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Abstract

Novel Immunosuppressive Strategies for the Control of Tey Cell-Driven de novo DSA Responses

By: G. Michael La Muraglia Il

Organ transplantation remains as the only curative treatment for end stage organ disease.
Despite recent advances in medicine and technology within the field of transplantation, chronic
immunological graft rejection remains to be a significant barrier to the success of organ
transplantation. Recent clinical evidence has shown that donor-specific antibodies (DSAs)
contribute significantly to the progression of chronic allograft rejection. However, robust
therapeutic options to control DSA formation in the post-transplant phase have yet to reach

widespread clinical application.

CD28 blockade with CTLA-4-Ig has the ability to reduce the incidence of these donor-specific antibodies
(DSA), but its mechanism is suboptimal for the inhibition of alloimmunity in that CTLA-4-Ig blocks both
CD28 costimulation and CTLA-4 coinhibition. Thus, selective CD28 blockade that spares CTLA-4 has
potential to result in improved inhibition of humoral alloimmunity. To test this possibility, we utilized both
antigen-specific TCR transgenic T cells for donor-specific studies, and a full allogeneic mismatch murine

transplant model in combination with a T follicular helper (Tfh):B cell co-culture system.

We observed that selective blockade with an anti-CD28 domain antibody (dAb) compared to CTLA-4-Ig
led to superior inhibition of Tfh cell, germinal center and DSA responses in vivo, and better control of B
cell responses in vitro. CTLA-4 blockade enhanced the humoral alloresponse, and in combination with
anti-CD28 dAb abrogated the effects of selective blockade. This CTLA-4-dependent inhibition was Tfh cell-
specific in that CTLA-4 expression by Tfh cells was necessary and sufficient for the improved humoral
inhibition observed with selective blockade. As CD28 blockade attracts interest for the control of
alloantibodies in the clinic, these data support selective blockade as a superior strategy to address DSA

via the sparing of CTLA-4 and more potent targeting of Tfh cells.
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1.1 The Current Burden of End Stage Organ Failure: A Preface

Organ transplantation remains as the only curative treatment for end stage organ
disease. Data from the Organ Procurement and Transplantation Network (OPTN) and the
United Network of Organ Sharing (UNOS) reports that an average of 30,000 transplantations
have been performed each year in the United States over the past ten years(1). However, due
to the critical shortage of available donor organs, approximately 110,000 patients remain on
the waiting list at the end of each year. Despite recent advances in medicine and technology
within the field of clinical transplantation, chronic immunological graft rejection remains to be a
significant barrier to the success of organ transplantation. While great strides have been made
to expand the available donor pool through the advancements in the potential of xenogeneic
graft transplantation and the wide acceptance of living donor protocols, the goal of one

transplant for life remains to be of the utmost importance.

Over the last several decades the discovery of potent systemic immunosuppressive
drugs such as calcineurin inhibitors (CNI), have significantly improved graft survival through
their superior control of T cell activation and resistance towards acute rejection. However,
these potent immunosuppressants have proven to effectuate substantial off target effects;
including, but not limited to, nephrotoxicity, hypertension, dyslipidemia and opportunistic
infection. These undesirable side effects compose a significant source of morbidity and
mortality within the transplant recipient population, with the only course of treatment
centering on the reduction of immunosuppression, rendering the graft more susceptible to

immunologic rejection. Current research endeavors within the field of transplantation have



sought to explore new pathways to directly target the activity of alloreactive immune responses

to mitigate the severe complications that can arise during treatment with calcineurin inhibitors.

Through our improved understanding of the role that the adaptive immune response
plays in the rejection of donor organs, new strategies have been developed to potently inhibit
the de novo activation of T cells through the specific blockade of costimulatory signaling. These
costimulation blockade therapies provide the potential for potent control of chronic rejection
through their increased efficacy in inhibiting antibody-mediated rejection as compared to CNI
treatment. While these preliminary treatment protocols have yielded improved graft function
and resistance to antibody-mediated rejection over classic CNl immunosuppression, they have
been accompanied by increased rates of acute rejection. Ultimately, combating the potential
for both acute and chronic graft rejection while maintaining optimal graft function remain the

keystones in the discovery of a next generation immunosuppressive therapy.

