-87, 89). While
this work has focused on cosignalling during primary differentiation into Th17 cells, little is
known about the costimulation requirements of memory Th17 cells during subsequent recall

responses.
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In this study we investigated the relative contribution of Th17 cells to alloreactivity and
their susceptibility to costimulation blockade with belatacept. We demonstrate that Th17 memory
cells express high levels of the coinhibitory receptor CTLA-4, which results in resistance to
belatacept and is associated with rejection in renal transplant recipients. This study demonstrates
that the costimulatory requirements of CD4" Th1 and Th17 subsets are distinct, and highlights the
differential susceptibilities of heterogeneous microbe-elicited memory populations to

immunomodulation with costimulation blockade.
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Materials & Methods

Human Study Approval. Healthy donor peripheral blood mononuclear cells (PBMC) and
patient PBMC and lymph node samples were isolated following protocols approved by the Emory

University Institutional Review Board (IRB #00006248).

Human Alloreactive Proliferation Assay. Monocyte-derived dendritic cells (MDDCs) were
derived from 3x10°® fresh PBMC in a 6 well plate in RPMI supplemented with 10% human AB
serum (Mediatech, VA), 2.4 mM L-glutamine. Non-adherent lymphocytes were washed off 4
hours later, and adherent cells were cultured with 50 ng/mL of IL-4 and 100 ug/mL of GM-CSF
(R&D Systems) for 5-7 days at 37 °C. Responders were derived from healthy donor fresh PBMC
CFSE labeled with 5 uM CFSE (Invitrogen) for 3 min and co-cultured with allogeneic MDDC at
a 3:1 ratio in 96 well flat-bottomed plates for 4 d at 37 °C. Some cultures were restimulated with
30 ng/mL PMA and 400 ng/mL lonomycin (Sigma) for 4 h, and 10 pg/mL GolgiStop (BD
Biosciences) was added for the final 3 h. To determine frequency of divided CD4" fractions in
response to allogeneic stimulation, cells were gated on CD4 ' CD45RA"CFSE"" or

CD4 CD45RACFSE"™, followed by either IFN-y" or CCR6IL-17" as described. To determine
the effect of belatacept following allogeneic stimulation, cells were first gated on
CD4'CD45RA'TFN-y" (CD45RA" Thl), CD4'CD45RA™ IFN-y" (CD45RA" Thl,), or

CD4 CD45RA'CCR6" Th17 (CD45RACCR6" Th17) followed by CFSE™ divided cells. The
effect of belatacept on CD4" subsets following allogeneic stimulation was calculated as (1 - ( %

CFSE"" with belatacept / % CFSE"™" with no treatment))x100.

Human Polyclonal Stimulation and Costimulation Blockade. Fresh or frozen PBMC from
healthy donors cells were cultured in 96 well flat-bottomed plates in RPMI supplemented with

10% human AB serum (Mediatech, VA) and 2.4 mM L-glutamine. Frozen PBMC were rested
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overnight before stimulation. Cells were stimulated with either 1 pg/mL (PBMC) or 2 ug/mL
(Iymph node T cells) functional grade anti-CD3 (OKT3; eBiosciences) in the presence of
belatacept (100 wg/mL; Bristol-Myers Squibb, NY) or human IgG1-Fc control (BioXCell,
Lebanon, NH), or with anti-CD3/CD28 Dynabeads (Invitrogen) in the presence of 10 ug/mL anti-
CTLA-4 (BN13; BioXCell, Lebanon, NH) or mouse IgG1 (BioXCell, Lebanon, NH), as indicated.
Cells were washed twice with media and restimulated with PMA/Iono for 4 h as described above.
CD4" T cell subsets were defined by the following gating strategy: CD45RA™ Th1,

CD4 CD45RAIFN-y"; CD45RA” Thl, CD4 CD45RA” IFN-y"; CD45RA'CCR6" Thl7,
CD4'CD45RACCR6'IL-17". The change in frequency of CD4+ populations was calculated as

(% Cytokine" Blockade/% Cytokine” 1gG)x100 of the indicated population.

Surface and Intracellular Staining of Healthy Donor and Patient Cells. Fresh PBMC were
isolated from normal healthy donors under IRB approval using CPT tubes and plated at
1x10°/well in round-bottom 96 well plates. PMA/Iono and GolgiStop were added for 4 h as
described above. Surface staining was performed for 20 min at 23°C using the following
antibodies: CD4 (L200 or RPA-T4), CD8 (RPA-TS), CD14 (M5E2), CD19 (HIB19), CD28
(CD28.2) or IgGlx, CD45RA (MEM-56 or HI100), and CCR6 (TG7/CCR6) or IgG2bxk. Cells
were prepared for intracellular staining following manufacturer’s protocol (BD Biosciences
Fix/Perm Kit) and stained with the following antibodies: CTLA-4 (CD152, BN13) or IgG2ax,
IFN-y (45.B3), and IL-17A (eBio64DEC17). All panels depict CD4 CD45RA" or CD4 CD45RA"
populations. For CTLA-4 surface capture assay, anti-CTLA-4 PE was added for the final 3 h of
PMA/Iono stimulation, and cells were prepared for intracellular flow cytometry. Samples were
analyzed using an LSR 1II flow cytometer (BD Biosciences), and data was analyzed using FlowJo

software (Treestar, San Carlos, CA).
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Transplant Recipient Cohort Selection. Patients were selected as rejectors if an episode of
acute cellular rejection was diagnosed by renal biopsy following transplantation (1-6 months
post-transplant for belatacept-treated patients, mean 2.7 months; or 1-14 months post-transplant
for tacrolimus-treated patients, mean 5.8 months). Stable patients were free from rejection
episodes through the time of assessment (mean time of assessment 9.5 months). Belatacept stable,
belatacept rejectors, and tacrolimus rejectors were not significantly different for gender or age
(59+£3.0,49+5.4,54+£4.9y.0., respectively), were all first time transplant recipients, were

similarly HLA mismatched, and had comparable common indications for transplantation.

Renal Transplant Recipient PBMC and LN cells. PBMC and LN cells from patients were
cryopreserved at -80°C in RPMI with 40% FBS and 10% DMSO. 1x10° thawed PBMC were
cultured in 96 well round-bottom plates and rested overnight in RPMI with 10% human AB
serum (for PBMC; Mediatech, VA) or 10% FBS and 20 U/mL IL-2 (for LN cells; eBiosciences)
and 2.4 mM L-glutamine. Cells were washed twice with media before stimulation with either
anti-CD3 for 3 d (LN cells, as described above) or PMA/Iono for 4 h (PBMC). Patient PBMC
were defined by the following gating strategy: Th1 Memory, CD4 CD45RA'CCR6™ IFN-y", Th17
Memory, CD4 CD45RA'CCR6'IL-17" LN CD4" T cell subsets were defined by the following
gating strategy: CD45RA" Th1l, CD3'CD4 ' CD45RA'IFN-y"; CD45RA™ Thl,

CD3'CD4 CD45RA IFN-y"; CD45RA Th17, CD3'CD4 CD45RAIL-17" The effect of

belatacept was calculated as described for healthy donors.

Statistics. Proliferation, cytokine production, and population frequencies between groups were
compared using Mann-Whitney non-parametric (two-tailed) analysis. All analysis was performed
using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). Significance was determined as

*p < 0.05, *¥*p < 0.005, ***p < 0.001. Data shown and described depict average + SEM.
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Results
Alloreactive Th17 memory cells are resistant to belatacept

Th17 memory cells are important for fungal and extracellular bacterial immunity (81,
197), and can be potent drivers of autoimmune disease (67, 198). However, their involvement in
alloreactivity is not well defined (199). We stimulated CFSE-labeled responders with allogeneic
monocyte-derived dendritic cells (MDDC) followed by brief PMA/Iono restimulation to identify
alloreactive Th1l and Th17 cells. Alloreactive CD45RA" Th1 cells were found in the CCR6™ and
CCR6" compartments (13.8 + 2.85% and 15.7 + 2.08% of CFSE", respectively), while CD45RA”
Th17 cells were exclusively found within the CCR6" fraction (Figure 2.1 A-B)(200). We found
that 2.78 + 0.478% of total alloreactive CCR6" memory cells were Th17 cells (Figure 1B). After
4 days of allogeneic stimulation, CD45RA" Th1, CD45RA Th1 and CD45RA" CCR6' Th17 cells
contained similar frequencies of divided cells (7.95 + 2.05% CD45RA" Thl, 7.66 £ 1.66%
CD45RA” Thl, 11.8 £ 3.2% CD45RACCR6" Th17, Figure 2.1 C-D). This demonstrates that like
Th1 cells, Th17 cells can participate in alloreactive responses.

The addition of belatacept to allogeneic co-cultures resulted in the inhibition of
CD45RA" Thl and CD45RA™ Thl cells (72.4 + 5.46% and 82.0 + 10.5% of no treatment,
respectively, Figure 2.1C and 2.1E). In contrast, we found that CD45RA'CCR6" Th17 cells were
augmented by belatacept in each pair evaluated (127 + 11.8% of no treatment, Th17 vs.
CD45RA" Thl p =0.0079, Th17 vs. CD45RA" Thl, p = 0.0079, Figure 2.1C and 2.1E),
suggesting that Th17 cells might differentially utilize on the CD28/CTLA-4 pathway compared to

other CD4" memory subsets.

Th17 memory cells significantly upregulate the coinhibitor CTLA-4
Multiple studies have indicated that CD4" Th1 memory recall responses require CD28

(41, 129), while less is known about the costimulation requirements during recall of Th17
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memory cells. Because belatacept inhibits both CD28 and CTLA-4 signals by binding to their
common ligands CD80/CD86 on APCs, we next investigated the CD28/CTLA-4 costimulatory
pathways on Thl and Th17 cells.

Nearly all resting naive CD45RA" and memory CD45RA” CD4" cells were CD28" and
expressed high levels of CD28 (Figure 2.2A). CTLA-4, which is also blocked by belatacept, is
maintained in intracellular vesicles that rapidly flux to and from the cell surface during activation.
Staining for total intracellular CTLA-4 revealed that nearly half of resting memory CD4" T cells
expressed low levels of CTLA-4, and that the level of expression rose after restimulation (Figure
2.2B). Th17 memory cells expressed significantly more CTLA-4 than Th1 memory, as the
majority of IL-17" cells (64.4 £ 2.55%) were CTLA-4"¢" compared to a small fraction of IFN-y"
cells (24.1 + 3.33%)(Figure 2.2B-C)

We next sought to determine if the differences in the expression of CTLA-4 between Th1
and Th17 memory cells were reflected in CTLA-4 levels on the cell surface. Using a modified
staining protocol to capture rapidly endocytosed surface CTLA-4, we found that very few resting
naive and memory cells expressed surface CTLA-4, while restimulated memory cells upregulated
CTLA-4 (Figure 2.2D). Strikingly, significantly more Th17 memory cells (84.8 + 2.25%) were
CTLA-4" compared to Th1 memory cells (37.0 + 2.77%) (Figure 2.2D). Furthermore, Th17
memory cells expressed significantly more CTLA-4 than Thl (Figure 2.2E). These data are the
first demonstration that Th1 and Th17 memory cells differ significantly in their expression of

CTLA-4 following restimulation.

CD45RA " Th17 cells are uniquely sensitive to CTLA-4 coinhibition

We hypothesized that both alloreactive and non-alloreactive Th17 memory cells would
be resistant to belatacept due to relatively greater sensitivity to signaling through coinhibitory
CTLA-4. Following polyclonal stimulation with soluble anti-CD3, CD45RA" and CD45RA" Th1

cells were inhibited by belatacept (53.2 + 7.53% and 87.11 + 4.66% of IgG-Fc, respectively,
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Figure 2.3A-B). In contrast, CD45RA™ Th17 cell frequencies were significantly augmented (130
+9.5% of IgG-Fc, p = 0.0001 vs CD45RA" Th1 and CD45RA™ Thl, Figure 2.2A-B). Both
CD45RA” Thl and CD45RA" Thl cells were inhibited over a range of belatacept concentrations
in a dose-dependent manner, while CD45RA'CCR6" Th17 cells were augmented over a range of
belatacept doses (Supplemental Figure 2.1). Together, these results demonstrate that the relative
contribution of CD28/CTLA-4 signaling is distinct between Thl and Th17 cells.

To directly test whether CD45RA™ Th17 cells are more sensitive to coinhibitory signals
through CTLA-4 we next interrogated the function of the CTLA-4 pathway on Th17 cells. While
both CD45RA" and CD45RA™ Thl responses were augmented in the presence of anti-CTLA-4,
the CD45RA™ Th17 cell population was increased to a significantly greater degree than the
CD45RA" Th1 population (168 + 15.0% vs 118.5 + 8.10% of IgG, p = 0.0071, Figure 2.3C-D).
Taken together, these results demonstrate that CD45RA”™ Th17 cells are more sensitive to

coinhibition than CD45RA™ Thl cells.

Renal transplant recipient-derived lymph node CD45RA™ Th17 cells are resistant to
belatacept

Belatacept has been recently approved for post transplant immunosuppression in renal
transplant recipients, but it has been associated with more frequent and severe early acute
rejection episodes compared to calcineurin inhibitor based regimens (186). The critical site of
action of belatacept on primary and memory T cell activation is likely to be the site of T cell: APC
interaction in secondary lymphoid tissue (82), leading us to investigate the effect of belatacept on
Th1 and Th17 cells derived from lymph nodes in a cohort of patients who received renal
allografts.

Lymph node cells harvested from renal transplant recipients prior to the induction of
immunosuppressive therapy were stimulated in the presence of CD28/CTLA-4 blockade with

belatacept. Similar to T cells in the peripheral blood of healthy donors (Figure 2.3A-B),
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belatacept inhibited the proliferation of CD45RA" Th1 cells (69.1 + 3.43% of IgG-Fc) and
modestly reduced the frequency of CD45RA"™ Thl cells (94.2 = 2.08% of IgG-Fc, Figure 2.4A-B).
Lymph node-derived CD45RA™ Th17 cells, in contrast, were augmented in the presence of
belatacept compared to control Ig molecule (115.5 £ 2.43% of IgG-Fc, p = 0.0049 vs CD45RA-
Thl, Figure 2.4A-B). Thus, in contrast to CD45RA" and CD45RA" Thl cells, CD45RA™ Th17
cells from the secondary lymphoid organs of transplant recipients are also augmented in the

presence of belatacept.

An elevated Th17 memory cell frequency correlates to rejection during belatacept therapy
in renal transplant recipients

We hypothesized that acute cellular rejection that occurs in patients treated with
belatacept might be associated with elevated Th17 memory cell frequencies. To investigate this
possibility, we studied a cohort of renal transplant recipients treated with standard
immunosuppressive regimens containing either belatacept or the calcineurin inhibitor tacrolimus.
Belatacept treated patients were classified based on whether they experienced biopsy-proven
acute cellular rejection early following transplantation or were stable (described in Methods).
Tacrolimus-treated patients were similarly classified as rejectors by the occurrence of biopsy-
proven acute cellular rejection.

At baseline, the frequencies of CCR6” Th1 and CCR6" Th17 memory cells were not
significantly different between each of these three groups (Figure 2.5A-B). We next investigated
the Th1 and Th17 memory cell frequencies at 1 month post-transplant for belatacept stable
patients and the time of rejection in belatacept or tacrolimus rejectors. The frequency of Th1
memory cells was not significantly different between belatacept-treated patients who were stable
or rejecting, nor were they different between patients rejecting while being treated with belatacept
vs those rejecting on tacrolimus (Figure 2.5C-D). In contrast, the frequency of Th17 memory

cells was significantly elevated in belatacept rejectors (2.80 = 0.593%) compared to stable
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belatacept-treated patients (0.801 + 0.203%, p = 0.0286) and tacrolimus rejectors (1.26 + 0.261%,
p = 0.0286, Figure 2.5C-D). These data demonstrate that acute rejection episodes in belatacept
treated patients are associated with an increased Th17 memory population relative to rejection in

tacrolimus-treated patients.
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Discussion

In this study, we show that Th17 memory cells, which are elicited by microbes such as
Candida and Staphylococcus (81, 197, 199), are a component of the alloreactive memory T cell
compartment. As a population, a similar fraction of Th1 and Th17 cells divide in response to
allogeneic stimulation. This observation provides a new dimension to previous descriptions of
alloreactive heterologous immunity (41), including a recent study that found that a significant
portion of viral specific memory CD4" and CD8" T cells are alloreactive (16). This finding is also
congruous with recent work indicating that alloreactive T cells inherently recognize multiple
distinct peptide:MHC complexes, a property termed polyspecificity (42, 44). Our study supports
the idea that the alloreactive memory T cell pool is comprised of microbe-elicited cells possessing

both the Thl and Th17 phenotype.

The observation that Th17 cells from renal transplant recipients are resistant to belatacept
coupled with the association of elevated Th17 memory cell frequencies with acute cellular
rejection strongly suggests that Th17 memory cells play a role in clinical belatacept-resistant graft
rejection. Indeed, Th17 cells are known to be potent mediators of pathologic immune responses in
a number of autoimmune diseases, and the CTLA-4 Ig derivative abatacept has been reported to
be ineffective or even exacerbate the Th17-mediated autoimmune diseases MS, IBD, and SLE
(102, 201, 202). Thus, this finding provides a potential explanation for immunomodulation of

pathologic immune responses in both transplantation and autoimmunity.

While offering insight into Th17 cell biology in both healthy donors and renal transplant
recipients, this study does not exclude the possibility that cellular subsets other than Th17
memory cells also play a role in belatacept resistant graft rejection. Similarly, the activation and
effector function of belatacept-resistant Th17 cells may secondarily drive the recruitment and
activation of additional cell subsets that may also participate in allograft rejection. A recent study

by Vondran et al. found that patients with stable renal allograft function who were treated with
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belatacept for nearly eight years had diminished Th17 cell frequencies compared to patients
treated with CNIs (203). In conjunction with our study, these data suggest that elevated Th17
frequencies are not associated with long-term treatment with belatacept in the absence of acute
rejection but are increased in the setting of acute rejection. Future studies that provide careful
monitoring of peripheral blood and graft-infiltrating cells prior to episodes of rejection in
belatacept-treated individuals would help determine if Th17 memory cell frequencies can be used

in as a predictive tool in the clinic.

Our data demonstrate that high expression of coinhibitory CTLA-4 on Th17 cells results
in an unexpected augmentation of CD45RATh17 cells in the presence of belatacept, in contrast
to inhibition of CD45RA" and CD45RA™ Th1 cells. Th17 cells are known to be maintained at
relatively low frequencies in vivo, even at sites of inflammation (87, 200), and high expression of
the coinhibitor CTLA-4 is likely a mechanism that contributes to this phenomenon. The
correlation of a higher expression level with greater augmentation in the context of selective
CTLA-4 blockade strongly suggests that CTLA-4 is acting in a cell intrinsic mechanism on Th1
and Th17 populations. However, recently several groups have implicated cell extrinsic
mechanisms of action for CTLA-4 (155, 156, 168), and we cannot definitively exclude additional
cell extrinsic action in our experiments. Additional studies will be needed to determine

mechanistic basis for the increased CTLA-4 expression in Th17 cells.

These data highlight an important caveat for the clinical use of belatacept for the
prevention of organ transplant rejection. Most of the acute rejection has occurred early following
transplantation, and thus the use of Th17-inhibiting adjunct therapies during this window offers
one potential solution to prevent rejection and maintain the long-term advantages of belatacept.
As well, therapies that specifically target alloreactive Th17 responses might be particularly
valuable in conjunction with belatacept. For example, the IL-12/23 blocker ustekinumab,

currently approved to treat psoriasis, might offer such a solution due to the importance of 1L-23
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for Th17 maintenance. Recently, the use of inhibitors of the bromodomain and extra-terminal
domain (BET) family of chromatin remodelers have been demonstrated to suppress human Th17

cells and autoimmune pathology in a murine model (204).

In conclusion, the CD28/CTLA-4 costimulation blocker belatacept is the first advance in
post-transplant immunosuppression in many years. The paradoxical increase in pathologically
severe acute rejection episodes is instructive of the need to develop higher resolution
understanding of the functional characteristics of pathologic T cell subsets in order to more

effectively modulate pathological T cell responses.
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Figure 2.1. CD45RA" Th17 Cells are Alloreactive and Resistant to Belatacept. CFSE labeled
T cell responders were stimulated with allogeneic MDDCs for 4 d followed by brief restimulation
with PMA/Iono or not. Data depicted are from five independent stimulator/responder pairs. (A-B)
Cells were gated on CD4"CD45RA'CFSE"" or CD4+CD45RA-CFSE"", followed by either
IFN-y" or IL-17" as described. (A) Representative frequencies of Th1 and Th17 cells among
CD45RA'CCR6 CFSE"" cells with and without PMA/Iono restimulation. (B) Summary
frequencies of Th1 and Th17 cells within the CD45RA™CCR6 and CD45RA'CCR6" subsets. (C-
E) Cells were first gated on CD4 CD45RATFN-y" (CD45RA" Th1), CD4'CD45RATFN-y"
(CD45RA™ Th1), or CD4"CD45RA CCR6IL-17" (CD45RACCR6" Th17), followed by CFSE"™

low

divided cells. (C) Concatenated histograms depicting the frequency of CFSE™" alloreactive
CD45RA" Thl, CD45RA™ Thl, and CD45RA™ CCR6" Th17 cells in the absence (left column) or
presence (right column) of belatacept following allogeneic co-culture. (D) Frequency of divided
CD45RA" Thl, CD45RA™ Thl and CD45RA'CCR6" Th17 cells (CD45RA" Th1/Th17 p = 0.310,
CD45RA” Th1/Th17 p = 0.421). (E) Relative frequency of divided CD45RA" Thl, CD45RA" Thl,
and CD45RA'CCR6" Th17 following allogeneic stimulation in the presence of belatacept

compared to no treatment (CD45RA" Th1/Th17 p = 0.0079, CD45RA™ Th1/Th17 p = 0.0079).
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Figure 2.2. Th17 Memory Cells Express High Levels of CTLA-4. Peripheral blood T cells
were stimulated briefly with PMA/Iono and analyzed by flow cytometry. CD4" T cell subsets
were defined by the following gating strategy: Primary Th1, CD4 CD45RAIFN-y"; Memory Thl,
CD4'CD45RA™ IFN-y"; Memory Th17, CD4 'CD45RACCR6'IL-17". (A) Representative
histogram (top) and summary data (bottom) of surface CD28" CD4" populations resting or
restimulated with PMA/Iono (p = 0.092, n = 10). (B) Top, CD28 and total CTLA-4 expression on
resting and restimulated Th1 and Th17 memory cells. Quadrant gate depicts CD28" and CTLA-4"

high

population, square gate defines CTLA-4"*" population. Bottom, total CTLA-4 expression on

resting and restimulated Th1 and Th17 memory cells. Gate depicts CTLA-4"¢"

expression (n = 8).
(C) Frequency of CTLA-4"¢" cells among Th1 and Th17 memory cells (p = 0.0009, n = 8). (D)
Representative frequency (left) and summary frequencies of surface CTLA-4" CD4" populations

(p <0.0001, n =9). (E) Mean fluorescence intensity of CTLA-4 on restimulated CD4" IFN-y" and

IL-17" memory cells (p < 0.0001, n = 9).
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Figure 2.3. CD45RA" Th17 Cells are Resistant to Inhibition by Belatacept and More
Dependent on Coinhibition by CTLA-4. Peripheral blood T cells from healthy donors were
stimulated with anti-CD3 in the presence of blocking molecules or relevant control for 3 d
followed by brief restimulation with PMA/Iono. CD4" T cell subsets were defined by the
following gating strategy: CD45RA" Th1, CD4 CD45RA'IFN-y"; CD45RA™ Thl,

CD4 CD45RA™ IFN-y"; CD45RA'CCR6" Th17, CD4 ' CD45RA CCR6'IL-17". (A) Representative
frequency of CD45RA" Thl, CD45RA” Thl, and CD45RA'CCR6" Th17 after stimulation with
anti-CD3 and belatacept or IgG-Fc control. (B) Relative change in frequencies of CD45RA" Thl,
CD45RA™ Thl, and CD45RA CCR6" Th17 cells after anti-CD3 stimulation and treatment with
belatacept compared to IgG-Fc among multiple individuals (CD45RA"™ Th1/Th17 p = 0.0006,
CD45RA” Th1/Th17 p = 0.0006, n = 7). (C) Representative frequency of CD45RA" Thl,
CD45RA™ Thl, and CD45RA'CCR6" Th17 cells after stimulation with anti-CD3/CD28 beads and
anti-CTLA-4 or IgG control. (D) Relative change in frequencies of CD45RA™ Th1, CD45RA
Th1, and CD45RA'CCR6" Th17 cells after stimulation with anti-CD3/CD28 beads and anti-
CTLA-4 or IgG control (CD45RA" Th1/Th17 p = 0.0152, CD45RA" Th1/Th17 p=10.0152,n =

6).



47

Belatacept

CD45RA+
Th1

IFN-y
IFN-y

CDA45RA-
Th1

CDA45RA-
Th17

— 17—
— L-17—

3 ;.4 x J
L ]I R ¥ ;
T pa—— T opa— & &

Cp: cD4 S 5 ;,g?

Figure 2.4. Renal Transplant Recipient Lymph Node CD45RA™Th17 Cells are Resistant to
Belatacept. T cells from explanted renal transplant recipient lymph nodes were stimulated with
anti-CD3 for 3 d in the presence of belatacept or IgG-Fc control followed by brief restimulation
with PMA/Iono (n = 5/group). CD4" T cell subsets were defined by the following gating strategy:
CD45RA" Thl, CD3'CD4'CD45RAIFN-y"; CD45RA Thl, CD3'CD4 CD45RA IFN-y";
CD45RA Th17, CD3'CD4'CD45RA’IL-17" (A) Representative frequency and (B) summary data
of CD45RA" Thl, CD45RA™ Thl, and CD45RA" Th17 cells after proliferation and brief

restimulation (CD45RA" Th1/Th17 p = 0.0049, CD45RA” Th1/Th17 p = 0.0049).
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Figure 2.5. Renal Transplant Patients Experiencing Acute Rejection on Belatacept-based
Regimens Have Elevated Frequencies of Th17 Memory Cells. Peripheral T cells from renal
transplant patients classified as Belatacept Stable, Belatacept Rejectors, or Tacrolimus Rejectors
(as described in the Methods) were stimulated for 4 h with PMA/Iono (n = 4-8/group). CD4" T
cell subsets were defined by the following gating strategy: Th1 Memory, CD4 CD45RA CCR6
IFN-y", Th17 Memory, CD4 CD45RA'CCR6'IL-17" (A) Representative frequencies from a
single patient in each group and (B) summary frequencies of Thl memory cells (Bela Stable/Bela
Rejector p = 0.755, Bela Rejector/Tac Rejector p = 0.612) and Th17 memory cells (Bela
Stable/Bela Rejector p = 0.106, Bela Rejector/Tac Rejector p = 0.400) collected at baseline. (C)
Representatiave frequencies of a single patient in each group and (D) summary frequencies of
Th1l memory cells (Bela Stable/Bela Rejector p = 0.200, Bela Rejector/Tac Rejector p = 0.886)
and Th17 memory cells (Bela Stable/Bela Rejector p = 0.0286, Bela Rejector/Tac Rejector p =
0.0286) collected at 1 month following transplantation in Bela Stable or at the time of rejection in

Belatacept and Tacrolimus Rejectors.
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Supplemental Figure 2.1. Thl cells are inhibited and CD45RA- Th17 cells are
resistant to a range of belatacept concentrations. Peripheral blood T cells from healthy
donors were stimulated with anti-CD3 in the presence of belatacept or IgG-Fc for 3 d
followed by brief restimulation with PMA/Iono (n = 4). CD4+ T cell subsets were defined
by the following gating strategy: CD45RA+ Thl, CD4+CD45RA+IFN-y+, CD45RA- Thl,

CD4+CD45RA- IFN-y+, CD45RA-CCR6+ Th17, CD4+CD45RA-CCR6+IL-17+.
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Chapter 3. Candida-Elicited Murine Th17 Cells Express High CTLA-4 Compared to Th1

Cells and Are Resistant to Costimulation Blockade

Introduction

T cells differentiate into distinct phenotypes based on the surrounding environment
present during their initial interaction with cognate antigen, and largely maintain this phenotype
during challenge with recall or cross-reactive antigen (3, 48-50). There is considerable evidence
that pathogen primed memory cells can cross-react with allogeneic antigen and mediate graft
rejection, a process termed allogeneic heterologous immunity (12-16). Recent work has
demonstrated that alloreactive T cells are inherently polyspecific (42-44, 47), further elevating the
potential importance of cross-reactive T cell responses in mediating alloreactivity. Heterologous
T cell responses have been directly demonstrated to be a barrier to tolerance induction strategies
such as costimulation blockade, highlighting the importance of understanding phenotypic
diversity among pathogen elicited T cell subsets (41, 205).

The heterogeneity of T cell memory responses and their requirements for recall responses
are critically important to the success of immunomodulatory therapy to prevent T cell mediated
rejection following transplantation of solid organs or bone marrow (13, 206, 207). The
CD28/CTLA-4 costimulation blocker CTLA-4 Ig is efficacious for the treatment of rheumatoid
arthritis (abatacept) and the derivative belatacept was recently approved for renal transplantation.
However, belatacept has been associated with an increased incidence of acute cellular rejection
early after transplantation (186), spurring efforts to identify T cell populations that mediate
breakthrough allograft rejection episodes.

CD4" memory Th cells are regarded as dependent on CD28 signals for recall responses
(41, 129). However, these seminal studies were conducted using Th1 phenotype cells, and the

subsequent discovery of the Th17 lineage, which can mediate both autoimmune pathology and
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GVHD, has complicated this understanding. Recent studies have suggested that the costimulatory
signals that mediate differentiation of naive ThO cells into Th17 cells differ from those of Thl
cells, but exactly how they differ remains controversial. For example, reports have indicated that
either CD28 or CTLA-4 can suppress Th17 differentiation (83-85, 99), that human Th17 clones
are uniquely sensitive to CD28 stimulation (87), and that alternate costimulatory molecules are
required to optimally differentiate Th17 cells (83, 84, 88, 89, 208). Despite these reports, which
rely heavily on the use of in vitro polarization with exogenous cytokines, little is known about the
costimulation requirements of microbe-elicited effector and memory Th17 cells.

Interestingly, the CTLA-4 Ig derivative abatacept has shown mixed results in the
treatment of the Th17-mediated diseases MS and IBD (102). In the murine MS model EAE, a
single dose of CTLA-4 Ig was unable to prevent relapsing disease and, remarkably, repeated
prophylactic CD28/CTLA-4 blockade actually exacerbated disease (175). A recent clinical trial in
IBD demonstrated minimal efficacy and disease exacerbation in some treatment groups (202). A
case report detailed the development of IBD in a patient treated with CTLA-4 Ig for RA (209).
Given the variable efficacy of CTLA-4 Ig in Th17-mediated autoimmunity, the early severe
rejection observed in renal transplant recipients, and newly emerging appreciation of alternative
costimulatory molecules required for optimal Th17 differentiation, we hypothesized that Th17
cells might be uniquely resistant to CD28/CTLA-4 blockade.

In this study, we investigated the phenotype of pathogen-elicited Th17 cells in an
antigen-specific model of graft rejection. Th1 and Th17 cells were elicited via Mycobacterium
tuberculosis (M. Tb) and Candida albicans (Candida) immunization. Candida immunization
elicited a higher frequency of Th17 cells and correlated with resistance to costimulation blockade.
Compared to the M.Tb group, Candida-elicited Th17 cells had several features of more
pathogenic Th17 cells, including a greater frequency of IL-17"TFN-y" producers, lower CCR6
expression, and a lower frequency of IL-10/IL-17 co-producers. Strikingly, Th17 cells

differentially regulated the CD28/CTLA-4 pathway, expressing significantly greater amounts of
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CTLA-4 compared to Thl cells. Ex vivo blockade experiments demonstrate that Th17 cells are
significantly less inhibited by CD28/CTLA-4 blockade with CTLA-4 Ig and were more sensitive
to CTLA-4 coinhibition. These data demonstrate phenotypic features of pathogen-elicited Th17
cell populations that shed new light on strategies for modulating pathologic T cell responses in

transplantation and autoimmunity.
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Materials & Methods

Mice. B6-Ly5.2/Cr (H2-K®, CD45.1) and C57BL/6 (H2-K®, CD45.2) were obtained from the
National Cancer Institute. OT-1 and OT-II transgenic mice (purchased from Taconic Farms) were
bred to Thy1.1" background at Emory University. Membrane bound-OVA (mOVA) mice were a
gift from Dr. Marc Jenkins (University of Minnesota, Minneapolis, MN) and were maintained in
accordance with Emory University’s Institutional Animal Care and Use Committee guidelines.

All animals were housed in specific pathogen-free animal facilities at Emory University.

Adoptive Transfers and Pathogen Immunization. Spleens from Thy1.1" OT-I and OT-II mice
were processed to single-cell suspension and stained with mAbs for CD4 (RM4-5), CD8 (3B5),
Thyl.1 (OX-7), Va2 (B20.1), VB5 (MR9-4) for flow cytometric analysis of T cell frequency.
Cells were resuspended in PBS, and 1x10° OT-1 and 1x10° OT-1I were injected i.v. into naive B6
recipients. For Candida immunization, Candida albicans were grown as yeast for 18 h overnight
at 30 °C in YPD broth (Teknova, CA), then washed in PBS and diluted 1:50 in RPMI with 10%
FBS. Transition to hyphae was induced for 4-6 h at 37°C and monitored by light microscopy.
Mice were immunized with 1x10° hyphae in Incomplete Freund’s Adjuvant (Difco Laboratories,
MI) mixed 1:1 in PBS and 100 ug OV As;.330 peptide ISQAVHAAHAEINEAGR, Genscript, NJ)
in each hind footpad. M.Tb mice were immunized with Complete Freund’s Adjuvant (Difco
Laboratories) containing 1 mg/ml heat-killed Mycobacterium tuberculosis diluted 1:1 in PBS and
100 ug OV Ajp;.330 peptide. Immunizations were performed 24-48 h after adoptive transfer to B6

recipients.

Skin Transplantation and Costimulation Blockade. Full thickness tail and ear skins were

transplanted onto the dorsal thorax of recipient mice and secured with adhesive bandages. Where
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indicated, mice were treated with 500 ug of CTLA-4 Ig (Bristol-Myers Squibb, Princeton, NJ)
and 500 pg hamster monoclonal anti-mouse CD154 (MR-1; BioXCell, West Lebanon, NH) on

days 0, 2, 4, and 6 post transplantation.

Surface and Intracellular Staining and Flow Cytometry. Draining popliteal lymph nodes (LN)
were processed to single-cell suspension. LN were restimulated with 10 uM OV Aj,3.339 peptide
for 6 h, with 10 ug/mL GolgiStop added for the final 5 h. Cells were surface stained with the
following antibodies: CD4 (RM4-5), CD8 (3B5), and CD28 (E18) or IgG2bxk. Intracellular
cytokine staining was performed following the manufacturer’s instructions (BD Biosciences) with
the following antibodies: IFN-y (XMG1.2), IL-17 (eBio17B7), CTLA-4 (UC10-4B9) or IgG.
Flow cytometric analysis was performed on an LSRII flow cytometer and analyzed using FlowJo.
Where indicated, OT-II cells were identified by FACS as CD4 CD8'B220 Thy1.1", while OT-I

cells were identified as CD8 CD4'B220 Thy1.1".

Ex vivo Th1/Th17 costimulation blockade. CD4" T cells from the draining popliteal LN of
Candida and M.Tb OVA immunized mice were harvested and purified with the CD4" T Cell
Isolation Kit II (Miltenyi) according the manufacturer’s protocol using LS columns and
autoMACS Running Buffer (Miltenyi). CD11c" cells were enriched from B6-Ly5.2/Cr (H2-K",
CD45.1) splenocytes. Splenocytes were macerated in HBSS containing 100 U/mL Collagenase
III. Remaining splenic fragments were then incubated in HBSS containing 400 U/mL
Collagenase I1I at 37°C for 30 min. Cells were then washed in HBSS with 10 mM EDTA. CD19"
and Thy1.2" cells were depleted using magnetic microbeads and LD columns (Miltenyi). CD11c"
cells were positively selected using magnetic microbeads and LS columns (Miltenyi). The
frequency of CD11c" cells was assessed at >85% by FACS. Between 750,000-1,000,000 CD4" T

cells were co-cultured with 100,000 CD11c" cells for 4 d in the presence of 5 uM OV Asp3.339
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peptide and 100 ug/mL of either CTLA-4 Ig, human Igl-Fc, anti-CTLA-4 (9H10), anti-CD154
(MR-1), or hamster IgG (all from BioXCell) in RPMI with 10% FBS. After 4 d, cells were
washed 2x in media and restimulated for 4 h with 30 ng/mL PMA and 400 ng/mL Ionomycin in
the presence of GolgiStop for the final 3 h. Intracellular cytokine staining for IFN-y and IL-17
was assessed as described above. Absolute cell counts were determined by adding CountBrite
(Invitrogen) beads prior to PMA/Iono restimulation. In some experiments, 10° naive OT-II
splenocytes were were activated with 5 uM OV Asj3.339 peptide in the presence of 100 ug/mL of
either CTLA-4 Ig, Ig-Fc control, anti-CTLA-4 Ab, or IgG for 5 days and restimulated with

PMA/Iono prior to intracellular cytokine staining as described.

OVA Antibody Detection. Mice immunized with M.Tb OVA or Candida OVA as described and
grafted with an mOVA skin graft and treated with CTLA-4 Ig and anti-CD154 were bled on day
10 post-transplant. Serum was prepared by centrifugation of blood samples at 12,000 rpm for 30
minutes at 4 °C. 96-well plates (Nunc) were coated with 50 uL per well of 10 ug/mL OVA
antigen (Sigma A-2512) overnight at 4°C, washed three times with PBS with 0.5% Tween-20,
and blocked at room temperature for 2 hours with PBS with 0.2% Tween-20 and 10% FBS. Anti-
OVA mAbD clone 14 (Sigma A6075) was used as a positive control and was incubated at
decreasing concentrations starting at 2.5ug/ml. Samples were plated at 1:10 dilutions in PBS to a
final volume of 100 uL per well. Plates were then incubated at 37 ° C for two hours. Following
washing, 100 uL of 2.75 ug/mL goat anti-mouse I[gG-HRP was added incubated at room
temperature for 1.5 h. 100uL per well of TMB substrate (BD 555214) was used following

manufacturer instructions and plates were read at OD4so on an ELISA plate reader.

Histology. Skin grafts were removed and frozen in cryomolds with OCT Embedding Compound

(Tissue-Tek) on day 9 post transplantation. Longitudinal sections of grafts were cut into 5 um-
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thick sections with a cryostat (CM 1850; Leica Microsystems) and mounted on SuperFrost Plus
microscope slides, fixed with 100% acetone, and stained with anti-mouse Thy1.1 or anti-GR-1.
Six mice were used for immunohistochemical detection by 3,3 diaminobenzidine peroxidation
and counterstained with hematoxylin. Representative images are shown at 40x. At least 20 image

fields were analyzed per group.

Statistical Analysis. OT-II frequencies, surface marker expression, and cytokine production
between M.Tb OV A and Candida OVA groups were analyzed with unpaired Student’s t-test
(two-tailed). Cellular infiltration of skin grafts and anti-OVA antibody responses were analyzed

using one-way ANOVA with Bonferroni post test. In text statistics are average=SEM.
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Results

Candida antigen immunization yields costimulation blockade resistant graft rejection.

Pathogen elicited memory cells can cross-react with allogeneic antigen and mediate graft
rejection (15, 41). While the costimulation requirements of CD8" memory have been well studied
by our lab and others, the differential susceptibility of CD4" Th memory subsets to
immunomodulation is less well understood. We hypothesized that different classes of microbes
can yield memory that has variable potency in graft rejection.

We activated antigen-specific CD4" (OT-II) and CD8" (OT-I) T cells using cognate
OV Asp;.339 peptide in the presence of two well-studied microbes, intracellular Mycobacterium
tuberculosis (M.Tb OVA) or the ubiquitous fungus Candida albicans (Candida OVA; Figure
3.1A). In this experimental design, CD4" cells are activated and differentially polarized in the
presence of pathogen, but both CD4" and CDS8" cells can respond to OVA expressed in mOVA
skin graft. Both the M.Tb OV A and Candida OVA immunization strategies similarly expanded
OV A-specific CD4" cells compared to unimmunized controls (Figure 3.1B). Candida and M.Tb
OVA immunization yielded similar frequencies of OVA-specific CD4" T cells at day 9, but
absolute numbers of Candida-OVA elicited cells were slightly decreased relative M. Tb-elicited
cells (Figure 3.1B). OVA-specific CD8" T cells were not activated by this immunization strategy
and persisted at similar frequencies in both groups (Supplemental Figure 3.1A). At day 14 post
immunization, OT-II populations contracted to similar frequencies and absolute numbers (Figure
3.1C). When OV A-expressing skin grafts were transplanted to the M.Tb OVA and Candida OVA
groups, both groups of mice rejected mOV A skin grafts with similar kinetics in the absence of
any immunosuppression (Figure 3.1D).

We next investigated the susceptibility of both types of pathogen elicited CD4" cells to
mediate graft rejection in the presence of costimulation blockade. We chose to use CTLA-4 Ig in

the presence of anti-CD154 Ab because in this antigen-specific model of graft rejection CTLA-4
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Ig is ineffective at providing long-term graft survival (210). In the presence of costimulation
blockade, M.Tb OVA immunized mice were protected from graft rejection for > 60 days post
transplantation (Figure 3.1D). In contrast, the majority of Candida OVA immunized mice rejected
their grafts by 20 days post transplant (Figure 3.1D). These results indicate that Th polarization in
the presence of Candida generates a population of CD4" T cells that are resistant to costimulation
blockade. By the time of grafting, the Candida hyphae were cleared, indicating that persistent
infection does not account for the differences in rejection kinetics (Supplemental Figure 3.1B).
To determine the potential role of anti-OVA Ab in graft model, we measured the serum levels of
anti-OVA Abs at 9 days post-immunization. We found that anti-OVA Abs were similar between
M.Tb and Candida groups (Supplemental Figure 3.1C). Costimulation blockade following
transplantation did not affect the levels of pre-existing anti-OV A serum antibody in either the
M.Tb OVA or the Candida OVA group (Supplemental Figure 3.1C). Together, these data suggest
that Candida immunization elicits a population of CD4" Th cells that mediate costimulation
blockade-resistant rejection, and that this result is not due to differential elicitation of anti-OVA

Abs.

Candida immunization elicits a Th17 skewed phenotype compared to M.Tb.