1.2 A Brief History of Clinical Organ Transplantation

The first major technical breakthroughs that laid the framework for clinical organ
transplantation as it exists today were not discovered until the mid-19t" century, when
anesthesia in the form of ether was first utilized by William T.G. Morton at Massachusetts
General Hospital to anesthetize patients undergoing surgical procedures(2). This was followed
by British surgeon Joseph Lister’s publication of Antiseptic Principle in the Practice of Surgery
which extolled the virtues of cleanliness in the surgical arena leading to the adoption of aseptic

surgical technique(3). However, despite various medical advancements throughout the 19t



century, it was not until the early 20™ century that solid organ transplantation was first

experimentally described.

The origins of vascularized organ transplantation were started by French surgeon Alexis
Carrel in his pioneering of a technique in which the lumen of two blood vessels could be
sutured together, a process termed vascular anastomoses(4). It was through this technique that
he was able to perform the what was called the first homoplastic kidney transplant between a
canine donor and recipient pair, later earning him the Nobel Prize in Physiology and Medicine in
1912(5). Interestingly, while Carrel had performed these experiments with the focus on arterial
and venous stenosis surrounding his anastomoses, he noted that these organs failed to function
for more than a few days following reperfusion, free of any stenotic complications. Never
further pursuing the mechanism underlying this phenomenon of spontaneous graft failure, the
fundamental immunologic basis of organ rejection would remain clandestine for decades to

come.

While the milestone of the vascular anastomoses allowed for the surgical feasibility of
solid organ transplantation, further experimentation in animal models of transplantation began
the uncover the robust immunological barrier present in models of allotransplantation. The first
implications of an immunologic component to transplantation were described by Sir Peter
Medawar through his observations of skin transplantation performed on burn patients during
the height of World War 11(6). He described that patients receiving autografts or self-tissue
encountered complication free skin engraftment. However, patients receiving homografts
experienced rapid tissue degeneration leading to dermal necrosis and graft bed inflammation.

Through further investigation in animal studies of skin transplantation, Medawar established a



rabbit skin transplant model that was able to recapitulate his observations of autograft
acceptance and homograft rejection in human patients(7). He was able to expand upon his
previous findings, describing that recipients of two successive skin allografts displayed
accelerated graft rejection kinetics on the second graft(8). This observation of accelerated graft
loss led to the hypothesis that an “actively acquired immune reaction” was the mechanism
underlying the accelerated rejection of the grafts based on the antigenic disparity of the donor-

recipient pair.

Independent studies performed by veterinarian Ray Owen during the 1940’s led to his
seminal publication in Science where he described his observations of stable hematologic
chimerism in dizygotic cattle twins(9). These findings demonstrated that parabiotic
anastomoses leading to the free transfer of red blood cells between dizygotic littermates
allowed for reciprocal transplantation of hematopoietic stem cells, thus establishing the first
evidence of immunological tolerance. Medawar expanded upon the findings of Owen through
extrapolation of his dizygotic cattle model to define specificity of this acquired “immunological
tolerance”, noting that skin grafts transplanted between dizygotic cattle twins went on to be
accepted whereas 3™ party skin grafts were rejected(10). Further studies by Medawar in
murine models of acquired tolerance described that early exposure to alloantigens in the form
of splenocytes during development in utero was capable of inducing a state of antigen-specific
immune tolerance(11) leading to the spontaneous acceptance of skin allografts from the same
splenocyte donor strain(12). These groundbreaking studies performed by Owen and Medawar
galvanized the principal of “acquired immune tolerance”, which established transplant rejection

as an immunologic phenomenon with the capacity of being suppressed.



While the early animal studies clearly delineated an immunological component of
graft rejection on the basis of self vs. non-self-tissue recognition, it was only a matter of brief
time before these lessons were explored through clinical transplantation. In December of 1954,
Joseph Murray performed the first successful renal transplant at Brigham and Women'’s
Hospital between two identical twin brothers, one of whom experienced chronic nephritis
leading to end-stage renal failure(13). The success of this operation was predicated on the fact
that the recipient was genetically identical to the donor, providing no immunologic barrier to
prevent the graft from being accepted as self-tissue. Nonetheless, this remarkable surgical
achievement afforded the first demonstration that a human renal graft could be physically
transplanted, and provide life-supporting function within a new recipient. Subsequent to this
milestone in transplant history, several other institutions were also able to exchange organs
between pairs of twins, recapitulating the work of Murray, but transplantation remained an

experimental procedure with a multitude of compromising risks involved during this era.