M.Tb and Candida each elicit Th1 and Th17 responses (69, 78). Therefore, we
investigated the phenotype of antigen-specific CD4" T cells during the peak of the effector
response. Restimulation of draining lymph node cells on day 9 post immunization yielded a
significant population of IFN-y" Th1 cells in both groups. The frequencies of Th1 cells were not
different between M.Tb and Candida immunized mice (Figure 3.2A). IL-17 producing Th17 cells
were also found in both groups; however Candida immunization yielded a significantly greater

frequency of Th17 cells than M.Tb immunization (M.Tb OVA 6.69+0.262%, Candida OVA

13.6+1.46%, p = 0.0005, Figure 3.2B). The frequency of Th17 cells were significantly greater in
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pathogen immunized mice compared to mice immunized with OV Aj,3.330 peptide alone (Figure
3.2A-B), demonstrating that the balance of Th1 and Th17 cells in both M.Tb OV A and Candida
OVA immunized mice is due to the pathogen-induced differentiation of naive antigen-specific
cells. These antigen-specific CD4" IL-17 producing cells were bona fide Th17 cells as they
expressed high levels of the lineage-defining transcription factor RORYT (Figure 3.2C) and low
levels of the Th1 transcriptional factor T-bet compared to antigen-specific CD4" IFN-y producing
cells (Supplemental Figure 3.2A). These data suggested that a greater frequency of Th17 cells
might underlie the differential susceptibility of M.Tb and Candida immunized mice to graft

rejection.

M.Tb and Candida elicit similar frequencies of effector memory cells

We further investigated the phenotype of antigen-specific cells polarized by M.Tb and
Candida immunization. We found that both immunizations yielded similar frequencies of
CD44"e" cells, indicating that cells in both of these immunization groups effectively encountered
cognate antigen (M.Tb OVA 84.9+6.3% and Candida OVA 88.5+6.4%, Figure 3.3A). In contrast
to naive antigen-specific CD4" T cells, M.Tb and Candida OVA immunization both yielded a
majority of CD44""CCR7" effector memory cells (Tey) (M.Tb OVA 63.9+10.3% and Candida
OVA 57.5+£6.7%, Figure 3.3B).

M.Tb and Candida immunization has been associated with induction of additional
cytokines, such as IL-2 and TNF (211, 212). To assess the potential role of these cytokines, we
compared the frequencies of IL-2 and TNF in the draining lymph node at the peak of the response
following immunization. We found that M.Tb and Candida immunization yielded similar
frequencies of antigen-specific IL-2" and TNF™ CD4" T cells (Figure 3.2C-D). Both
immunization strategies elicited similar frequencies of Th1l and Th17 cells that co-produced either

IL-2 or TNF (Supplemental Figure 3.2B-C). Together, these data suggest that a high frequency of
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Th17 cells are elicited by Candida immunization and correlate with costimulation blockade

resistant graft rejection

Candida elicited Th17 cells have a more pathogenic phenotype compared to M.Tb elicited
Th17 cells.

Th17 cells have been described that have either protective or pathogenic roles in
mediating inflammation (67). Since Th17 cells were elicited by both M.Tb and Candida, we
investigated differences in the phenotype of Th17 cells from both groups. Th17 cells that co-
express IFN-y have been described at sites of autoimmune inflammation (67). We found a greater
frequency of IL-17 TFN-y" cells in the draining LN of Candida OVA mice compared to M.Tb
OVA mice (M.Tb OVA 2.01+0.315%, Candida OVA 4.15+0.564%, p = 0.0042, Figure 3.4A).
The chemokine receptor CCR6 is associated with the production of IL-17 by CD4" cells (78, 213),
but loss of its expression is characteristic of more pathogenic Th17 cells in multiple models (78,
80). Consistent with previous reports (78, 213), CCR6 expression was high on Th17 cells
compared to Thl cells (p < 0.001, Supplemental Figure 3.3A). However, we found that CCR6
expression levels were significantly lower in Candida elicited Th17 cells compared to M.Tb
polarized Th17 cells (M.Tb OVA 626+19.46 MFI, Candida OVA 492.3+52.45 MFI, p = 0.0422,
Figure 3.4B). CCR6 expression on Thl cells was not different between immunization groups
(Supplemental Figure 3.3B). Together, these findings suggest that Candida-elicited Th17 cells are
skewed towards a pathogenic phenotype.

Conversely, production of the anti-inflammatory cytokine IL-10 has been associated with
protective Th17 cells (69, 80). M.Tb OVA yielded a significantly greater frequency of IL-10"
CD4" T cells than Candida OVA immunization (M.Tb OVA 3.51+0.433%, Candida OVA
1.61+0.345%, p = 0.0040, Figure 3.4C). Additionally, M.Tb OV A mice had a significantly

greater frequency of Th17 cells that co-produced IL-10 (M.Tb OVA 8.17x1.32%, Candida OVA
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3.31+0.844%, p = 0.0059, Figure 3.4D). These data demonstrate that M.Tb elicited Th17 cells
display features that are less pathogenic, and suggest that the inflammatory profile of Candida

and M.Tb elicited Th17 cells might contribute to costimulation blockade-resistant graft rejection.

Th17 cells express greater amounts of CTLA-4 than Th1 cells.

We reasoned that because a greater frequency of Th17 cells in the Candida OV A group is
associated with CTLA-4 Ig resistant graft rejection (Figure 3.1D), the CD28/CTLA-4 pathway
might be differentially expressed on Th1l and Th17 cells. We evaluated the expression of these
molecules in M.Tb and Candida polarized draining popliteal LN OT-II cells. We found that CD28
was constitutively expressed on endogenous CD4" cells and Th1 and Th17 OT-II restimulated
cells from both M.Tb and Candida OVA groups (Figure 3.5A-B, Supplemental Figure 3C). Th1
and Th17 cells expressed similar amounts of CD28 on the cell surface (Figure 3.5B).

CTLA-4 is not expressed on the surface of resting CD4" effector or memory cells, but is
released rapidly from intracellular vesicles following TCR stimulation. Using intracellular
staining, we found that endogenous CD4" T cells express low levels of CTLA-4 (22.7+1.74%
CTLA-4", 1557+99.2 MF], Figure 3.5C-D), consistent with a low frequency of activation. Thl
cells upregulated CTLA-4 expression (61.5+2.41% CTLA-4", Figure 3.5C-D). In contrast, a
significantly greater fraction of Th17 cells were CTLA-4" (74.8+2.51% CTLA-4", p = 0.0006,
Figure 3.5C), and Th17 cells also expressed a greater amount of CTLA-4 than Thl cells
(3870+312 MFI Th1 vs 5665+508 MFI Th17, p = 0.0044, Figure 3.5D). CTLA-4 expression
levels were similar between Th1 and Th17 cells elicited from M.Tb or Candida (Supplemental
Figure 3.3D-E). These data demonstrate that Th1 and Th17 cells have dramatically different
regulation of the CD28/CTLA-4 pathway and suggest that Th17 cells might be resistant to

CTLA-4 Ig due to greater reliance on coinhibitory CTLA-4.
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Th17 cells are less susceptible to CTLA-4 Ig and more sensitive to CTLA-4 coinhibition
than Th1 cells.

We hypothesized that greater expression of coinhibitory CTLA-4 would result in less
suppression of Th17 cells compared to Th1 cells in the context of blockade of CD80/CD86
signals by CTLA-4 Ig. To investigate the differential functionality of physiologically relevant
Th1 and Th17 cells, we purified Candida and M. Tb polarized CD4" T cells and restimulated them
with OV Asj3.339 peptide in the presence of CTLA-4 Ig or control Ig-Fc. In order to robustly assess
the effect of CTLA-4 Ig, which binds to CD80 and CD86 on APCs, we stimulated M.Tb OVA
and Candida OVA CD4" cells in the presence of purified CD11c” DCs, which express high levels
of MHC Class II allele I-A” as well as cosignaling ligands CD80 and CD86 (Figure 3.5E). After 4
days, the absolute number of Thl cells was significantly diminished by CTLA-4 Ig compared to
Ig control (37.7+£5.4% of Ig-Fc, Figure 3.5F-G). In contrast, the number of Th17 cells was
slightly inhibited by CTLA-4 Ig (83.3+18.0% of Ig-Fc, Figure 3.5F-G). When compared to Thl
cell inhibition, Th17 cells were significantly less inhibited by CD28/CTLA-4 blockade (p =
0.0015, Figure 3.5F). As suggested by the similar expression of CD28 and CTLA-4 between
M.Tb and Candida groups, there was no difference in the level of inhibition of either Th1 or Th17
cells in the Candida and M. Tb groups (Supplemental Figure 3.4A).

The coinhibitory function of CTLA-4 has been attributed to several cell intrinsic
functions, such as enhanced phosphatase signaling, competition with CD28 for CD80/CD86, and
exclusion of CD28 from the immunological synapse (139, 214). Recently, cell extrinsic functions
have also been attributed to CTLA-4 on CD4" and CDS8" T cells (164). We hypothesized that
greater expression of coinhibitory CTLA-4 rendered Th17 cells more resistant to CD28/CTLA-4
blockade than Th1 cells owing to greater cell intrinsic coinhibitory function. In order to test this
hypothesis, we specifically blocked CTLA-4 function using a monoclonal Ab that augments

naive OT-II differentiation into Thl cells during activation (135) (Supplemental Figure 3.4B).
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Anti-CTLA-4 mAb very minimally augmented the number of Th1 cells that were co-cultured
with CD11¢" DCs (112+9.6% of IgG, Figure 3.6A-B). In contrast, the number of Th17 cells were
augmented to a significantly greater degree compared to Th1 cells (140+9.2% of IgG, p = 0.0387
Figure 3.6A-B), demonstrating that Th17 cells are more sensitive to CTLA-4 cell intrinsic
coinhibition. There was no difference in the effect of Th1 or Th17 cells between M.Tb OVA and
Candida OV A groups (Supplemental Figure 3.4C). Together, these results suggest that higher
expression of CTLA-4 on Th17 cells correlates to enhanced resistance to CTLA-4 Ig and greater
sensitivity to CTLA-4 coinhibition, findings that suggest CTLA-4 functions as a potent cell

intrinsic coinhibitor on Th17 cells.

Pathogen elicited Th1 and Th17 cells similarly regulate CD154 expression

The differential expression of CTLA-4 on Th17 cells suggests that this pathway plays a
role in the costimulation blockade resistant rejection observed in Candida OVA immunized mice.
To investigate whether the CD40/CD154 pathway, which was also blocked in our skin graft
experiments, played a role in costimulation-blockade resistant rejection, we first investigated the
expression of CD154 on antigen-specific CD4" T cells. CD154 is expressed on activated but not
naive CD4" T cells (Figure 3.7A) (215, 216). We found that overall M.Tb or Candida
immunization resulted in similar expression of CD154 on antigen-specific Th1 and Th17 cells on
day 9 (Figure 3.7A-B). By day 14, the expression levels of CD154 were diminished, but were
similar among Th1 and Th17 cells from M.Tb OVA and Candida OV A mice (Figure 3.7C).

To determine the ability of CD154 blockade to diminish CD4" T cell responses, we
treated antigen-specific CD4" T cells from the draining LNs M.Tb OVA and Candida OV A mice
on day 9 post immunization with dendritic cells in the presence of anti-CD154 mAbs or control
IgG. We found that the proliferation of Th1 and Th17 cells from Candida OVA and M. Tb OVA

mice were inhibited by CD154 blockade (M.Tb Th1 44.7+7.1%, Candida Th1 63.6+5.4%, M.Tb
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Th1 52.8+11.5%, Candida Th17 31.5%£5.3% of IgG, Figure 3.7C). Interestingly, Candida Th17
cells were more inhibited by anti-CD154 than Candida Thl cells. Together, these results
demonstrate that CD154 is not differentially expressed following M.Tb or Candida OVA
immunization, and strongly suggest that the function of the CD154 pathway is not responsible for

the costimulation blockade-resistant rejection observed in Candida OV A mice.

Neutrophils are recruited to skin grafts in a costimulation blockade independent manner by
Candida-elicited T cell responses.

CD4" Th cells coordinate effector responses via recruitment of pro-inflammatory cells,
such as inflammatory macrophages and neutrophils. We investigated the recruitment of these
populations into skin grafts in M. Tb and Candida immunized mice in the presence of
costimulation blockade. Macrophages are associated with a Thl type inflammation, while
neutrophils are potently recruited to sites of inflammation by IL-17.

Macrophages were recruited into the grafts at similar frequencies between M.Tb and
Candida groups (Figure 3.8A-B). Treatment with costimulation blockade diminished these
populations in both groups (Figure 8A-B), suggesting that macrophages are not involved in
effecting rejection. Neutrophils were also recruited into the graft to similar degrees in M.Tb and
Candida mice (Figure 3.8C-D). In M.Tb OV A mice, however, costimulation blockade inhibited
the population of neutrophils to a significant degree (p = 0.0263, Figure 3.8C-D). Candida OVA
mice treated with costimulation blockade did not diminish the recruitment of neutrophils (Figure
3.8C-D). These data suggest that a Th17 type inflammation mediates costimulation blockade

resistant graft rejection in Candida OV A mice.
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Discussion

In this study, we investigated the capacity of pathogen elicited graft-specific CD4" T cells
to induce graft rejection. We found that while Thl frequencies were similarly elicited by M.Tb
and Candida immunization, a Th17 skewed response correlated with costimulation blockade
resistant graft rejection in Candida immunized mice. Our results demonstrate that both the degree
of Th17 pathogenicity and the frequency of CTLA-4 Ig resistant Th17 cells contribute to the
observed costimulation blockade resistance in Candida OV A mice.

Distinct Th17 phenotypes correlated with pathogenicity in models of autoimmunity (67).
We found that Candida-elicited effector cells contained more IL-17 TFN-y" double-producers, a
finding that has been associated with expression of the IFN-y/Th1 transcription factor T-bet and
associated with pathogenic Th17 cells at sites of autoimmune inflammation (68, 69, 71, 73).
Reduced expression of CCR6 in these mice is also congruent with previous reports demonstrating
that the loss of CCR6 correlates with IL-17 TFN-y" pathogenic Th17 cells (78, 80). M. Tb elicited
Th17 cells, on the other hand, displayed a more “classical” protective phenotype, typified by a
greater proportion of IL-17 single producers, higher CCR6 expression, and greater production of
the anti-inflammatory cytokine IL-10. In particular, IL-10 production by Th17 cells has been
identified as a key feature of less pathogenic cells (69, 80). M.Tb mice contained a greater
frequency of IL-17'1L-10" cells, a finding that has been associated with bystander suppression of
CDS8" effector cells in a model of autoimmunity (69). Recent reports have demonstrated that a
pathogenic Th17 phenotype is dependent on IL-23 that is induced TGF-B3 production (80, 212,
217-219). Our results extend previous reports using in vitro polarized cells by establishing that
the degree of pathogenicity of microbe-elicited Th17 cells in vivo can vary depending on the

specific microbe.
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Importantly, this study also establishes that pathogen elicited Th17 cells have a
CD28/CTLA-4 expression profile that is distinct from Th1 cells. Th17 cells expressed
significantly more CTLA-4 upon restimulation compared to Th1 cells, suggesting that Th17 cells
might be more susceptible to CTLA-4 coinhibition. In ex vivo blockade experiments, we
observed a modest effect of CTLA-4 mAb on Th1 responses, which may be explained by some
degree of mAb cross-linking induced negative signaling in our cultures. However, the
significantly enhanced augmentation of Th17 responses relative to Thl responses strongly
suggests both a potent cell intrinsic role for coinhibitory CTLA-4 on Th17 cells and greater
sensitivity to CTLA-4 blockade, both findings that correlate with high expression of CTLA-4 on
Th17 cells. Several recent studies have demonstrated a cell extrinsic role for CTLA-4 in CD8"
and CD4" T cells (154-157, 168). While our results demonstrate cell intrinsic effects on Th1 and
Th17 cells, we cannot rule out an additional cell extrinsic role for CTLA-4 based on our
experiments. The relative rarity of Th17 cells in healthy and inflamed tissues has been described
in mouse models and human disease (67, 87, 220). High CTLA-4 expression on Th17 cells
presents another contributing mechanism to the low frequency at which these cells are found.
Thus, our study modifies previous understanding of coinhibitory CTLA-4 on an inflammatory
CD4" lineage and demonstrates a novel role for CTLA-4 on Th17 cells.

Blockade of the CD28/CTLA-4 pathway has proven to be effective at the modulation of
pathogenic T cell responses in the context of rheumatoid arthritis and renal transplantation (207).
However, the relative resistance of Th17 cells to CD28/CTLA-4 blockade has important
implications for the further development of this reagent, as Th17 cells play a role in
autoimmunity and GVHD, and have been reportedly involved in renal, lung, and liver allograft
rejection (91-94). Furthermore, reports of the ineffectiveness of CTLA-4 Ig compounds in
treating autoimmune diseases with Th17 components (IBD, MS, and SLE) further suggests that
our findings have clinical relevance. These data imply that conceivably, CTLA-4 Ig therapy for

following renal or bone marrow transplantation could be more selectively administered to



individuals for whom alloreactive Th17 populations are not prominent. In addition, this study
provides a compelling mechanistic explanation to justify identifying new molecular targets to

inhibit pathogenic Th17 cells.
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Figure 3.1. Candida elicited CD4™ T cells can mediate costimulation blockade resistant graft

rejection. (A) Mice were adoptively transferred with 10° OT-I and OT-II cells 24 h before

immunization with M.Tb or Candida and OV A peptide. (B-C) Draining popliteal LNs were

isolated on (B) day 9 or (C) day 14 post-immunization and the frequency and absolute number of

of Thy1.1" OT-II cells were determined (p = n.s., n = 10-12/group, 2 experiments). (D-E) At 14 d

post-immunization, mice were transplanted with mOV A skin and monitored for graft survival (n

= 13-14/group, 3 experiments). (D) Mice were left untreated (p = n.s.) or (E) treated with 500 ug

each CTLA-4 Ig and anti-CD154 (p = 0.0002). Statistical comparisons performed using unpaired

two-tailed Student’s t-test (B) and log rank test (D-E), *p < 0.05, ***p < 0.0005. No Immun., no

immunization control.
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Figure 3.2. Candida elicits a higher frequency of Th17 cells than M.Tb. Draining popliteal

LNs from M.Tb OVA and Candida OV A mice were collected on day 9 post-immunization and

restimulated for 4 h with PMA/Iono (n = 10-13/group, 2 experiments). The frequencies of (A)

IFN-y" Thl and (B) IL-17" Th17 cells among antigen-specific CD4" T cells (p = 0.0005). (C)
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Expression of RORYT expression on Thl and Th17 cells. Statistical comparisons performed using

unpaired two-tailed Student’s t-test, ***p<0.0005.
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Figure 3.3. M.Tb and Candida elicit a similar CD4" Tgy phenotype. (A-B) Draining popliteal

LNs from M.Tb OV A and Candida OVA were collected on day 14 post immunization (n = 7-

8/group, 2 experiments). (A) The frequency of antigen-specific OT-11 CD44"" cells in both

groups. (B) The frequency of OT-II Tgy and Tewm cells by CD44 and CCR7 expression. (C-D)

Draining popliteal LNs from M.Tb OVA and Candida OVA were collected on day 9 post

immunization and restimulated for 4 h with PMA/Iono. Frequency of (C) IL-2 and (D) TNF

expression among OT-II CD4" T cells (n = 10-13/group, 2 experiments). Statistical comparisons

performed using unpaired two-tailed Student’s t-test, *p<0.05.
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Figure 3.4. Candida elicits more pathogenic Th17 cells than M.Tb. Draining popliteal LNs
from M.Tb OVA and Candida OVA mice were collected on day 9 post-immunization and
restimulated for 4 h with PMA/Iono (n = 7-12/group, 2 experiments. (A) The frequency of IFN-
y'IL-17" cells among OT-II cells (p = 0.0042). (B) CCR6 expression was assessed on OT-II Th1
and Th17 cells (p = 0.0422). (C) The frequency of IL-10" cells among OT-II cells (p = 0.0040).
(D) The frequency of IL-10"IL-17" cells among OT-II IL-17" cells was assessed (p = 0.0035) Bar
graphs show average + SEM. Statistical comparisons performed using unpaired two-tailed

Student’s t-test, *p<0.05, **p<0.005.
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Figure 3.5. Th17 cells express higher levels of CTLA-4 and are less susceptible to CTLA-4
Ig than Th1 cells. Draining popliteal LNs from M.Tb OVA and Candida OVA mice were
collected on day 9 post-immunization and (A-D) restimulated for 4 h with PMA/Iono or (E-F) co-
cultured with OV As;;.330 and DCs in the presence of CTLA-4 Ig or IgG-Fc for 4 d before brief
PMA/Iono restimulation. Data shown depict Th1 and Th7 OT-II cells from both immunization
groups (n = 16-21/group, 3-4 experiments). (A) The frequency of CD28" and (B) CD28
expression level on antigen-specific Th1 and Th17 cells (p = n.s.). (C) The frequency of CTLA-4"
(p = 0.0006) and (D) CTLA-4 expression level (p = 0.0044) on OT-II Thl and Th17 cells. (E)
CDI11c” DCs were purified from naive splenocytes and analyzed for MHC Class I I-A°, CD80,
and CD86 expression. (F) M.Tb OVA and Candida OVA CD4" T cells were co-cultured with
DCs for 4 d in the presence of CTLA-4 Ig IgG-Fc control followed by brief PMA/Iono
restimulation. (F) Representative frequencies (top number) and absolute numbers (bottom

number) of OT-II Thl and Th17 cells without PMA/Iono restimulation (first row) or with

restimulation (middle/bottom rows, p = 0.0015). Bar graphs include average + SEM. Statistical
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comparison performed using (A-D) unpaired or (F) paired two-tailed Student’s t-test. **p<0.005.
Endog. CD4", endogenous CD4" T cells. DCs, CD11c" splenic dendritic cells. Isotype, IgG

isotype control antibody.
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Figure 3.6. Th17 Cells are more susceptible to CTLA-4 coinhibition than Th1 cells. Draining
popliteal LNs from M. Tb OV A and Candida OV A mice were collected on day 9 post-
immunization and co-cultured with OV A3,3.339and DCs in the presence of anti-CTLA-4 or IgG
for 4 d before brief PMA/Iono restimulation. Data shown depict OT-II Th1 and Th7 cells from
both immunization groups (n = 13-15/group, 3 experiments). (A) Representative frequencies (top
number) and absolute numbers (bottom number) of OT-II Th1 and Th17 cells without PMA/Iono
restimulation (first row) or with restimulation (middle/bottom rows) (B) Th1l and Th17 cell
numbers from M.Tb OVA and Candida OV A groups following anti-CTLA-4 blockade (p =
0.0387). Bar graphs depict average + SEM. Statistical comparison performed using unpaired two-
tailed Student’s t-test *p<0.05. Endog. CD4", endogenous CD4" T cells. DCs, CD11c" splenic

dendritic cells. Isotype, IgG isotype control antibody.
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Figure 3.7. Th1 and Th17 cells express similar levels of CD154 and are inhibited by CD154
blockade. Draining popliteal LNs from M.Tb OVA and Candida OV A mice were collected on
day 9 or day 14 post-immunization and restimulated for 4 h with PMA/Iono (n = 5-7/group, 2
experiments) or (D-E) co-cultured with OV As;3.330 and DCs in the presence of anti-CD154 or IgG
for 4 d before brief PMA/Iono restimulation (n = 8-9/group, 2 experiments). (A) Representative
histograms and (B) CD154 expression of naive OT-1I, M.Tb OVA, or Candida OVA LN cells on
day 9 post immunization. (C) CD154 expression of naive OT-II, M.Tb OVA, or Candida OVA
LN cells on day 14 post immunization. (D) Representative frequencies (top number) and absolute
numbers (bottom number) of OT-II Th1 and Th17 cells without PMA/Iono restimulation (first
row) or with restimulation (middle/bottom rows). (E) Th1l and Th17 cell numbers from M.Tb
OVA and Candida OVA groups following anti-CD154 blockade (Candida Th1/Th17 p = 0.0008).
Bar graphs depict average + SEM. Statistical comparison performed using unpaired two-tailed

Student’s t-test *p<0.05, **p<0.005. IgG, isotype control antibody.



76

A. Graft Infiltrating B. Graft Infiltrating
Macrophages Neutrophils
No Costimulation No Costimulation
Treatment Blockade Treatment Blockade
By = AR A
MTb g =% M.Tb ) A |
OVA =SeTEiiis g OVA &' /%374 G,
Wi, [ Py he e o B
o w L Y R
R AN . / X AN 9
Candida & = S50 Candida Lo 5y g 418
OVA [l gl 2 - OVA ey M Ny Yy
' N DR " N Ly [
o » o
ns
ns
o8 s
2 2
;6 \54
24 23
3 82
g e
g g1
a g a o
CoB - + + CoB - + - o+
M.Tb Candida M.Tb  Candida
OVA OVA OVA OVA

Figure 3.8. Candida polarized mice have greater neutrophil recruitment to skin grafts in the
presence of CTLA-4 Ig. M.Tb OVA and Candida OV A mice received an OV A skin transplant
on day 14 post-immunization. Mice were left untreated or were treated with 500 ug each CTLA-4
Ig and anti-CD154. On day 6 post-graft skin grafts were harvested and snap frozen for
histological analysis of (A) macrophage or (B) neutrophil infiltration. Cellular infiltration was
quantified using Aperio ImageScope software (n = 20-22 image fields/group). Bar graphs show
averagex=SEM. Statistical analysis was performed using one-way ANOVA with Bonferroni post

test. *p<0.05, **p<0.005, ***p<0.0005.
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Supplemental Figure 3.1. M.Tb and Candida immunization and costimulation blockade
treatment yields similar levels of CD8" OT-I cells and anti-OVA antibodies. Mice were
adoptively transferred with 10° OT-I and 10° OT-II cells and immunized with M.Tb or Candida
with OV Asjs.339 peptide. (A) At 9 days post immunization OT-I cell frequencies were determined
in the spleen (p = n.s., n = 5/group). (B) Positive control Candida hyphae cultures, foot pads from
day 14 post immunized Candida OVA mice (n = 15, 3 independent experiments) or foot pads
from naive B6 mice were minced and cultured overnight and colony forming units were
quantified. (C) Mice received an OV A skin graft and were untreated or treated with CTLA-4 Ig
and anti-CD154, 10 days post transplant anti-OV A antibodies were measured in the blood using

ELISA (p =n.s. all groups, n = 2-3/group). CFU, colony forming units.
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Supplemental Figure 3.2. M.Tb and Candida elicited Th1 and Th17 cells express similar
levels of T-bet and contain similar frequencies of IL-2 and TNF co-producers. Draining
popliteal LNs from M.Tb OV A and Candida OV A mice were collected on day 9 post-
immunization and restimulated for 4 h with PMA/Iono to identify Th1 and Th17 cells. (A) T-bet
expression among OT-II Th1 and Th17 cells or in vitro Th1 polarized OT-II cells. (B) Frequency
of IL-2" cells among OT-II Th1 (left) or Th17 (right) cells. (C) Frequency of TNF" cells among

OT-II Th1 (left) or Th17 (right) cells. Bar graphs depict average + SEM. Statistical comparison

performed using unpaired two-tailed Student’s t-test, *p<0.05.
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Supplemental Figure 3.3. M.Tb and Candida elicited Th17 cells express more CCR6 and

CTLA-4. Draining popliteal LNs from M.Tb OVA and Candida OVA mice were collected on

day 9 post-immunization and restimulated for 4 h with PMA/Iono to identify Th1l and Th17 cells.

(A) CCR6 expression on OT-II Th1 and Th17 cells populations (p < 0.0001, n = 7-10/group). (B)

CCRG6 expression on OT-II Thl cells from M.Tb OVA and Candida OVA mice (p =n.s.,n = 3-

4/group). Frequency of (C) CD28" cells, (D) CTLA-4" cells, and (E) CTLA-4 expression among

M.Tb OVA and Candida OVA Thl and Th17 cells. Bar graphs depict average + SEM. Statistical

comparison performed using unpaired two-tailed Student’s t-test, *p<0.05.
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Supplemental Figure 3.4. Th1l and Th17 cells from M.Tb and Candida are similarly
inhibited by CTLA-4 Ig and augmented by anti-CTLA-4. Purified CD4" T cells from the
draining popliteal LNs of M.Tb OVA and Candida OVA mice were co-cultured with CD11c"
DCs and OV As,;3.339 peptide for 4 days in the presence costimulation blockade or control
molecules followed by brief PMA/Iono restimulation. (A) Effect of CTLA-4 Ig treatment of
M.Tb OVA or Candida OVA mice relative to Ig-Fc control (9-13/group, 3 experiments). (B)
Naive OT-II splenocytes were stimulated with OV As,3.339 peptide in the presence of CTLA-4 Ig,
anti-CTLA-4 or control molecules for 4 days followed by brief PMA/Iono restimulation. Left,
representative frequencies of OT-II Th1 cells. Right, relative effect of CTLA-4 Ig or anti-CTLA-
4 on Thl cell frequency normalized to Ig control molecule (n = 5-8/group, 3 experiments). (C)
Effect of anti-CTLA-4 treatment of M.Tb OV A or Candida OV A mice relative to IgG control.
Bar graphs depict average + SEM. Statistical comparison performed using unpaired two-tailed

Student’s t-test, *p<0.05.
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Chapter 4. High CTLA-4 Expression Corresponds with Diminished FOXO3 Expression on

Human Th17 Memory Cells

Introduction

During a recall response, memory T cells maintain the functional and phenotypic
properties that reflect their priming conditions (48). Recent studies have shown that pathogen-
primed memory T cells can cross-react with alloantigen (16, 41) and that alloreactive T cells are
inherently more polyspecific for peptide:MHC than conventional T cells (42, 44), suggesting that
the alloreactive memory T cell pool reflects the pathogen-specific stimulation history of an
individual.

The heterogeneity of T cell memory recall responses is critically important for transplant
recipients receiving lifelong immunosuppression to prevent T cell mediated graft rejection. Th17
cells, which provide protective immunity to fungi and extracellular bacteria and can be
pathogenic in autoimmune diseases such as multiple sclerosis (MS), inflammatory bowel disease
(IBD), and systemic lupus erythematosus (SLE) (48, 197, 221, 222). Recently, our lab showed
that Th17 cells were associated with acute cellular rejection in renal transplant recipients treated
with the CTLA-4 Ig derivative belatacept. Th17 cells were also uniquely resistant to
CD28/CTLA-4 blockade with belatacept in vitro (138, 171). Interestingly, CTLA-4 Ig and its
derivatives have shown limited efficiacy in clinical trials of MS, IBD and SLE (102, 201, 202).
Together, these results demonstrate that Th17 cells might be ineffectual against Th17 populations
in vivo. However, the mechanism of this resistance remains unclear.

There are conflicting reports about the costimulation requirements of murine and human
Th17 cells. Recent studies independently suggesting that either CD28 or CTLA-4 signals can
suppress Th17 differentiation (83-85), that human Th17 clones are uniquely sensitive to CD28

stimulation (87), and that alternate costimulatory molecules are required to optimally differentiate
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Th17 cells (84, 86, 88, 89). Our lab showed that human and murine Th17 cells express similar
levels of CD28 but significantly higher levels of coinhibitory CTLA-4 (138, 171).

Here we show that human Th17 memory cells are resistant to selective CD28 blockade.
High CTLA-4 expression on Th17 cells was dependent on CD28 signals, and did not reflect an
overall difference in activation status of Thl and Th17 cells. Overall, Th17 cells expressed less of
the transcription factor FOXO3, which is known to bind upstream of the CTLA-4 gene,
suggesting that this molecule controls high CTLA-4 expression in Th17 memory cells. This study
demonstrates important differences in the cosignaling pathways of CD4" T cells, which has
important implications for immunomodulation of memory T cells in transplantation and

autoimmunity.

Results & Discussion

Human Th17 cells are resistant to selective CD28 blockade

Previously, our lab has shown that Th17 cells express high levels of CTLA-4 in response to
PMA/Ionomycin stimulation (138). Human Th17 cells are resistant to the CD28/CTLA-4 blocker
CTLA-4 Ig (belatacept, (138)). We questioned whether CD28 or CTLA-4 signals were primarily
responsible for this observation. Using an anti-CD28 domain antibody (dAb), which contains a
single antigen binding site and thus is unable to be cross-linked via Fc receptors (223), we
selectively inhibited CD28 signals during polyclonal stimulation with anti-CD3. We found that
primary and memory Th1 cells were effectively inhibited (Figure 4.1A). Th17 memory cells, in
contrast, were not inhibited by CD28 blockade (Figure 4.1A). To rule out unanticipated activation
of CD28 on Th17 cells, we performed this assay in the presence of CD28 ligation. We found that
Th1 populations were augmented by CD28 signals, while Th17 memory cells were inhibited by
CD28 signals (Figure 4.1B). Together, these results demonstrate that CD28 signaling has

remarkably different outcomes on Th1l and Th17 populations.
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Th1 and Th17 cells are similarly activated by CD28 signals

Recent work has demonstrated that human Th17 clones are hyporesponsive to TCR
signals and simultaneously uniquely sensitive to CD28 signals (87). We questioned whether high
CTLA-4 expression on Th17 cells was indicative of greater global cellular activation by CD28
ligation compared to Thl cells. To minimize engagement of other costimulation pathways, we
purified CD4" T cells and activated them in the presence of CD3 or CD3/CD28 beads. We found
that primary Th1, memory Th1, and memory Th17 cells expressed similar levels of CD69
following TCR stimulation alone (Figure 4.2A). The addition of CD28 signals upregulated CD69
expression to similar degree on all three populations (Figure 4.2A). The expression of CD25 is
also associated with activation of T cells. We found that Th1 and Th17 populations expressed
similar levels of CD25 following activation and that CD28 signals did not affect CD25
expression (Figure 4.2B). However, in the presence of strong TCR ligation, the expression of
CTLA-4 was significantly upregulated in Th17 cells (p<0.05, Figure 4.2C). The addition of CD28
signals further upregulated CTLA-4 on Th17 cells (p<0.01, Figure 4.2C). Together, these results
demonstrate that Th1 and Th17 cells express similar levels of the global activation markers CD69
and CD25 following TCR or TCR and CD28 signals. Th17 cells are programmed to express
significantly higher levels of CTLA-4, and a significant portion of this expression is mediated by
CD28 signaling.

De novo Ctla4 gene expression is induced by both CD3 and CD28 signaling pathways
(139, 140). However, several putative transcription factor binding sites have been identified
upstream of CTLA-4, and the relative importance of these signals is not known (139, 224).
However, experimental evidence suggests that a significant portion of CTLA-4 expression has
been shown to be induced by CD28 signals. Indeed, early studies and our work have
demonstrated that CD28 signals are required for optimal CTLA-4 expression (135, 137, 138).

These results demonstrate that Th17 cells are programmed to express high levels of CTLA-4 in
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response to strong TCR stimulation, but that a significant portion of CTLA-4 expression in these

Th17 memory cells is dependent on CD28 signals.

FOXO3 expression correlates inversely with CTLA-4 expression

Intracellular signals downstream of CD28 are transmitted through PI3K-Akt-mTOR axis,
which terminate in the transcription factors FOXO1 and FOXO3 in T cells (225, 226). Mouse
models of FOXO1 and FOXO1/FOXO03 deletion have diminished CTLA-4 expression on CD4"
populations (141, 227, 228). Recent work has demonstrated that IL-17 production by human
Th17 cells is uniquely reliant on Akt, PI3K, and FOXO1 (229), and that Akt is constitutively
activated in human Th17 cells (228). However, a specific connection between FOXO and CTLA-
4 expression has not been shown.

We found that in resting CD4" T cells, FOXO1 and FOXO3 were expressed at high
levels (Figure 4.3A-B). Following stimulation, FOXO1 and FOXO3 expression was
downregulated, consistent with their known targeted degradation (Figure 4.3A-B). We next
questioned whether FOXO expression correlated with CTLA-4 expression. Gating on high,
medium, and low expression of FOXO1 revealed that all three of these populations expressed
similar levels of CTLA-4 (Figure 4.3C). Stratification of FOXO3 with similar gates, however,
revealed that the loss of FOXO3 expression correlated with higher CTLA-4 expression (Figure
4.3D). Together, these results demonstrate that FOXO is dynamically controlled following T cell
stimulation, and suggests that lower FOXO3 expression correlates inversely with CTLA-4

expression.

FOXO3 expression is diminished in Th17 cells
We questioned whether the loss of FOXO3 expression correlated with high CTLA-4
expression in Th17 memory cells. We investigated the expression of FOXO1 and FOXO3 on Th1

populations. Th1l and Th17 populations expressed similar levels of FOXO1 (Figure 4.4A).
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However, FOXO3 expression was significantly lower on Th17 cells compared to both Thl
primary and memory populations (p<0.01, Figure 4.4B). This is the first description of
differential regulation of FOXO expression on human CD4" T cell subsets. Together, these data
strongly suggest that lower FOXO3 correlates with the high expression of CTLA-4 on Th17
memory cells.

In sum, this study demonstrates that the resistance of Th17 cells to belatacept is mediated
through differences in CD28 signaling that result in high CTLA-4 expression. These results
demonstrate that cosignaling differences can have profound implications in cellular function and

has implications for immunomodulation of pathogenic Th17 populations.

Materials & Methods

Cells and Stimulations. Fresh peripheral blood mononuclear cells (PBMC) were isolated from
normal healthy donors using protocols approved by the Emory University Institutional Review
Board (IRB #00006248) using BD Vacutainer CPT tubes (BD Diagnostics). In some experiments,
cells were frozen in 10% DMSO and 50% FBS and stored in liquid nitrogen. Cells were thawed
and rested overnight at 37°C before stimulations. Cells were cultured in a 96 well plate in RPMI
supplemented with 10% FBS (Mediatech, VA), 2.4 mM L-glutamine, and 10 uM 2-
mercaptoethanol (Sigma). For PMA/Iono stimulations, cells were stimulated with 30 ng/mL PMA
and 400 ng/mL Ionomycin (Sigma) for 4 h, 10 ug/mL GolgiStop (BD Biosciences) was added for
the final 3 h. For anti-CD3 stimulations, fresh or frozen PBMC were stimulated with 1 ug/mL
functional grade anti-CD3 (OKTS3; eBiosciences) for 4 hours, with 10 ug/mL GolgiStop (BD
Biosciences) added for the final 3 h. For detection of CTLA-4 upregulation, 5x10°/mL PBMC

were cultured in media with 0.5 ug/mL anti-CD3 (OKT3, eBiosciences) and 5 ug/mL CTLA-4 Ig
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(Bristol-Meyers Squibb) or IgG-Fc (BioXCell) for 5 h in 96 well U-bottom plates. For the final 4

h, anti-CTLA-4 PE and 10 ug/mL GolgiStop (BD Biosciences) was added.

Proliferation Assay. 3x10°/mL PBMC were cultured in media with 1 ug/mL anti-CD3 (OKT3,
eBiosciences) and either 10 ug/mL anti-CD28 mAb (clone CD28.2, BD Biosciences), 10 ug/mL
anti-CD28 mAb (clone 9.3, BioXCell), or 10 ug/mL anti-CD28 dAb (Bristol-Myers Squibb) in
96-well flat bottomed plates for 3 d at 37 °C. After 3 d, CountBrite beads were added (Invitrogen)
and cells were transferred to 96 well U-bottom plates and stimulated with PMA/Ion as described
above. Some cultures were restimulated with 30 ng/mL PMA and 400 ng/mL Ionomycin (Sigma)

for 4 h, and 10 ug/mL GolgiStop (BD Biosciences) was added for the final 3 h.

Anti-CD28 bead stimulations. Fresh or frozen PBMC were isolated as described. In some
experiments, CD4" T cells were isolated using CD4" T cell isolation kit II (Miltenyi) according to
manufacturer’s instructions. CD4+ T cells were stimulated using CD3/Ig or CD3/CD28
stimulation M450 beads. Beads were prepared using M450 Dynal polystyrene beads (Invitrogen)
and conjugating 5 ug each of anti-CD3 (OKT3) with anti-CD28 (9.3) or human IgG-Fc
(BioXCell) according to manufacturer’s instructions. Cells were stimulated with beads at a 1:3

ratio for 5 h, with 10 ug/mL GolgiStop (BD Biosciences) and anti-CTLA-4 PE for the final 4 h.

Human Surface and Intracellular Staining for Flow Cytometry. Surface anti-CTLA-4 was
detected by adding anti-CTLA-4 PE (BN13) during stimulations as described above (230).
Surface antigen staining was performed for 15 min at 23 °C using the following antibodies: CD3
(UCHT-1), CD4 (L200 or RPA-T4), CD8 (RPA-TS), CD14 (M5E2), CD19 (HIB19), CD25
(BC96), CD28 (CD28.2), CD69 (FN50), CD45RA (HI100). For cytokine analysis, cells were

prepared for intracellular staining following manufacturer’s protocol (BD Biosciences Fix/Perm
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Kit) and stained with the following antibodies: IFN-y (45.B3), and IL-17A (eBio64DEC17).
Detection of FOXO1 (clone C29H4) and FOXO3a (clone 75D8) was performed using 500 ng
mADb per test with PE Anti-rabbit F(ab’), secondary (all from Cell Signalling Technology) and the
FOXP3 Fix/Perm kit (eBiosciences). Samples were analyzed using an LSR 1II flow cytometer (BD

Biosciences), and data was analyzed using FlowJo software (Treestar, San Carlos, CA).

Statistical Analysis. Frequencies of cytokine production and relative protein expression levels
were assessed using Student’s t-test (two-tailed) or one-way ANOVA with Bonferroni post test.
Comparisons of anti-CD3/Ig vs anti-CD3/anti-CD28 beads were performed using two-way
ANOVA with Bonferroni post test. Significance was determined as *p<0.05, **p<0.01,

#4%£p<0.001.
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Figure 4.1. CD28 mediates divergent signaling outcomes on Th1 and Th17 memory cells.)
Health donor PBMC were stimulated with anti-CD3 in the presence of CD28 blockade or ligation
for 3 d, followed by brief restimulation with PMA/Iono to assess the frequency of Thl primary,
Th1 memory, and Th17 memory populations. (A) Cells were stimulated in the presence of anti-
CD28 dAbs or control dAb (Thl primary vs Thl memory p<0.05, Thl primary vs Th17 memory
p<0.001, Thl memory vs Th17 memory, p<0.001). (B) Cells were stimulated in the presence of
anti-CD28 mAb or control IgG (Th1 primary vs Thl memory p<0.01, Th1 primary vs Th17
memory p<0.001, Thl memory vs Th17 memory, p<0.05). All experiments depict >6 donors
from >3 independent experiments. *p<0.05, **p<0.01, ***p<0.001. PBMC, peripheral blood

mononuclear cells. dAbs, domain antibodies.
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Figure 4.2. Th1 and Th17 cells are similarly activated by TCR and CD28 signals. Purified
CD4" T cells were stimulated with beads coated with anti-CD3 with IgG, or anti-CD3 and anti-
CD28 for 5 h and expression of surface molecules was assessed on primary Th1, memory Thl,
and memory Th17 populations. (A) CD69 expression, (B) CD25 expression or (C) surface
CTLA-4 expression (CD3/Ig Thl memory vs Th17 memory p<0.05, CD3/CD28 Thl memory vs
Th17 memory p<0.001, Th17 CD3/Ig vs CD3/CD28 p<0.001. Experiments depict >8 donors

from >3 independent experiments. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.3. CTLA-4 expression correlates inversely with FOXO3 expression. PBMC were

stimulated with PMA/Ion for 4 h and intracellular expression of FOXO1 and FOXO3 were

assessed. Resting and stimulated CD4" primary and CD4 " memory population expression of (A)

FOXO1 (CD4" primary resting vs stimulated p<0.01, CD4" memory resting vs stimulated

p<0.01) and (B) FOXO03 (CD4" primary resting vs stimulated p<0.001, CD4" memory resting vs

stimulated p<0.001). (C) Expression of CTLA-4 within high, medium, and low FOXO1

populations on CD4+ T cells. (D) Expression of CTLA-4 within high, medium, and low FOXO3

populations on FOXO03 CD4+ T cells. *p<0.05, **p<0.01, ***p<0.001. PBMC, peripheral blood

mononuclear cells.
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Figure 4.4. Th17 memory cells express less of the transcription factor FOXO3. PBMC were
stimulated with PMA/Ion for 4 h and intracellular expression of FOXO1 and FOXO3 were
assessed. Primary Th1l, memory Thl, and memory Th17 expression of (A) FOXO1 and (B)
FOXO3 (Primary Thl vs memory Th17 p<0.001, memory Thl vs memory Th17 p<0.01).

Experiments depict >6 donors from >3 independent experiments. *p<0.05, **p<0.01, ***p<0.001.

PBMC, peripheral blood mononuclear cells.
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Chapter S. Low Affinity Memory CD8+ T Cells Mediate Robust Heterologous Immunity

Introduction

Following encounter with microbial antigen, T cells can differentiate into memory cells
with a multitude of phenotypic profiles in order to provide long-lasting protection against
subsequent encounters with pathogens (3, 231). In settings of transplantation, microbe-elicited T
cell memory can also cross-react with allogeneic antigen and mediate graft rejection, a process
termed allogeneic heterologous immunity (12, 41). Memory T cells are recognized as a barrier to
many immunomodulation strategies aimed at limiting alloreactive T cell responses (4).

The strength of TCR interaction with peptide:MHC is known to have a critical impact on
the subsequent differentiation of the T cell (189-191, 195). Several studies have investigated the
effects of limited or chronic antigen exposure (232-236) and of TCR priming affinity (191, 194,
196, 237) on the differentiation of effector and memory CD8" T cells. Recently, it has been
shown that low affinity priming can lead to stable memory T cell responses capable of secondary
recall and that low affinity cells can drive autoimmune responses (191, 196, 238), highlighting
the importance of understanding the role of low affinity T cells during pathologic immune
responses.

The affinity of the TCR for antigen is also likely a critical facet of allogeneic
heterologous immunity. In this scenario, memory CD8" T cells that were primed with microbial
antigen can recognize a unique cross-reactive allogeneic antigen, and each of these interactions is
likely have a distinct affinity. Indeed, memory T cells recognizing allogeneic antigen have been
measured to have a similar range of affinities as those against tumor and microbial antigens (12).
Recent work has also demonstrated that allogeneic T cells are suited to recognize a greater
number of peptide:MHCs than conventional T cells, providing strong evidence that allogeneic T

cell interactions occur over a range of high and low TCR affinities (42-44).
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In the context of allogeneic heterologous immunity, however, the contribution of TCR
priming affinity is poorly understood. In particular, the functional consequences of distinct
priming and secondary restimulation affinities on memory CD8" T cell populations are not well
defined. Here we found that low affinity priming affinity dictates a distinct differentiation
program compared to high affinity priming that is characterized by high CD45RB and CD62L
expression. Low affinity primed CD45RB" cells were capable of robust secondary responses and,
strikingly, mediated faster graft rejection kinetics. High CD45RB expression tuned low affinity
primed memory CDS8" T cells to better respond upon heterologous rechallenge, as sorted
CD45RB" cells proliferated better than CD45RB" cells, and blockade of CD45RB prolonged
graft rejection after low affinity priming. The secondary effector phenotype of low affinity
primed cells was associated with concurrent downregulation of CD45RB and enhanced IL-2
production. This study establishes a novel connection between the affinity of CD8" T cell priming
and CD45-mediated T cell tuning, and provides mechanistic insight into the functionality low

affinity T cells in transplantation, protective immunity, and autoimmunity.
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Results

Low affinity CD8" T cell priming efficiently generates memory cells

The affinity of TCR interactions during priming impacts CD8" T cell programming
during effector and memory phases (3, 189, 190). We utilized the OV A-based TCR transgenic
system in which congenically labeled OT-I T cells are primed during infection with an acutely
cleared Listeria monocytogenes strain engineered to express single amino acid substitutions of the
OT-I epitope SIINFEKL (N4 OV A), thus creating lower altered peptide ligands (APLs) that are
recognized by OT-I T cells (191). Each of these APLs has a lower functional avidity relative to
N4 OVA as follows: SIIQFEKL (Q4 OVA) 18.3 fold, SHTFEKL (T4 OVA) 70.7 fold, and
SHVFEKL (V4 OVA) 680 fold (191).

We found that the peak of proliferative response in the blood was proportional to the
strength of priming TCR stimulation (Figure 1A). Previous studies have demonstrated that the
low affinity V4 OVA APL is capable of generating stable memory populations (191). However,
the relative efficiency of differentiation into memory precursor cells, which are detectable among
primary effector cells, is not known. Using the markers KLRG-1 and CD127 to distinguish short-
lived effector CD8" T cells (KLRG-1" CD127'°) and memory precursor CD8" T cells (KLRG-1"
CD127",(3)) we found that high affinity N4 or low affinity V4 OVA priming generated similar
frequencies of both of these populations (Figure 5.1B).

Using an enrichment technique to reliably detect and quantify very low frequency OT-I
memory T cells (239), we found that high affinity N4 and low affinity V4 OV A primed cells
formed memory populations in secondary lymphoid organs (Figure 5.1C). Low affinity V4 OVA
cells were found at ~10-fold lower frequency than N4 OVA (N4 OVA 1.5x10°+4.2x10%, V4 OVA
3.4x10"+2.0x10* Figure 5.1C). Consistent with the phenotype of high quality CD8" memory T
cells, both N4 OVA and V4 OVA primed memory cells expressed high levels of CD44 and

CD127, and low levels of CD69 and Granzyme B (Supplemental Figure 5.1A). Together, these
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results demonstrate that while primary effector proliferation correlates with TCR signal strength,

low affinity priming efficiently leads to memory cell formation.

Low affinity memory CD8" T cells have a distinct central memory phenotype

Memory CD8" T cells can differentiate into many phenotypic subsets with distinct
characteristics (3, 231). While the phenotype of low affinity primed CD8" T cells has been
examined during the primary effector phase (191, 195, 196, 237), relatively little is known about
the effect of TCR priming affinity on CD8" memory phenotype. Murine memory CD8" T cells
are most commonly classified as CCR7"CD62L" central or CCR7°CD62L" effector memory
cells (3, 231). While the relative expression of these markers has been reported in model of
limited antigen or TCR signaling (232, 233, 240), the phenotype of low affinity primed memory
CD8" T cells has not been investigated. We investigated the expression of CCR7 and CD62L on
high and low affinity OVA primed CD44" memory CD8" T cells in secondary lymphoid organs.
We found that while CCR7 expression was similar between these populations (Supplemental
Figure 5.1B), low affinity V4 OVA memory cells expressed significantly higher levels of CD62L
compared to high affinity cells (Figure 5.1D). We found that CD62L expression correlated with
TCR priming affinity in low affinity V4 OVA and intermediate affinity Q4 OVA memory cells
(Supplemental Figure 1C). This increased CD62L expression on low affinity primed cells was
present on in both spleen and LN (Supplemental Figure 5.1C). Together, these data demonstrate
that low affinity priming leads to more Tcy CD62L expression of memory cells in both the spleen

and lymph nodes.

Low affinity memory CD8" T cells are tuned to generate robust secondary recall responses
Alloreactive T cells have been demonstrated to have a range of affinities for cognate
antigen and are more polyspecific than conventional T cells (12, 42, 43). In the setting of

allogeneic heterologous immunity, CD8" T cells activated over a range of affinities cross-react
g g y g
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with allogeneic antigen of a different, potentially higher, affinity. To model a scenario in which
low and high affinity pathogen primed memory T cells cross-react with an allograft, we
challenged mice possessing high affinity N4 OVA and low affinity V4 OVA memory CD8" T
cells with a skin graft expressing high affinity N4 OVA (Figure 5.2A). High affinity N4 OVA
memory elicited rejection of grafts with an MST = 17 days. Surprisingly, despite a lower
precursor frequency, low affinity V4 OVA memory cross-reacting with graft-expressed N4 OVA
mediated faster graft rejection (MST 11 days, p < 0.0001, Figure 5.2A). Challenge of mice with
memory against either of two additional intermediate-affinity OVA APLs Q4 and T4 resulted in
graft rejection kinetics that were faster than high affinity N4 OVA (Q4 OVA MST = 15.5 days,
T4 OVA MST = 14.0 days, Figure 5.2B). The mean survival time of high affinity N4 OVA skin
graft challenge correlated with the relative avidity of priming ((191), Figure 5.2B). These results
could not be attributed to different frequencies of OV A-specific endogenous CD8" populations,
as similar frequency of endogenous CD8" T cells were OV A-specific (Figure 5.2C). Thus, despite
the lower precursor frequency of V4 OVA memory, low affinity memory CD8" T cells were able
to elicit faster graft rejection kinetics compared to high affinity N4 OVA memory cells.

We quantified the relative ability of high and low affinity memory cells to respond to
high affinity antigen following an in vivo rechallenge immunization. Despite a lower precursor
frequency (Figure 5.1C), low affinity V4 OV A primed memory cells proliferated to a similar
absolute number as high affinity N4 OVA memory cells (Figure 5.2D). When normalized to pre-
rechallenge precursor frequency, low affinity V4 OVA cells were calculated to have undergone a
greater fold expansion in response to high affinity N4 antigen rechallenge (Figure 5.2E). These
data demonstrate that low affinity primed memory CD8" T cells are tuned to become potent

secondary effectors when challenged with high affinity antigen.

CD45RB is a stable marker of the affinity experience of memory CD8" T cells
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CD45 is a transmembrane phosphatase that is critical for the development of T cells (241).
The relative abundance of CD45 isoforms has been used to distinguish naive from effector and
memory T cells. In mice, the expression of CD45RB is used as a marker for large CD45 isoforms,
with naive CD8" T cells defined as CD45RB", while effector and memory cells downregulate
CD45RB expression, becoming predominantly CD45RB'" (241). As CD45 is a molecule that is
critical for TCR signaling and is a surface marker of T cell differentiation, we investigated the
expression of CD45RB on OVA APL primed cells. During the primary effector response, we
found that high affinity primed N4 OV A effectors downregulated CD45RB (48.9+2.2%
CD45RB", Figure 5.3A). Surprisingly, V4 primed OT-I cells in the blood maintained a
predominantly CD45RB" status compared to high affinity primed cells (V4 OVA 68.7+3.6%
CD45RB", p<0.001, Figure 5.3A). At memory, the divergent expression of CD45RB was
maintained in high affinity and low affinity primed OT-I cells residing in secondary lymphoid
tissue (N4 OVA 54.7+£6.76%, V4 OVA 79.3+£3.4%, p=0.0064, Figure 5.3B). We also investigated
the expression of several other molecules that have been shown to modulate TCR signaling. We
found no significant difference in expression between Va2, CDS, or CDS5 expression on high and
low affinity primed OT-I cells (Supplemental Figure 5.2A). Recent reports have identified CD69
and Nur77, respectively, as measures of cumulative TCR signaling strength early following
stimulation (242, 243). We found that high and low affinity memory CD8" T cells upregulated
similar levels of both CD69 and Nur77 in response to high affinity N4 OV A rechallenge
(Supplemental Figure 5.2B-C), demonstrating that these molecules do not account for the
observed differences in secondary effector potency following heterologous rechallenge.

In order to determine if CD45RB expression on low affinity primed CD8" memory T
cells was functionally important in mediating graft rejection, we treated N4 OVA and V4 OVA
memory mice with anti-CD45RB mAb during skin graft rechallenge. Blockade of CD45RB
during N4 OVA skin graft challenge resulted in no significant prolongation of graft survival on

mice containing N4 OVA primed cells compared to untreated mice (Untreated MST 17 d, Figure
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5.2A; anti-CD45RB MST 17 d, Figure 5.3C). However, treatment of mice containing V4 OVA
primed memory CD8" T cells with anti-CD45RB led to significant prolongation of graft survival
(Untreated MST 11 d, Figure 5.2A; anti-CD45RB MST 21 d, Figure 5.3C), demonstrating that
CD45RB is functionally important specifically in the secondary recall response mediated by low
affinity primed memory cells. These data are the first demonstration that CD45RB expression can
be used to stratify the priming affinity of naive CD8" T cells, and that long-lived CD44" memory

T cells can remain predominantly CD45RB".

High CD45RB expression tunes CD8" T cells to respond to heterologous rechallenge antigen
Following in vitro priming of OT-I cells with OVA APLs, we found that Tm cells
similarly upregulated CD44 expression but that CD45RB expression correlated with decreasing
TCR avidity (R*=0.95, Supplemental Figure 5.3A-B). Previous in vitro work has demonstrated
that larger CD45 isoforms tunes T cells for stronger proximal TCR signaling compared to smaller
isoforms (241). However, the mechanisms underlying the induction of different CD45 isoforms
on memory T cells in vivo are unknown. We hypothesized that the affinity of TCR ligation
during priming may control CD45RB expression and hence the magnitude of recall response in
these cells. To investigate whether high CD45RB expression is sufficient to confer enhanced
recall potential during secondary challenge, we sorted Q4 OVA primed OT-I cells, which have
intermediate CD45RB expression (Supplemental Figure 5.3A), into CD45RB"™ and CD45RB"
populations and rechallenged them with N4 OV A peptide in naive congenic hosts (Figure 5.3C).
CD45RB" cells proliferated to a significantly greater number than CD45RB" cells (p=0.0012,
Figure 5.3D). Together, these data demonstrate that low affinity primed memory CD8" T cells are

tuned by CD45 to robustly respond to heterologous rechallenge.

Low affinity primed secondary effector cells have a distinct phenotype
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In light of the finding that low affinity primed CD8" memory T cells mount robust
secondary recall responses against high affinity antigen, we investigated the expression of
CD45RB following rechallenge. High affinity N4 OV A peptide rechallenge of N4 OVA memory
cells slightly downregulated CD45RB expression (30.2+3.39% CD45RB", Figure 5.4A).
Strikingly, V4 OV A primed memory cells significantly downregulated CD45RB expression
during the secondary proliferative response to high affinity antigen (19.6£1.96% CD45RB",
Figure 5.4A). The downregulation of CD45RB was significantly greater in V4 OV A primed
secondary effectors compared to N4 OVA primed secondary effectors (p<0.001, Figure 5.4B).
While V4 OVA primed cells significantly downregulated CD62L expression, they retained higher
CD62L expression compared to high affinity primed secondary effectors (p<0.001, Figure 5.4C).
These data demonstrate that the affinity of priming conveys a distinct phenotype on CD8" T cell
even during recall with antigen of the same TCR affinity.

The cosignaling receptor PD-1 has been shown to be a marker of cumulative effector
signal strength on effector CD8" T cells and to correlate with CD62L expression (232). PD-1 was
significantly upregulated in CD45RB" fraction of V4 OVA primed cells (Figure 5.4D),
demonstrating that this population perceives strong TCR signals. Taken together, these data
demonstrate that CD45RB expression can be used to describe the affinity experience of memory
and secondary effector cells, and that low affinity primed memory CD8" T cells have a distinct

phenotype during secondary response to high affinity antigen.

Low affinity primed secondary effector CD8" T cell produce high levels of IL-2 and
upregulate IL-2Ra

Production of cytokine during proliferative responses is important for functional
immunity against pathogens (231). We investigated the ability of high and low affinity primed
secondary effectors to produce cytokines. Following high affinity N4 OV A rechallenge, a similar

frequency of high affinity N4 OV A and low affinity V4 OV A primed secondary effectors
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produced IFN-y, and the frequency of IFN-y producers did not vary with degree of CD45RB
expression (Supplemental Figure 5.4A-B). Expression of TNF was slightly lower in V4 OVA
primed secondary effectors, while both high and low affinity primed CD45RB" populations
expressed more TNF than CD45RB" populations (Supplemental Figure 5.4A-B).

IL-2 is a critical cytokine for CD8" T cell secondary responses (244). Consistent with
previous published results (2, 245), a low frequency of N4 OVA primed secondary effectors
produced IL-2 (Figure 5.5A). In contrast, we found that a significantly greater proportion of V4
OVA primed CD45RB" cells produced IL-2 (Figure 5.5A). High IL-2 was specific to low affinity
primed CD45RB" secondary effectors during N4 OV A rechallenge, as high and low affinity
primary effectors produced similarly low levels of IL-2 (Figure 5.5B).

IL-2 signaling can induce the expression of the high affinity IL-2Ra chain (CD25, (246)),
and high CD25 expression is associated with differentiated effector cells (246-248). We found
that V4 OVA primed CD45RB" cells expressed significantly higher levels of CD25 compared to
both CD45RB" cells and N4 OVA primed CD45RB" cells (N4 OVA CD45RB" vs CD45RB"
p<0.001, CD45RB" N4 OVA vs V4 OVA p<0.01, Figure 5.5C). High expression of the IL-2Rp
chain, CD122, can confer sensitivity to IL-15 signaling in memory T cells, while lower
expression is associated with IL-2 sensitivity and effector T cells (248, 249). We found that high
affinity N4 OV A primed secondary effectors expressed similar levels of CD122 (Figure 5.5D).
Among low affinity V4 OVA primed secondary effectors, however, CD45RB" cells expressed
significantly lower CD122 levels than CD45RB™ cells (p<0.01, Figure 5.5D). These data suggest
that low affinity primed secondary effector cells that downregulate CD45RB expression also
downregulate CD122 to effector cell levels. Together, these results demonstrate that low affinity
V4 OVA primed secondary effectors effectively switch into an effector-like phenotype

characterized by high IL-2 production, high expression of CD25, and effector CD122 expression.

Low affinity polyclonal CD8" T cells express high levels of CD45RB
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To determine if these findings in TCR transgenic cells apply to polyclonal CD8" T cell
populations, we investigated the ability of CD45RB to distinguish the affinity experience of
polyclonal CD8" T cells. We infected mice with LM-OVA and investigated the expression of
CD45RB on the endogenous CD8" T cell population. We found a range of CD45RB expression
among OV A-specific polyclonal CD8" T cells (Figure 5.6A). Similar to secondary effector V4
OVA primed OT-I cells (Figure 5.4C), OV A-specific CD45RB™ CD8" T cells maintained higher
expression of CD62L compared to CD45RB" cells (Figure 5.6B).

Low affinity cells do not efficiently bind tetramer compared to high affinity cells (238).
We found that compared to CD8'CD44"CD45RB" cells, CD44"CD45RB" cells more efficiently
bound tetramer at lower concentrations, demonstrating that the CD44"CD45RB'" compartment
contains a greater frequency of high affinity cells (Figure 5.6C). Thus, in a polyclonal population
of CD8" T cells, antigen experienced CD45RB" cells express greater levels of CD62L and bind

tetramer less efficiently than CD45RB" cells.
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Discussion

Here we establish a novel mechanism by which low affinity primed memory CD8" T
cells can become potent secondary effectors during heterologous rechallenge. Compared to high
affinity priming, low affinity priming elicited a unique differentiation program that enabled
potent secondary responses in vivo, as demonstrated by faster graft rejection kinetics and larger
proliferative responses. These findings have direct implications for allogeneic heterologous
immunity, which can be a significant barrier to transplantation tolerance (13, 16). While it is
appreciated that high affinity memory CD8" T cells can mediate graft rejection (250, 251), this
study demonstrates the surprising finding that low affinity priming is sufficient to generate
memory cells that, despite a lower precursor frequency, mediate potent secondary responses
against a cross-reactive graft challenge.

We found that low affinity primed cells maintain high expression CD45RB, which has
previously been described only on naive CD8" T cells. CD45RB was stably expressed at high
levels on fully differentiated CD44™ TCR transgenic and polyclonal memory CD8" T cells
following low affinity priming, but was significantly downregulated on secondary effectors.
Expression of other molecules that are known to tune T cell signaling, including CD8 and CDS5,
were similarly expressed on high and low affinity memory cells. We also found that expression of
CD69 and Nur77, two markers of cumulative TCR signal strength, did not reflect the increased
secondary effector potency of low affinity primed memory CD8" T cells (242, 243). Expression
of these markers, as well as functional avidity measured by IFN-y, rapidly change following
stimulation (191, 242, 243). Thus, in conjunction with CD44 expression, high CD45RB
expression is a novel and stable marker for low affinity primed CD8" memory T cells.

Previous in vitro work has demonstrated that large CD45 isoforms tune T cells for
stronger proximal TCR signaling by undergoing less inhibitory dimerization than smaller

isoforms (241, 252). However, the mechanisms underlying the induction of different CD45
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isoforms on effector memory T cells in vivo are poorly described. Here, we provide a novel
physiologic context for CD45 mediated tuning by linking CD8" TCR priming affinity and
CD45RB expression on memory and secondary effector T cells. Consistent with previous in vitro
and biochemical work, we demonstrate that low affinity primed memory and CD45RB" sorted T
cells are poised to undergo greater proliferative and effector responses compared to high affinity
cells. Many investigations of the consequences of altered T cell receptor signaling potency have
focused on antigen density or genetically attenuated TCR signaling (189, 240, 253-256).
However, a recent study elegantly demonstrated that TCR binding affinity and antigen density
induce broadly distinct gene expression profiles (237). Thus, the role of CD45 tuning represents a
previously unappreciated mechanism by which TCR priming affinity dictates the differentiation
program of memory CD8" T cells during heterologous rechallenge.

These data suggest a model in which CD45RB defines an affinity-based differentiation
switch on CD8" T cells, as low affinity priming enables proliferation and effector functions along
with high CD45RB expression levels similar to those observed on naive T cells. Following a
subsequent high affinity rechallenge, CD45RB" cells are tuned to undergo robust proliferative
responses and CD45RB downregulation. Thus, this study supports a progressive differentiation
model of CD8" T cell memory development in which low affinity priming leads to a
CD44"CD45RB"CD62L" differentiated memory cell, which is distinct from high affinity primed
memory populations.

We found that low affinity primed memory CD8" T cells also displayed a more CD62L"
Tewm phenotype, and retained higher CD62L expression following secondary rechallenge. Several
groups have described increased CD62L expression in T cell populations exposed to limited
antigen or inhibited TCR signaling (232, 233, 240). A recent report found that low affinity
priming led to enhanced CD62L expression in the blood until day 30 post infection (257).
Following high affinity rechallenge, low affinity primed CD45RB" cells differentiate into a

potent effector phenotype characterized by loss of CD45RB and increased PD-1 expression.
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While PD-1 is a marker of exhaustion on CD8" memory T cells following chronic antigen
exposure, its expression is also associated with recent antigen experience in effector CD8" T cells
(232). It remains to be seen whether PD-1 is functioning in a costimulatory or coinhibitory
capacity on secondary effectors under these conditions.

We found that low affinity primed memory CD8" T cells differentiate into secondary
effectors characterized by IL-2 production, high CD25 and lower CD122 expression. This
phenotype was not a general characteristic of high affinity priming, as N4 OVA and V4 OVA
primary effectors expressed similarly low levels of IL-2. Recent work revealed that IL-2 signals
are critical for secondary effector CD8" responses (244, 258) and that CD25 as a marker of
terminally differentiated effectors (246, 247). These data are also in line with earlier work
demonstrating that CD62L" Tey produce more IL-2 than Tgy (2, 245, 259). However, this study
is the first to identify TCR affinity as a driver of an IL-2 dependent memory CD8" phenotype and
extends previous work establishing the requirement of IL-2 for secondary recall responses by
revealing that low affinity primed CD8" secondary effectors produce significant amounts of IL-2.

In the context of protective immunity, the ability of low affinity priming to form memory
and undergo robust secondary responses to heterologous rechallenge represents a means of
maintaining clonal diversity and protection against encounter with diverse pathogens. However,
following transplantation this phenomenon represents a potentially potent driver of allogeneic T
cell responses and a barrier to successful immunomodulation. The contribution of low affinity
memory T cells to heterologous immunity provides new rationale for the therapeutic targeting of
CD45RB to prevent pathogenic T cell responses, a strategy that has shown promise in pre-clinical
murine (149, 260, 261) and non-human primate transplantation models (262-264). Together,
these data highlight the importance of the pathogen priming history of an individual in shaping
the potentially pathogenic memory T cell repertoire in settings of allogeneic heterologous

immunity and autoimmunity.
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Materials & Methods

Mice

C57BL/6 Ly5.2-Cr (CD45.1, H-2") mice were obtained from the National Cancer
Institute (Frederick, MD). OT-I (265) transgenic mice, purchased from Taconic Farms, were bred
to Thy1.1" background at Emory University. mOVA mice (C57BL/6 background, H-2°; (266)
were a gift from Dr. Marc Jenkins (University of Minnesota, Minneapolis, MN). All animals were
maintained in accordance with Emory University Institutional Animal Care and Use Committee

guidelines. All animals were housed in pathogen-free animal facilities at Emory University.

Generation of OT-I memory and secondary effectors

For adoptive transfers of donor-reactive T cells, Thyl.1" OT-I mice were processed to
single cell suspension and stained with monoclonal antibodies for CD8, Thyl.1, and Va2 (BD)
for flow cytometry analysis. Cells were resuspended in PBS and 1.0 x 10* cells were transferred
intravenously. Listeria monocytogenes strains engineered to express the OVA APL epitope (LM-
OVA APLs) were provided by Dr. Michael Bevan (University of Washington, Seattle, WA;
(191)). Mice were infected with 10* CFU of LM-OVA APL strains intraperitoneally 24 hours

after adoptive transfer.

Assessment of in vivo populations

At primary effector time point day 7 post infection, Thy1.1" OT-I cells were identified in
the peripheral blood following collection in heparinized capillary tubes and red blood cells lysis.
Splenic primary effector Thy1.1" OT-I cells were identified from single cell suspensions. At
memory time point week 4 post infection (day 28-35), spleen and lymph nodes (popliteal,
inguinal, mesenteric, brachial, axial, and cervical) were pooled and enriched for Thyl.1 cells

using magnetic beads (239). Briefly, single cell suspensions were incubated with anti-Thyl.1 PE
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and anti-PE microbeads (Miltenyi), following by enrichment over LS columns. The unbound
column flow-through and wash fraction was routinely absent of OT-I cells. Absolute cell numbers

were determined using AccuCheck beads (Invitrogen).

In vitro OVA APL OT-I stimulations

Spleen and mesenteric lymph node cells from OT-I mice were processed to single cell
suspension and 3x10° splenocytes were plated in 24 well plates in complete RPMI supplemented
with 0.1 uM OV A APL peptide, 0.1 pg/mL anti-CD28 (37.51, Biolegend), and 10 ng/mL IL-2
(Biolegend) for 3 days. Dead cells were removed using Lymphocyte Separation Medium
(CellGro) and cells were cultured in media containing 10 ng/mL IL-15 (Biolegend) overnight,
followed by flow cytometry. For CD45RB cell sorting, Q4 OVA primed cells were isolated using
Lymphocyte Separation Medium and stained with Live/Dead Aqua (Invitrogen), gated on Aqua’

CD8 CD44"Thy1.17, and sorted as CD45RB™ and CD45RB" using a FACS Aria II (BD).

Skin transplantation

Full-thickness tail and ear skins were transplanted onto the dorsal thorax of recipient
mice and secured with adhesive bandages as previously described (267). In some experiments,
mice were treated with 500 pg each hamster monoclonal anti-mouse CD154 (MR-1, BioXCell)
and CTLA-4 Ig, or 250 pg anti-CD45RB (HB-220, BioXCell) on days 0, 2, 4, and 6 post

transplant.

N4 OVA immunization restimulation assay

At 4 weeks following infection, mice were immunized with 10 pg SIINFEKL peptide
(GenScript, Inc) in each hind foot pad. Five days later, OT-1 T cells were assessed in the single
cell suspensions of the draining popliteal lymph nodes. Absolute cell counts were obtained using

AccuCheck beads (Invitrogen).
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Flow cytometry and intracellular cytokine staining

Single cell suspensions were stained with anti-CD3, anti-CDS8, anti-CD19, anti-CD25,
anti-CD44, anti-CD45RB, anti-CD62L, anti-CD69, anti-CD122, anti-CD127, anti-CD11c¢, anti-
PD-1, anti-Thy1.1, and anti-KLRG-1 or appropriate isotype control (BD Biosciences or
Biolegend) for 15’ at room temperature. Anti-CCR7 was stained 1:25 for 1 h at room temperature.
N4 OVA tetramer staining was performed at room temperature for 30° at 1:100 dilution or as
described. For intracellular cytokine staining, cells were incubated for 5 h at 37 C in the presence
of 1 uM SIINFEKL peptide and 10 ug/ml GolgiPlug (BD Biosciences) and stained for
intracellular IL-2, TNF, and IFN-y following manufacturer’s instructions (BD Biosciences). Data

were analyzed using FlowJo software (Tree Star).

Statistical analysis

Survival data were plotted on Kaplan-Meier curves and log-rank tests were performed.
For analysis of absolute numbers and expression levels, paired or unpaired Student’s t-tests (two-
tailed) were performed, where appropriate. Analysis of expression of markers on naive and
memory cells was performed using one-way ANOVA with Bonferroni post test. Analysis of
expression of markers by CD45RB expression was performed using 2-way repeated measures
ANOVA with Bonferroni post test. Fold expansion in proliferation of N4 OV A rechallenged
secondary effectors was calculated as (Absolute number OT-I N4 OVA rechallenge/Average
number resting OT-I). Fold change of CD45RB expression on resting memory vs secondary
effectors was calculated as (100 - (%CD45RB" secondary effector/Average %CD45RB" resting
memory)). Percent maximum of N4 OVA tetramer binding was calculated as (Frequency N4
OVA Tet")/(Frequency N4 OVA Tet™ 1:50 dilution) x 100. Correlations of MST and CD45RB

expression were performed using relative ECs, values (191). Results were considered significant
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if p<0.05. All analyses were done using GraphPad Prism software (GraphPad Software Inc).

#p<0.05, **p<0.01, ***p<0.001.
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Figure 5.1. Low affinity priming efficiently generates central memory CD8" T cells. Naive
mice adoptively transferred with 10* OT-I T cells were infected the following day with either
LM-N4 OVA or LM-V4 OVA and Thy1.1" OT-I T cells were assessed (A-B) in the blood on day
7 post infection, or (C-D) in secondary lymphoid organs 4 weeks post infection. (A) Frequency of
OT-I cells among CD8" T cells (11-13 mice group, representative of >10 experiments). Inset
depicts LM-V4 OVA frequencies. (B) CD127 and KLRG-1 expression (p>0.05 N4 OVA vs V4
OVA SLEC and MPEC groups, respectively; 20-24 mice/group, 3 experiments,) (C) Absolute
number of OT-I cells found in pooled spleen and lymph node tissue (p=0.026, n=13-16
mice/group, 4 experiments). (D) Frequency of CD44"CD62L" memory N4-OVA and V4 OVA
primed memory OT-I cells in pooled secondary lymphoid organs (N4 OVA vs V4 OVA p<0.001,
10-11 mice/group, 4 experiments). Analysis by (B) 2-way ANOVA (Bonferroni post test), (C)
unpaired Student’s t-test (2-tailed), (D) 1-way ANOVA (Bonferroni post test). *p<0.05. LM,

Listeria monocytogenes.
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Figure 5.2. Low affinity primed CD8" T cells mount potent secondary responses against
high affinity antigen. Naive mice adoptively transferred with 10* OT-I T cells were infected the
following day with either LM-N4 OV A or LM-V4 OVA. (A) Naive mice or mice containing N4
OVA or V4 OVA primed memory OT-I cells were transplanted with N4 OV A skin grafts 5
weeks post infection. (N4 OVA MST=17 d, V4 OVA MST=11 d, p<0.0003, 9-11 mice/group, 3
experiments). Naive mice were treated with CTLA-4 Ig and anti-CD154 costimulation blockade.
(B) Correlation between mean survival time and relative ECsy values of OT-I cells stimulated
with OVA APL peptide (R*=0.94). (C) Frequency of N4 OVA specific endogenous CD8" T cells
mice containing N4 OVA or V4 OVA primed OT-I memory cells 5 weeks post infection (p>0.05
for all groups, 9-12 mice/group, 2 experiments). (D-E) Mice containing N4 OVA or V4 OVA
memory OT-I cells were challenged with N4 OV A peptide in the foot pad and the draining
popliteal lymph nodes were assessed 5 days later. (D) Frequency of secondary effector OT-I cells
among CD8" T cells (p>0.05, n=18 mice/group, 5 experiments). (E) Fold induction of N4 OVA
and V4 OVA primed secondary effectors (p<0.001, n=14 mice/group, 5 experiments). Analysis
by (A) log-rank test, (B) linear regression, (C-E) unpaired Student’s t test (2-tailed). ***p<0.001.

CoB, costimulation blockade.
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Figure 5.3. High CD45RB expression tunes low affinity primed memory CD8" T cells for
heterologous rechallenge responses. (A-C) Naive mice adoptively transferred with 10*OT-IT
cells were infected the following day with either LM-N4 OVA or LM-V4 OVA and memory OT-
I'T cells and assessed (A) in the blood on day 7 or (B-C) in the secondary lymphoid organs 4
weeks post infection. (A) Frequency of CD45RB" cells on naive or primary effector N4 OVA or
V4 OVA T cells (Naive OT-I vs N4 OVA p<0.01, N4 OVA vs V4 OVA p<0.001, 12-15/group, 3
experiments). (B) Frequency of CD45RB" cells among naive OT-1 or N4 OVA or V4 OVA
memory OT-I cells (N4 OVA vs V4 OVA p<0.01, 9-10/group, 3 experiments). (C) Naive mice or
mice containing N4 OVA or V4 OV A primed memory OT-I cells were transplanted with N4
OVA skin grafts 5 weeks post infection and treated with anti-CD45RB (N4 OVA MST=17 d, V4
OVA MST=21 d, p=0.02, 7-10 mice/group, 2 experiments). Naive mice were treated with CTLA-
4 Ig and anti-CD154 costimulation blockade. (D) In vitro Q4 OVA primed OT-I cells were sorted
into CD45RB" and CD45RB" populations and adoptively transferred into naive congenic hosts
and rechallenged with N4 OV A peptide. (E) Frequency of Q4 OV A cells 5 days following

rechallenge (p=0.0012, 2 experiments, 8-10 mice/group). Analysis by (A-B) 1-way ANOVA
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(Bonferroni post test), (C) log-rank test, or (D) unpaired Student’s t-test (2-tailed); **p<0.01,

##%£p<0.001.
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Figure 5.4. Low affinity primed secondary effectors downregulate CD45RB and have a
distinct effector phenotype. Naive mice adoptively transferred with 10* OT-I T cells were
infected the following day with either LM-N4 OVA or LM-V4 OVA, and 4 weeks post infection
were challenged with N4 OV A peptide in the foot pad and the draining popliteal lymph nodes
were assessed 5 days later. (A) Frequency of CD45RB™ cells among naive and secondary effector
OT-IT cells (naive OT-1 vs N4 OVA p<0.001, naive OT-I vs V4 OVA p<0.001, N4 OVA vs V4
OVA p<0.05, n=14-15/group, 5 experiments). (B) Relative reduction in CD45RB" frequency in
secondary effector populations compared to resting memory cells (p=0.0002, 14-15/group, 5
experiments). (C) Frequency of CD62L" cells among naive or memory OT-I cells (p<0.001, 8-9
mice/group, 3 experiments). (D) PD-1 expression among CD45RB" vs CD45RB" secondary
effector OT-I cells (CD45RB" vs CD45RB" V4 OVA p<0.001; N4 OVA vs V4 OVA
CD45RB"" p<0.001; n=8-10/group, 2 experiments). Analysis by (A) 1-way ANOVA (Bonferroni
post test), (B-C) unpaired Student’s t-test (2-tailed), (D) 2-way repeated measures ANOVA

(Bonferroni post test); *p<0.05, **p<0.01, ***p<0.001.
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Figure 5.5. Low affinity primed secondary effectors have a distinct IL-2 dominant
phenotype. Naive mice were adoptively transferred with 10* OT-I T cells and were infected the
following day with either LM-N4 OVA or LM-V4 OVA. (A, C-D) 4 weeks post infection mice
were challenged with N4 OV A peptide in the foot pad and the draining popliteal lymph nodes
were assessed 5 days later. (A) IL-2 expression by secondary effectors following brief N4 peptide
restimulation in CD45RB" and CD45RB"" fractions (IL-2: CD45RB" vs CD45RB" V4 OVA
p<0.001, N4 OVA vs V4 OVA CD45RB" p<0.001; n=10-11/group, 3 experiments). (B) IL-2
production on day 7 post infection following brief N4 peptide restimulation in CD45RB" and
CD45RB" fractions (n=4-5/group, 2 experiments). (C) IL-2Ra (CD25) expression in CD45RB"
and CD45RB" fractions of secondary effector OT-I cells (CD45RB" vs CD45RB" N4 OVA
p<0.001, V4 OVA p<0.001; N4 OVA vs V4 OVA CD45RB" p<0.05, CD45RB" p<0.001; n=6-
8/group, 2 experiments). (D) IL-2RP (CD122) expression in CD45RB" and CD45RB" fractions
of secondary effector OT-I cells (CD45RB" vs CD45RB" V4 OVA p<0.01; n=6-8/group, 2
experiments). Analysis by 2-way repeated measures ANOVA (Bonferroni post test). *p<0.05,

**p<0.01, ***p<0.001.
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Figure 5.6. Low affinity polyclonal CD8" T cells express high levels of CD45RB. Naive B6
mice were infected with LM-N4 OVA and splenic CD8" T cells were assessed 10 days later. (A)
CD45RB expression and N4-OVA specific CD8" T cells (p<0.001). (B) CD62L expression on
CD44", CD44"CD45RB", and CD44"CD45RB" CD8" T cells (p<0.001). (C) Frequency of
tetramer staining among CD45RB" and CD45RB" fractions of CD8" T cells. All experiments
depict 10 mice/group, 2 experiments. Analysis by (A-B) paired Student’s t-test (2 tailed) and (C)

2-way repeated measures ANOVA (Bonferroni post test), ***p<0.001
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Supplemental Figure 5.1. Low affinity priming generates quality memory CD8" T cells.

Naive mice adoptively transferred with 10* OT-I T cells were infected the following day with

either LM-N4 OVA or LM-V4 OVA and Thyl.1" OT-I T cells were assessed in secondary

lymphoid organs 4 weeks post infection. (A) Expression of CD44, CD127, CD69, and Granzyme

B in OT-I T cells (p>0.05 N4 OVA vs V4 OVA). (B) Frequency of CD44"CCR7" (N4 OVA vs

V4 OVA p>0.05, 10-11 mice/group, 4 experiments). (C) Representative expression and (D)

summary frequencies of CD44"CD62L" N4 OVA, Q4 OVA, and V4 OVA primed memory OT-I

cells in (top) spleen or (bottom) lymph nodes (Spleen vs LN p>0.05 all groups; 4-7 mice/group, 3

experiments). Analysis by (A-C) 1-way ANOVA (Bonferroni post test) or (D) 2-way ANOVA

(Bonferroni post test); *p<0.05. LM, Listeria monocytogenes.
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cells were infected the following day with either LM-N4 OVA or LM-V4 OVA and memory OT-

I'T cells and assessed in the secondary lymphoid organs 4 weeks post infection. (A) Expression

of Va2, CDS, and CDS5 on naive or memory OT-1 T cells (N4 OVA vs V4 OVA p>0.05 all

markers). (B-C) Naive OT-I, N4 OVA memory, or V4 OVA memory cells were briefly

restimulated with N4 OV A peptide and assessed for (B) surface CD69 or (C) intracellular Nur77

expression. Analysis by (A) 1-way ANOVA (Bonferroni post test) or (B-C) 2-way ANOVA

(Bonferroni post test); *p<0.05.
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Supplemental Figure 5.3. CD45RB expression correlates with T cell priming affinity in vitro.
OT-I T cells were activated in vitro with N4 OVA, Q4 OVA, T4 OVA, or V4 OVA peptide for 4
days. (A) Expression of CD44 and CD45RB on OVA APL Tm cells. (B) Correlation between
frequency of CD45RB" cells and relative ECs, values of OT-I cells stimulated with OVA APL

peptide (R*=0.95). Analysis by (C) linear regression; *p<0.05.
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Supplemental Figure 5.4. High and low affinity primed secondary effectors produce similar

levels of IFN-y and TNF. Naive mice were adoptively transferred with 10* OT-I T cells and

were infected the following day with either LM-N4 OV A or LM-V4 OVA. Cells were assessed in

the draining popliteal lymph node 5 days following N4 OVA peptide rechallenge (4 weeks post

infection). (A) Representative IFN-y and TNF expression and (B) summary data following brief

N4 peptide restimulation in CD45RB"™ and CD45RB"" fractions (TNF production: CD45RB" vs
pep p

CD45RB" N4 OVA p<0.05, V4 OVA p<0.001; N4 OVA vs V4 OVA CD45RB" p<0.05).

Analysis by 2-way repeated measures ANOVA (Bonferroni post test). *p<0.05, **p<0.01,

#4%£p<0.001.
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Chapter 6. Enhanced Requirement for TNF Signaling on Low Affinity Memory CD8" T

Cells During Heterologous Immunity

Introduction

Following encounter with microbial antigen, T cells can differentiate into memory cells
with an array of phenotypic profiles in order to provide long-lasting protection against subsequent
encounters with pathogens (3, 231). During transplantation, microbe-elicited T cell memory can
also cross-react with allogeneic antigen and mediate graft rejection, a process termed allogeneic
heterologous immunity (12, 41). Memory T cells are recognized as a barrier to many
immunomodulation strategies aimed at limiting alloreactive T cell responses (4, 268).

The course of T cell differentiation is dependent on a number of environmental and
cellular factors. The strength of the T cell receptor (TCR) interaction with peptide:MHC has a
profound impact on T cell function (189, 269). Recent work has demonstrated that low affinity
priming can lead to stable memory T cell generation and that low affinity primed T cells can
drive autoimmune responses (189-191, 195). In transplantation, TCR affinity is hypothesized to
be critically important in the context of allogeneic heterologous immunity (12, 41). In this
scenario, TCR interactions with microbial priming antigen and allogeneic challenge antigen are
likely to have different affinities (12). Recent work has also demonstrated that allogeneic T cells
are suited to recognize a greater number of peptide:MHCs than conventional T cells, strongly
suggesting that allogeneic T cell interactions occur over a range of high and low TCR affinities
(42-44). However, the role that low affinity primed memory T cells play in graft rejection and the
distinct effector mechanisms these cells employ relative to high affinity T cells remain undefined.
Here, we sought to determine how altered memory T cell differentiation following encounter with

low affinity antigen impacts allograft rejection.
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Cosignaling through stimulatory and inhibitory receptors also plays a critical role in
shaping the course of T cell differentiation (270), and have been shown to potently modulate T
cell responses during the course of transplant rejection or acceptance. While many studies have
correlated distinct profiles of receptor expression with T cell subsets, relatively few have
elucidated unique functional cosignaling requirements for T cell populations. Furthermore, the
distinct cosignaling requirements of low and high affinity primed T cells during heterologous
immunity have not been explored. The TNF family of immune receptors is recognized to play
critical roles in both T cell survival and apoptosis (271). TNFR2 is expressed on T cells and has
been posited to provide costimulation to CD4 and CD8 T cells (272-274). Among the TNF family
of receptors, TNFR2 is unique because of its constitutive expression on most T cell populations.
However, little is known about the ability of TNF and TNFR2 signals to provide costimulatory
signals in vivo during effector or memory T cell responses.

Here we report an important role for TNF signaling on low affinity primed secondary
effector CD8" T cells. Low affinity primed memory CD8" T cell were capable of mediating graft
rejection, and their response was characterized by uniquely high levels of TNF compared to high
affinity primed CD8" T cells. TNF-mediated costimulation on low affinity-primed memory T
cells was further potentiated by the upregulation of surface TNFR2 relative to high-affinity
primed memory T cells following high affinity rechallenge. Importantly, blockade of TNFR2
significantly prolonged skin graft survival in mice containing low but not high affinity primed
memory T cells. Together, these results demonstrate the importance of TNF signaling in low
affinity, cross-reactive CD8" T cell responses during heterologous immunity and highlight the

role of TCR affinity in dictating costimulation requirements of T cell responses.
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Materials & Methods

Mice

C57BL/6 Ly5.2-Cr (CD45.1, H-2") mice were obtained from the National Cancer
Institute (Frederick, MD). OT-I (265) transgenic mice, purchased from Taconic Farms, were bred
to Thy1.1" background at Emory University. mOVA mice (C57BL/6 background, H-2°; (266)
were a gift from M. Jenkins (University of Minnesota, Minneapolis, MN). All animals were
maintained in accordance with Emory University Institutional Animal Care and Use Committee

guidelines. All animals were housed in pathogen-free animal facilities at Emory University.

Generation of OT-I1 Memory and Secondary Effectors

For adoptive transfers of donor-reactive T cells, Thyl.1" OT-I mice were processed to
single cell suspension and stained with monoclonal antibodies for CDS§ (both from Invitrogen),
Thyl.1, and Va2 (BD) for flow cytometry analysis. Cells were resuspended in PBS and 1.0 x
10* cells were transferred intravenously. Listeria monocytogenes strains engineered to express the
OVA APL epitope (LM-OVA APLs) were provided by Dr. Michael Bevan (University of
Washington, Seattle, WA; (191)). Mice were infected with 10* CFU of LM-OVA APL strains
intraperitoneally 24 hours after adoptive transfer. Primary effector Thy1.1" OT-I cells were
identified on day 7 post infection in the peripheral blood or spleen from single cell suspensions.
Secondary effectors were generated in 4 week post-infection mice by immunizing with 50 pg N4
OVA peptide (GenScript) emulsified in IFA (Gibco) in both hind foot pads. Five days later,

draining popliteal LNs were collected and pooled for analysis.

Skin transplantation
Full-thickness tail and ear skins were transplanted onto the dorsal thorax of recipient

mice and secured with adhesive bandages as previously described (267). Mice were treated with
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500 pg of CTLA-4 Ig on days 0, 2, 4, 6, or with 500 pg anti-TNFR2 (T75, BioXCell) on days 2,

4, 6, 8 post transplant.

Flow cytometry and intracellular cytokine staining

Splenic and lymph node cells were stained with anti-CD8, anti-Thy1.1, anti-CD44 (BD
or Biolegend) for 15 min at room temperature. For TNFR2 expression, cells were stained with
biotin anti-TNFR2 (CD120b, clone TR75-89) or Armenian hamster IgG for 15 min, washed, and
stained for 15 minutes with streptavidin secondary antibody (Biolegend). For intracellular
cytokine staining, cells were incubated for 5 h at 37 C in the presence of 1 uM SIINFEKL peptide
and 10 pg/ml GolgiPlug (BD Biosciences), then stained for intracellular TNF, and IFN-y
following manufacturer’s instructions (BD Biosciences). Data were analyzed using FlowJo

software (Tree Star).

TNFR2 ELISA

Following OT-I adoptive transfer and infection with LM-OVA APLs as described above,
or 5 days following secondary N4 OV A restimulation as described, serum was collected in non-
heparinized capillary tubes. Serum was collected and analyzed using Ready-Set-Go ELISA kit

according to manufacturer’s instructions (eBiosciences).

Statistical analysis

Survival data were plotted on Kaplan-Meier curves and log-rank tests were performed.
Analysis of cytokine expression on naive and memory cells was performed using 1-way ANOVA
with Bonferroni post test. Analysis of expression on primary effectors and soluble TNFR2
expression was performed using 2-way ANOVA with Bonferroni post test. Results were
considered significant if p<0.05. All analyses were done using GraphPad Prism software

(GraphPad Software Inc). Error bars depict average = SEM. *p<0.05, **p<0.01, ***p<0.001.
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Results

Low affinity primed memory CD8" T cells produce high levels of TNF

The affinity of TCR interactions during priming impacts CD8" T cell programming
during effector and memory phases (3, 189, 190). However, the functional consequences of low
TCR affinity priming on subsequent CD8" T cell memory responses are poorly understood. We
utilized the OVA-based TCR transgenic system in which congenically labeled OT-1 T cells are
primed during infection with an acutely cleared Listeria monocytogenes strain engineered to
express the high affinity OT-I epitope SHINFEKL (N4 OVA) or its altered peptide ligand (APL)
variant SHVFEKL (V4 OVA, (191)). Previous work has shown that despite a 680-fold lower
functional avidity for the OT-1 T cell receptor (TCR) than N4 OVA, V4 OVA priming of OT-I T
cells can elicit memory cell differentiation (191). We found that both high and low affinity
priming with Listeria generated primary effector populations (N4 OVA 40 + 3.5%, V4 OVA 0.58
+0.12% of CD8" T cells, Figure 6.1A) that expressed similarly high levels of CD44 (Figure
6.1B).

We first investigated whether low affinity primed CD8" memory cells could mediate
graft rejection to heterologous rechallenge. We challenged mice containing high or low affinity
memory populations with a high affinity skin graft in the presence of CTLA-4 Ig (Figure 6.1C).
Consistent with previous results, we found that high affinity primed memory CD8" T cells were
capable of mediating graft rejection in the presence of CTLA-4 Ig ((250), MST = 14, Figure
6.1D). Despite a dramatically lower clonal expansion (Figure 1A) and memory lower precursor
frequency (data not shown), low affinity memory CD8" T cells also mediated costimulation
blockade-resistant rejection (MST = 13.5, Figure 6.1D). These results demonstrate that despite
lower numbers, low affinity primed memory CD8" T cells are programmed to potently respond to

heterologous graft rechallenge.
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Low affinity primed memory CD8" T cells produce high levels of TNF

To investigate the functional characteristics of low affinity primed CD8" T cells, we
assessed the relative ability of low affinity primed memory cells to produce cytokine in response
to heterologous rechallenge. In response to brief low affinity V4 OV A restimulation, a
significantly higher frequency of low affinity V4 OVA memory cells produced both IFN-y and
TNF compared to high affinity N4 OVA memory (Figure 6.2A). These data demonstrate that low
affinity primed T cells produce more potent cytokine responses to low affinity rechallenge than
high affinity primed T cells. In order to determine the effect of low affinity priming on the
recognition of high affinity antigen during heterologous rechallenge, low affinity V4 OVA and
high affinity N4 OV A primed cells were restimulated ex vivo with high affinity antigen (Figure
6.2B). This resulted in a similar frequency of IFN-y producers within low and high affinity
memory T cell populations (Figure 6.2B), demonstrating that V4 OVA memory cells are
competent to respond to high affinity antigen. Strikingly low affinity V4 OVA memory cells
produced significantly higher levels of TNF compared to N4 OVA memory cells (Figure 6.2B).
Overall, these results demonstrate low affinity memory CD8" T cells are capable of robust
effector responses in response to heterologous rechallenge with high affinity antigen, and that low
affinity priming elicits a differentiation program that causes memory CD8" T cells to produce

high levels of TNF in response to rechallenge.

Low affinity primed secondary effectors upregulate TNFR2 expression

Given the higher expression of TNF produced by low affinity memory CD8" T cells, we
questioned whether T cell priming affinity affected the expression of TNF receptor on memory
cells. We found that primary day 7 effectors exhibited increased TNFR2 expression compared to
naive OT-I T cells (Figure 6.3A). Although expression was slightly higher in the spleen, high and
low affinity primed primary effector CD8" T cells expressed similar levels of TNFR2 in the blood

and the spleen (Figure 6.3A).
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We reasoned that increased TNF production by low affinity primed memory might
induce changes in TNFR2 expression in secondary effectors. To test this, we rechallenged mice
with high affinity peptide and monitored expression of TNFR2. TNFR2 expression was
maintained at high levels on high affinity primed cells (Figure 6.3B). Strikingly, low affinity
primed day 5 secondary effectors exhibited increased TNFR2 expression relative to high affinity
primed secondary effectors (p<0.001, Figure 6.3B).

TNFR2 can provide costimulation to T cells as a cell surface receptor or can be shed by
proteases and act as a decoy receptor (271). We questioned whether low affinity primed
secondary effectors also increased the amount of soluble TNFR2. Prior to rechallenge, N4 OVA
and V4 OVA primed mice contained similar levels of soluble TNFR2 in the serum (Figure 6.3C).
Following rechallenge, the sera of mice containing low and high affinity primed secondary
effectors contained similar levels of soluble TNFR2 (Figure 6.3C). This suggests that the increase
in TNFR2 on low affinity primed secondary effectors is maintained on the cell surface. Together,
these data demonstrate that low affinity primed secondary effectors upregulate TNFR2 surface
expression, and raise the possibility that TNF signaling may be uniquely important for low

affinity primed memory CDS8" T cells to mediate optimum recall responses.

Low affinity primed memory CD8" T cells are dependent on TNFR?2 signaling in order to
optimally mediate graft rejection during heterologous rechallenge

We interrogated the functional importance of TNFR signaling on low affinity primed
cells in mediating heterologous immunity to a skin graft challenge. Mice containing high or low
affinity primed memory OT-I cells were challenge with N4 OV A expressing skin grafts and
either left untreated or treated with anti-TNFR2. TNFR2 blockade had no effect on graft survival
in mice containing high affinity primed memory populations (Untreated MST = 17, anti-TNFR2
MST = 17, Figure 6.4A). Surprisingly, low affinity primed memory cells without treatment

mediated faster rejection than N4 OVA memory mice (MST = 11.5, Figure 6.4B). Importantly, in
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recipients containing low affinity primed cross-reactive memory T cells, blockade of TNFR2
significantly prolonged graft survival (Figure 6.4B, MST =21, p = 0.0016). Together, these
results demonstrate that TNFR2 costimulation is critically important for low affinity primed

CDS8" memory T cell recall responses during heterologous rechallenge.
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Discussion

This study demonstrates a critical role for TNF signaling on low affinity primed memory
CDS8" T cells during recall. We found that low affinity primed memory CD8" T cells were tuned
to produce increased TNF in response to high or low affinity rechallenge. In response to high
affinity heterologous rechallenge, low affinity primed secondary effectors upregulated TNFR2
expression, and blockade of TNFR2 significantly prolonged graft survival. Many studies have
described the production of TNF by CD8" T cell populations. However, relatively few studies
have demonstated a costimulatory role for TNF signaling on CD8" T cells. Recent work has
elucidated roles for TNF family members in the survival of low affinity T cells (192, 275). Van
Gisbergen et al. demonstrated that CD27:CD70 signals are required for the survival of low
affinity primed CD8" T cell memory during influenza infection (192). Recently, Mahmud et al.
showed that expression of the TNFR family receptors GITR, OX40, and TNFR2 correlated to the
affinity of CD4" FoxP3" Treg progenitors in the thymus (275). Our work is the first
demonstration of a specific role for TNF production and TNFR2 costimulation on low affinity
memory CD8" T cells in order for them to optimally execute a response.

This study provides important insight into the functional costimulation requirements of low
affinity primed CD8" memory T cells. These results also highlight the concept that unique
cosignaling pathways may be required during distinct phases of the adaptive immune response, as
TNFR2 expression was significantly upregulated on secondary effectors — but not primary
effectors — following encounter with low affinity antigen. Interestingly, many TNFR family
members are induced on memory CD8" T cells, and TNFR2 is considered the only TNFR family
member to be constitutively expressed on T cells. However, we found a functional role for TNFR
expression following low affinity CD8" T cell priming. This increased TNFR2 expression may be
responsible for tuning low affinity primed cells during secondary heterologous rechallenge

responses. This finding is consistent with previous studies demonstrating that in vitro hypo-
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proliferation of TNFR2™” T cells can be augmented with exogenous IL-2, suggesting that TNF
signaling lowers the threshold of activation of T cells (272). However, this work is the first to link
TCR priming affinity with TNFR2 mediated costimulation.

In the context of heterologous immunity, this study raises a novel avenue for
immunomodulation of memory CD8" T cell responses. Indeed, memory CD8" T cells are
considered to be a potent barrier to tolerance induction (4, 268). A number of TNF-based
therapeutics are available for autoimmune disease, and this work suggests that blocking TNF
signals might be a viable strategy for limiting cross-reactive heterologous T cell responses

following transplantation.
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adoptively transferred with 10* OT-I T cells were infected the following day with LM-N4 OVA

or LM-V4 OVA. (A) Frequency of OT-I cells among CD8" T cells and (B) frequency of CD44"

N4 OVA or V4 OVA OT-I primary effector cells in the spleen on day 7 post infection (n=10

mice/group). (C-D) Four weeks post-infection, mice received an N4 OV A skin graft and CTLA-4

Ig (p = 0.040, n=7-8 mice/group). Analysis by log-rank test; *p<0.05. LM-OVA, Listeria

monocytogenes expressing OVA.
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Figure 6.2. Low affinity primed memory CD8" T cells produce high levels of TNF in
response to heterologous rechallenge. Naive mice adoptively transferred with 10* OT-I T cells
were infected the following day with LM-N4 OVA or LM-V4 OVA. Four weeks post infection,
memory OT-I T cells were isolated and restimulated with peptide for 5 h. (A) Frequency of naive
or memory OT-I cells producing IFN-y and TNF following restimulation with low affinity V4
OVA peptide (IFN-y" N4 OVA vs V4 OVA p<0.05, TNF' N4 OVA vs V4 OVA p<0.05, 7
mice/group). (B) Frequency of naive or memory OT-I cells producing IFN-y and TNF following
restimulation with high affinity N4 OVA peptide (IFN-y" N4 OVA vs V4 OVA p>0.05, TNF' N4

OVA vs V4 OVA p<0.001, 12-14 mice/group). Analysis by 1-way ANOVA (Bonferroni post

test); *p<0.05, ***p<0.001.
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p<0.05; n=5-10 mice/group). (B) Four weeks post-infection, mice were challenged with N4 OVA

in the foot pad and the draining popliteal lymph nodes were assessed 5 days later for surface

TNFR2 expression (p<0.001, 13-14 mice/group). (C) Soluble TNFR2 was measured by ELISA 4

weeks post-infection (day 0) or 5 days following secondary N4 OV A rechallenge (Day 0 vs. day

5,N4 OVA p<0.01, V4 OVA p<0.001). Analysis by (A, C) 2-way ANOVA (Bonferroni post test)

or (B) unpaired Student’s t-test. *p<0.05, **p<0.01.
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Figure 6.4. Low affinity primed memory CD8" T cells rely on TNFR2 signaling. Naive mice
were adoptively transferred with 10* OT-I T cells were infected the following day with either (A)
LM-N4 OVA or (B) LM-V4 OVA. Four weeks post-infection, mice received an N4 OV A skin
graft and either left untreated or given anti-TNFR2 (n=6-8 mice/group). Analysis by log-rank test.
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Chapter 7. Discussion

The Impact of CD8" T Cell Affinity During Allogeneic Heterologous Immunity

Understanding the impact of low affinity T cell stimulation

Seminal work from Evavold et al over twenty years ago revealed that TCR priming
affinity has a profound impact on T cell fate (276). Specifically, this work demonstrated that two
T cell effector functions, cytokine production and proliferation, could be decoupled by
differences in TCR ligand affinity using altered peptide ligands. Despite this compelling finding,
understanding of the precise role that TCR priming affinity plays in dictating immune responses
in vivo is poorly understood. Indeed, while a tremendous amount of work has elucidated the
phenotypic and functional characteristics of CD4" and CD8" T cells in a variety of infectious,
autoimmune, and transplantation models, isolating the specific differences between high and low
affinity cells functionally has proven difficult. Adoptive transfer systems using monoclonal T
cells have provided a wealth of phenotypic information about in vivo T cell function. Advances in
tetramer technology have enabled the study of antigen-specific in vivo populations, providing
another layer of understanding of T cell responses in vivo. However, neither approach is able to
specifically assess the role that TCR priming affinity plays on the character of subsequent T cell
responses.

Despite these technical difficulties, low affinity primed effector and memory cells are
increasingly recognized as physiologically important for protective immunity and pathogenic T
cell responses. Two recent studies have demonstrated the importance of low affinity T cells in
physiologic T cell responses. Using a modified OT-I adoptive transfer model, Zehn et al showed
that CD8" T cells could be primed with a range of affinities following acutely cleared LM-OVA
APL strains (191). Despite a 680-fold range in functional avidity, each of these infections were
able to elicit stable memory populations capable of robust recall responses. Interestingly, Zehn et

al reported very minor phenotypic differences among primary effectors primed across a range of
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affinities. Elegant work from Sabatino et al demonstrated that low affinity CD4" T cells are
prevalent at frequencies similar to those of high affinity cells in EAE and following LCMV
infection (238). The implications for this work are that T cells receiving low affinity priming
interactions are programmed to generate T cell effectors and memory populations.

Compared to high affinity effector and memory T cells, low affinity priming is
recognized to confer several key features of T cell phenotype and function. Our work and others
has demonstrated a preferential Tcy phenotype that correlates inversely with TCR priming
affinity, e.g. higher affinity priming leads to a less Tcy phenotype (232, 233, 240, 249, 257).
Interestingly, we found that levels of CCR7 expression did not change with priming affinity in
secondary lymphoid organs, which is the first demonstration that CD62L and CCR7 expression
diverges on T cells due to priming affinity. This finding has potential implications for T cell
trafficking, as the cumulative expression of these lymph node and spleen homing molecules likely
dictates the kinetics and quality of recall responses. Beyond these two markers, relatively little is
known about differences in expression of T cell trafficking molecules. Intriguingly, King et al
demonstrate that lower affinity priming limits the upregulation of VLA-4 on primary effectors
(195). Future work in this field should address trafficking differences of low vs high affinity
primed CD8" Ty and Ty cells. For example, are low affinity Tcy and high affinity Tey capable
of similar differentiation into secondary effectors and trafficking to distal sites on a per cell basis?
Are low affinity primed memory T cells better at clearing systemic infectious rechallenges due to
their greater Tcy phenotype? Do high or low affinity T cells reside in similar locations within
secondary lymphoid organs? How does the expression of VLA-4 (and other integrins) on low
affinity T cells affect the course of autoimmunity and transplant rejection?

Our work showed that low affinity primed memory CD8" T cells are surprisingly poised
to undergo secondary effector responses against high affinity antigen. This was evident in both
the kinetics of graft rejection and proliferation in response to high affinity antigen.

Mechanistically, the ability of low affinity primed CD8" T cells to response to heterologous



136

rechallenge seemed dependent on enhanced proliferative potential conferred by high CD45RB
expression. While previous work has demonstrated that CD45 isoforms confer important effects
on T cell signaling, this is the first in vivo demonstration that high CD45RB isoforms confer a
particular physiologically relevant proliferative advantage. Interestingly, Mehlhop-Williams
demonstrated that on a per cell basis, naive CD8" T cells were capable of greater proliferative
responses and stronger TCR signaling than CD8" memory cells (277). Although this study did not
specifically address the expression of CD45 isoforms, presumably the similar expression of
CD45RB isoforms on naive and low affinity memory CD8" T cells has similar functional

consequences.

Progress towards identifying surface markers of CDS" T cell effectors and memory affinity

One particular technical difficulty in the study of TCR affinity among memory T cells
has been the lack of a definitive stable surface markers that correlates with priming affinity.
Phenotypic memory markers, such as CD44 are universally upregulated following memory T cell
differentiation. Other acutely expressed activation markers that have been correlated with priming
affinity, such as CD69, CTLA-4, and IFN-y, are not maintained for more than a few days
following activation (139, 191, 243). Recently, mice that report the expression of the orphan
nuclear receptor Nur77 have been generated to study the in vivo affinity of T cell responses.
Nur77 is one of the earliest transcripts to be dynamically upregulated following T cell activation,
and presents an elegant way to study the role of TCR affinity during priming of naive T cells in
vivo (242). However, the role of Nur77 on memory and secondary effectors remains to be seen.
We saw no difference in the expression of Nur77 on resting high and low affinity memory CD8"
T cells, and found no difference in the upregulation of Nur77 following high affinity rechallenge.
The identification of high CD45RB expression on low affinity primed memory cells represents an
important advance toward this aim, as CD44"CD45RB" cells can now be identified as by a stable

surface phenotype as low affinity primed effector and memory T cells. This means that
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subsequent studies will be able to study differences in high and low affinity polyclonal T cells in
isolation in in vivo and in vitro assays. In particular, these studies will be able to assess the
phenotypic and functional distinctions between high and low affinity T cells, and full

transcriptional analysis.

Therapeutic implications of low affinity T cell reliance on TNF cosignaling

Cosignaling is another facet of T cell functionality that is influenced by T cell affinity.
While costimulation has long been studied in the context of single receptors and pathways,
recently it has been appreciated that T cell costimulation is a highly dynamic process, and
depends on a constellation of costimulatory and inhibitory receptors. Termed the tidal model of
cosignalling (270), this model describes how initial T cell interaction leads to a wave of
costimulatory signals followed by the recession of these signals and the concomitant rise of
expression and signaling of coinhibitory receptors, thereby providing a means of tuning T cell
functionality and providing a feedback loop of regulation.

Recent work has provided evidence that TCR priming affinity dictates the specific
character of cosignaling receptors, particularly the TNF receptor family members CD27, GITR,
0X40, and TNFR2 (192, 275). In our model of antigen-specific CDS" T cell memory, we found a
specific role for TNFR2 signals on low affinity primed secondary effectors. This finding extends
recent work demonstrating the importance of the TNFR family on low affinity CD8" T cells, but
also highlights the importance of the temporal dynamics of the interplay between costimulation
and T cell affinity. Based on our findings, one can extend the tidal wave model of cosignaling to
include the caveat that high and low affinity priming produce different types of cosignaling waves,
and that primary waves are distinct from secondary waves of cosignaling. Dissecting critical
intracellular signaling components could potentially lead to novel therapeutic targets, but is a

daunting task. Indeed, the TNFR family is often treated as a redundant group of signaling
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molecules in both original studies and literature reviews due to the overlap of the use of these
intracellular signaling molecules (271, 275, 278, 279).

Our finding that low affinity primed secondary effectors has immediate therapeutic
implications for transplantation, as several TNF-based therapeutics are clinically available for
autoimmune disease (271, 280). This work suggests that TNF blocking agents might be an
important companion to existing anti-rejection therapeutics because they might effectively inhibit
memory T cell responses, particularly low affinity primed T cells that are cross-reactive with
graft antigen. Despite the widely accepted ability of T cells to produce and response to TNF (2,
191, 281), relatively few groups have published the results of anti-TNF therapy in animal models
of solid organ or bone marrow transplantation (282-284). Nevertheless, particularly in the aim of

inhibiting memory T cells, anti-TNF therapy remains an attractive target for transplantation.

A proposed model of polyclonal CD8" T cell heterologous immunity

Despite the advances in understanding antigen-specific T cells in the context of
heterologous immunity made possible by adoptive transfer TCR transgenic system, there is
tremendous power in utilizing polyclonal models to investigate heterologous immunity. Recent
advances in tetramer technology, particularly among class I MHC tetramers, have made it
possible to track antigen-specific cells in naive, effector, and memory states of differentiation.
The major advantage of such a system in transplantation is the ability to study truly allogeneic T
cell responses. One critique of the adoptive transfer OT-I system is that while this model allows
for easy identification of antigen-specific cells and precise control of parameters such as priming
kinetics, cell number, and TCR affinity, this model still represents a surrogate minor antigen
mismatch versus a fully allogeneic model of graft rejection. This difference is manifest in two
conceptual ways: first, the biochemistry of TCR:pMHC recognition as well as the nature of the
antigen. While a great deal of work has demonstrated that allogeneic and self MHC-restricted

recognition are equally peptide-dependent, there is considerable evidence that TCR binding to
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allogeneic pMHC is structurally distinct from self MHC-restricted interactions (12, 36, 37, 285,
286). Second, although in reality there are likely many minor histocompatibility antigens that
play an important role in graft rejection, the dogma in the field is that allogeneic interactions are
driven by MHC-derived antigen.

Ideally, a model of heterologous immunity would involve a known TCR specificity that
expands in response to an infection, and thus forms effector and memory cells. Subsequently
these same cells are cross-reactive to an allogeneic antigen presented during grafting. Generation
of such a model is primarily limited by the number of known allogeneic antigens, e.g. BALB/c H-
2% antigens that are recognized by C57BL/6 H-2° restricted T cells. While some work has been
done towards the goal of identifying such antigens, the tools for such a system were generated
nearly two decades ago by Eisen and colleagues with the 2C transgenic TCR system (287-291).
The 2C TCR was generated against BALB/c H-2¢ splenocytes, and has been demonstrated to
recognize a number of H-2L! peptides derived from a citric acid cycle enzyme, oxaloglutarate
dehydrogenase (OGDH). A remarkable amount of elegant work was done demonstrating that
several OGDH peptides bind to H-2L" and are recognized by 2C T cells with a range of affinities
(287, 288, 291).

One would hypothesize that a portion of the naive C57BL/6 T cell repertoire would recognize
one or more of these allogeneic complexes, which could be identified by tetramer. If a model
murine pathogen infection also expanded these alloreactive T cells, this would create a scenario
in which a population of pathogen-specific CD8" memory T cells is alloreactive for a known
allogeneic pMHC complex, thus providing a model of polyclonal heterologous immunity. The
pathogen antigen specificity of these alloreactive T cells would not be known, but would not be
required for such a system, since the allogeneic tetramer could be used to identify the cells.

This particular model would provide several opportunities for investigation not afforded by
adoptive transfer models or allogeneic models without a known allogeneic antigen. First, it would

enable analysis of TCR repertoire, phenotype, and functionality of the entire allogeneic
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population. Second, it would enable analysis of trafficking of T cells in a physiologic setting in
naive, memory, and post-graft timepoints. Finally, this model would have the added advantage of
in vitro studies, as both 2C TCR transgenic mice and 2C TCR expressing hybridomas are
available.

A model such as this would enable the assessment of very fundamental questions about the
nature of allogeneic responses in vivo under various physiologic conditions. For example, does
the overall TCR affinity or TCR repertoire narrow following pathogen infection compared to the
naive alloreactive repertoire? What cytokines are produced or necessary during an allogeneic
secondary response? What is the kinetics and magnitude of the proliferative response to
allogeneic antigen? What type of cells present allogeneic antigen during rechallenge? Answers to
many of these questions have the potential to both uncover novel pathways that are particularly
important to allogeneic T cell responses and to generate insights that are applicable to other types

of pathogenic T cell responses.

Implications of TCR affinity for protective and heterologous immunity

Recent work from our lab and others has established that low affinity memory CD8" T
cells are maintained at low frequency following priming and are fit to undergo secondary clonal
expansion. Overall, however, the protective impact of low frequency CD8" T cells is less than
that of higher frequency high affinity primed memory CD8" T cells. What, then, is the
evolutionary purpose of maintaining low affinity T cells? One compelling explanation is the
maintenance of clonal diversity for protection against subsequent infections and cross-reactive
challenges. This diversity can come in the form of effector function — greater cytokine production,
for example — but also at the level of TCR cross-reactivity. Our work along with others suggests
that low affinity priming generates cells that have a greater functional response against cross-
reactive epitopes than high affinity primed CD8" T cells (192, 257). Additionally, this idea is

supported by the finding that “original antigenic sin” does not seem to apply to low affinity T
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cells responses, as the presence of high affinity CD8" T cell memory did not limit the secondary
response to low affinity rechallenge (292). Thus, a teleological purpose of low affinity memory T
cells seems to be to maintain a breadth of protective immunity (293).

This concept significantly departs from the “one T cell, one epitope” dogma that was
initially proposed following the discovery of the TCR, and likely has important implications for
the interplay between protective and pathogenic immunity. This work preliminarily suggests that
low affinity CD8" T cell memory is at once important for maintaining maximal protective
immunity against pathogens, but could elicit the most pathogenic T cell responses in the setting of
transplantation or autoimmunity. Future human T cell studies should determine if low affinity
primed memory CDS8" T cells are associated with pathogenic responses. If so, efforts should be
made to find existing immunomodulatory strategies or agents that effectively inhibit low affinity
memory T cells. For example, one could hypothesize that TCR-signal inhibiting agents, such as
CNIs, would effectively inhibit low affinity T cells. In sum, despite its lower frequency, low
affinity memory T cell memory is increasingly recognized as a physiologically important

population that has a profound impact on T cell responses.

Th17 Memory in Transplantation: Revisiting the Function of CTLA-4

New insight into the CD28/CTLA-4 pathway on Thl7 cells

Our studies found that human Th17 memory cells are resistant to costimulation blockade
with belatacept, and are associated with acute rejection episodes in renal transplant recipients
(138, 171). Importantly, Th17 memory cells expressed significantly more of the coinhibitor
CTLA-4 than Th1 populations. This suggests that Th17 cells receive more coinhibitory signals
following activation than Th1 populations. We hypothesize that in the context of CD28/CTLA-4
blockade, therefore, Thl cell costimulatory signals are largely inhibited, thereby limiting their
proliferation. Th17 cells under CD28/CTLA-4 blockade, in contrast, perceive a relatively greater

loss of coinhibitory CTLA-4 signals than costimulatory CD28 signals, thereby resulting in
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augmentation of this population instead of inhibition. A great amount of work remains to be done
to fully understand this observed in vitro and in vivo resistance of Th17 cells to CTLA-4 Ig.
Future studies must investigate the mechanism by which Th17 cells are not inhibited by
CD28/CTLA-4 blockade. There are two conceptual possibilities for this: first, that this
mechanism is CD28/CTLA-4 intrinsic or, a second possibility is that another pathway or cell type
is at play.

It is possible that CD28 blockade induces distinct secondary effects on Th1 and Th17
cells, such as the upregulation or downregulation of other cosignaling molecules. For example, a
more comprehensive understanding of the signals that Th17 cells rely on is important. Recent
work has suggested that Th17 cells rely on other cosignaling molecules, such as ICOS, SLAMF3,
and SLAMF6 for optimal differentiation. It remains unknown whether these signals are also
important for activation of Th17 memory cells, or whether signaling by these molecules becomes
more prominent in the absence of CD28 signals. One important experiment will be to further
investigate the expression profiles of Th1 and Th17 cells in the presence of CD28 blockade. This
study has the potential to uncover important transcriptional, intracellular signaling, and
cosignaling changes that occur in the absence of CD28 in an unbiased manner. The goal of this
work would be to understand the relative similarities and differences of the CD28 pathway on
Th1 and Th17 cells. Conceivably, this could also lead to the identification of novel or existing
therapeutic targets that would be effective at inhibiting a costimulation blockade resistant
population. Recently, one such target was identified by the bromo domain and extra terminal
domain (BET) family of chromatin adaptors selectively control Th17 differentiation, and that
their pharmacological inhibition can limit murine model of arthritis and EAE (294).

It is possible that the distinct effects of CD28 on Thl and Th17 cells are in fact dependent
on CTLA-4, as a significant portion of CTLA-4 expression has been shown to depend on CD28.
Interestingly, we found that selective CD28 blockade with a domain antibody also augments

Th17 populations while inhibiting Th1 populations, suggesting that the resistance of belatacept is
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due to differences in CD28 signaling and not primarily to CTLA-4 signals. Our preliminary data
suggests that a portion of high CTLA-4 expression on Th17 cells is dependent on TCR and CD28
signals, respectively. Future studies will have to address whether the magnitude of CD28-
dependent CTLA-4 expression on Th17 cells is sufficient to confer resistance to CD28 blockade
relative to Th1 cells.

Second, the resistance of Th17 cells to CD28/CTLA-4 and CD28 blockade could involve
differentiation of or regulation by CD4"CD25 FoxP3" T reg (Treg). While the literature on Treg
is fraught with contradictions, several groups have demonstrated that Th17 and Treg are
reciprocally differentiated depending on the cytokine milieu present, and several recent studies
have demonstrated that Th17 cells are augmented by the presence of Treg in vitro (198, 295-297).
Furthermore, Treg have been shown to depend on CD28 signals and inhibited by CTLA-4 Ig
based therapy (102, 177, 298). It is conceivable that in proliferation assays with CTLA-4 Ig or
anti-CD28 dAbs, Treg could be functioning in way that confers a resistant phenotype of Th17
cells. Thus, it remains worth exploring whether these observed differences in susceptibility to
CTLA-4 Ig and CD28 blockade are mediated through Treg. There are two experiments that can
be used to elucidate that possibility. First, using a cytokine capture assay, the function of purified
Th1 and Th17 cells can be assessed an in vitro proliferation assay. This experiment can
definitively show that the observed differences in CD28 signaling are cell intrinsic. Second, Treg
can be selectively removed from the cell culture prior to the assay by depleting CD25" T cells,
which is a sensitive marker for Treg. Results of these experiments will reveal whether the effect

of CD28 blockade on Th17 cells is cell intrinsic or Treg mediated.

CTLA-4 function on Thl7 cells — future directions
Many fundamental questions remain about the specific role of CTLA-4 on CD4" T cell
subsets. Currently, many distinct mechanisms of CTLA-4 coinhibition have been identified

[Krummey et aL. AJT, in press]. However, not only are these mechanisms distinct but they are not
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mutually exclusive. One particularly important area of investigation is likely to be CTLA-4
localization (139). While traditional model of CTLA-4 function maintains that it can compete
with CD28 for ligation of CD80/CD86 and traffic through the immunological synapse, the
relative prominence of this occurrence on T cell subsets has not been elucidated. In response to
Lu et al (168), who found that Treg and Tcon have distinct trafficking patterns when cultured
with APCs, does this phenomena correspond to distinct localization relative to the immunological
synapse?

Additionally, it remains to be seen whether CTLA-4 on Th17 cells acts predominantly in
a cell extrinsic or intrinsic manner (164). Our work has demonstrated a cell intrinsic role for
CTLA-4, but it remains undetermined whether high CTLA-4 expression also leads to greater cell
extrinsic function on Th17 cells compared to Thl cells. If high CTLA-4 confers a suppressive
function on Th17 memory cells, that would raise the questions of whether elevated Th17 cells
observed during acute rejection in belatacept-treated patients are mediating or suppressing
rejection. It is entirely possible that CTLA-4 might function to inhibit certain aspects of the
allogeneic immune response (e.g. the proliferation of other CD4" and CD8" T cells) while
promoting others (e.g. IL-17-mediated recruitment of neutrophils and innate cells). Devising an
experimental system with which to interrogate the cell-intrinsic or -extrinsic function of CTLA-4
on Th17 cells would be technically challenging, as it would require Th1, Th17, and Treg cell
lines or clones with stable silencing of CTLA-4 in combination with a Treg-style suppression
assay. While challenging, this avenue of investigation would potentially provide important

information about the role of high CTLA-4 in pro-inflammatory Th17 cells.

Therapeutic implications of costimulation blockade resistance
Beyond understanding the precise mechanism underlying the resistance of Th17 cells to
belatacept, our work highlights the idea that differences in the expression of cosignaling

molecules can have a profound impact on the outcome of immunomodulatory strategies. It also



145

suggests that the effects of immunomodulatory therapies should be, to the greatest degree
possible, examined in a subset-specific manner. This idea likely extends beyond CD28/CTLA-4,
as other cosignaling molecules are differentially expressed on distinct T cell subsets.

This work provides an important caveat to the clinical use of CTLA-4 Ig-based
therapeutics (abatacept and belatacept) in transplantation and autoimmunity. In early clinical
studies, abatacept has a mixed clinical record in IBD, SLE, and MS (but has worked in the
treatment of rheumatoid arthritis) (102, 201, 202). While CTLA-4 Ig offers a major conceptual
advance by selectively targeting T cell costimulation, this mixed record higlights the difficulty in
developing more selective (and thus less toxic) immunomodulatory agents: the specific context
and timing matter a great deal. While the clinical picture of belatacept following renal
transplantation invokes the idea that pre-formed memory that is resistant to the agent can mediate
pathogenic responses early following transplantation, this likely informs factors that contribute to
the limited efficacy of CTLA-4 Ig in managing Th17-mediated autoimmune disease. /n vitro
human studies and animal models have demonstrated that CTLA-4 Ig effectively inhibits de novo
T cell priming events (138, 299). Thus, one could hypothesize that in the context of autoimmunity
or transplantation, administration of the drug at times when there is a high antigen burden and
high occurrence of naive T cell priming, perhaps termed “naive-biased T cell state,” CTLA-4 Ig
would be particularly efficacious. In contrast, during instances when there is a “memory-biased T
cell state,” defined by a particularly low antigen burden (and thus less naive T cell priming) or a
recent history of microbial exposure that has generated a high frequency of Th17 polarized cells —
the conditions are stacked against CTLA-4 Ig treatment. The problem is that clinically these two
scenarios are largely indistinguishable, and markers that could distinguish these two divergent
immunological states are not yet defined.

With these new caveats what, then, is the way forward for CTLA-4 Ig based therapies?
Unfortunately, the nuances in these basic science findings likely signal a need for nuance in the

clinical use of CTLA-4 Ig. First, it is possible that CTLA-4 Ig should be accompanied by drugs
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that can cover Th17 memory responses. A number of Th17-targeted therapies are undergoing
clinical development for autoimmune disease, particularly IBD. The outcome of this cohort of
agents will certainly be relevant to transplantation, as Th17 memory cells are increasingly
recognized as a component of the pathogen-elicited alloreactive repertoire. Studies in our lab are
underway to investigate the role of Th17 cells in liver transplant patients, and the relative
presence of Th17 cells compared to Thl cells in these patients. As well, our group is working to
add on a Th17-targeting therapy, anti-1L-12/23, to belatacept in non-human primate model of
renal transplantation. In the case of transplantation, this strategy is being deployed with
calcineurin inhibitor (CNI) induction therapy following renal transplant for 6 months, followed
by a CNI taper to long-term belatacept monotherapy.

Second, studies should investigate the efficacy of different kinetics and dosing of
belatacept around the time of transplantation. For example, would pre-transplant use of belatacept
(logistically difficult in transplantation with the exception of perhaps living related kidney
donation) improve outcomes by enabling the Th17-biased response early following initiation of
therapy to run its course before the exposure of an allograft? Furthermore, early studies in EAE
demonstrated that low dose CTLA-4 Ig treatment exacerbated disease in a relapsing-remitting
model of EAE (175). Thus, it is conceivable that higher dosing of CTLA-4 Ig in the setting of
autoimmune disease or transplantation might lead to improved outcomes. It is worth noting,
however, that in clinical development of belatacept for renal transplantation, the incidence of
acute rejection was lower in the low dose than the high dose arm (300). Nevertheless, the dose
effect of belatacept on T cell responses has been relatively understudied and might inform an

improvement in clinical outcome.

What is the Future of Immunosuppression?
Collectively these data demonstrate that the character of effector and memory T cells is

highly dynamic and dependent on a number of environmental, cellular, biochemical, genetic, and
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kinetic cues. Indeed, the majority of basic immunology research over the past twenty-five years
(perhaps since the discovery of Th1/Th2 cells) has focused on defining properties of distinct T
cell populations. Indeed, we are quite likely only beginning to grasp the range of T cell “subsets”
that exist and the factors that govern their generation and maintenance. Current therapeutics
targeting T cells were designed with the goal of broadly inhibiting T cells, with kinetics being the
largest source of specificity for pathogenic versus non-pathogenic cells. Indeed, many of these
drugs (CNIs, anti-TNF agents, T cell depleting therapies) were first conceptualized in the relative
dawn of the study of T cells.

However, this model of immunosuppression is seemingly at odds with much of what we
understand about the strengths of protective immunity, mainly the ability to maintain long-term
protection to a broad array of pathogens. In patients with active autoimmune disease or transplant
patients at risk of rejection, the collective immune system — including T cells — is still providing a
great deal of effective and dynamic protection against microbes. Thus, inhibiting or eliminating
random subsets of this protective repertoire, thus leaving holes in protective immunity, is a
clumsy strategy for inhibiting pathogenic T cell responses. Clearly, a more refined and selective
approach to limit pathological immunological responses is needed.

It appears that next-generation therapeutics will capitalize on disease-causing factors or
characteristics of T cells that are specific to individuals, with the goal of most efficiently
inhibiting only pathogenic T cells while sparing non-pathogenic poulations. This strategy
presumes that the immunological variation between individuals is a determining factor in the
progression of disease. For example, if a renal transplant recipient has a high frequency of Th17
memory cells, they might receive drugs that specifically target Th17 cells. Alternatively, a heavy
Th1 bias of the CD4" compartment coupled with a paucity of Treg might be driving rheumatoid
arthritis in a group of patients. This concept of personalized medicine requires careful analysis of
patients and matching the specific therapeutic regimens to particular immune characteristics to

identify therapeutic regimens that are most likely to be effective. In many ways, this is a logical
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extension of traditional therapeutic strategies, where treatment timing is a major source of
specificity. However, this represents an advance over existing strategies because it takes into
account the heterogeneity of immunologic disease and variation within individuals: more
specifically, the notion that across an entire population with a given disease — or who receive a
transplant — distinct T cell subsets might be driving pathological responses in subsets of patients
but not others.

Through careful human immune monitoring studies, this scenario is occurring and is
identifying parameters that stratify patients likely to benefit from particular immunotherapeutics.
In the case of belatacept and transplantation, for instance, work is already well underway to
stratify patients based on the risk of rejection on belatacept versus CNIs. Overall, the next step is
to actually use these types of studies to develop improved therapies based on targets identified
through the unbiased study of patients. Thus, careful investigation of human T cell function in
healthy humans and patients is critical for progress towards improve therapeutics. Ultimately,
major advancements in immunomodulatory therapy over the next decades are likely to come from

experimental investigation of human T cells.
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