1.3 The Advent of Clinical Immunosuppression

The first efforts towards achieving immunosuppression came in the form of total body
irradiation (TBI) and the administration of the corticosteroid prednisone. However, TBl was
found to be associated with a high incidence of morbidity and mortality leading to its
abandonment as a potential therapy for post-transplant immunosuppression. Investigations led
by Gertrude Elion and George Hitchings working in the field of leukemia research, led to the
eventual discovery of an anti-proliferative drug, 6-mercaptopurine(14). The application of a
derivative of this anti-proliferative agent, azathioprine (AZA) to experimental transplantation,

displayed the capability of inhibiting immune responses in animal models(15, 16). A decade



later these early attempts of pharmacological immunosuppression gave way to Dr. Thomas
Starzl’s adoption of AZA and prednisone as a dual therapy immunosuppressive treatment for
clinical renal transplantation, resulting in unparalleled success compared to all previous
protocols(17). It was during this era of experimental therapeutics that animal models of
transplantation also began to identify lymphocytes as the cells responsible for graft
rejection(18-20). In response to these findings, Starzl later introduced a ground-breaking
therapeutic for induction therapy in the form of anti-thymocyte globulin (ATG) isolated from
equine tissues, which further improved outcomes through its action of depleting lymphocytes
within the transplant recipient(21, 22). While these advances in transplant therapy improved
short-term outcomes compared to earlier attempts, the life expectancy of grafts remained

poor.

The discovery and subsequent adoption of a new class of immunosuppressive therapy
termed calcineurin inhibitors (CNI) in the form of Cyclosporine A (CyA) was revolutionary for the
field of transplantation. CyA was first described by Borel in 1976 as having immunosuppressive
activity, which was later defined through its inhibition of the lymphocyte signaling molecule
calcineurin(23-25). Through the interruption of calcineurin signaling, CyA prevents the
activation of alloreactive T cells through rendering them unable to competently mediate graft
rejection(26, 27). The application of CyA to clinical transplant protocols drastically reduced the
incidence of acute rejection(28, 29), however, it comes at the cost of significant off target
effects ranging from nephrotoxicity to pulmonary hypertension(30). In addition to these
harmful side effects, CNIs act systemically and inhibit all T cell responses regardless of their

specificity, thus patients become more vulnerable to opportunistic infection while also having



impaired tumor surveillance due to the global suppression of the adaptive immune system.
While further improvement has been made in CNI therapy with the introduction of Tacrolimus
(FK-506) in the early 90’s(31), the overall half-life of grafted organs has remained relatively
unchanged since the adoption of CNI therapy in the 80’s(32, 33). Therefore, it remains
imperative within the field of transplantation to push for the discovery and implementation of
next generation immunosuppressive therapies aimed at specifically targeting alloreactive

immune responses, while limiting off target toxicity and impairment of protective immunity.

1.4 Innate and Acquired Immune Mechanisms of Graft Rejection

The physical process of organ transplantation, consisting of; tissue procurement,
processing, implantation and reperfusion initiates significant injury to the donor organ(34, 35).
Depending on the relative health of the donor at the time of tissue harvest these effects can be
exacerbated through either acute or chronic circumstances(36). These effects manifest in the
form of inflammation and the release of markers of tissue injury referred to as damage
associated molecular patterns (DAMPs). These DAMPs can be sensed by cells expressing innate
pattern recognition receptors (PRRs) which can be localized intracellularly or on the cell
surface(37). The binding of these DAMPs by PRRs on innate immune cells can trigger the
activation of the inflammasome(38, 39), resulting in the upregulation of genes associated with
inflammatory function leading activation of bystander cells. The outcome of this response is the
production of proinflammatory cytokines including IL-1, IL-6, IL-12, IFNg and TNFa(39) along

with various chemokines promoting the recruitment of other immune cell subsets(40). This



inflammatory response marks the donor tissue as a site of injury, promoting the diffusion of

donor lymphocytes and recruitment of recipient proinflammatory leukocytes(41).

The activation of the innate immune response post-transplantation is mainly a non-
specific reaction to tissue damage, occurring regardless of potential genetic disparities between
the donor and recipient pair(40). While the tissue damage sustained by grafts during the innate
immune response can be significant, it is seldom observed that this process can lead to
rejection in the absence of the adaptive immune system. Studies have shown that animals
devoid of T cells are incapable of effectuating graft rejection of genetically disparate
transplants, however, through the adoptive transfer of wild type T cells to these recipients,
rejection is able to proceed(42). Similarly, in clinical transplantation the depletion of peripheral
blood mononuclear cells (PBMC) has proven to be effective in both the prevention and reversal
of acute rejection(31, 43). The initial steps of the of the adaptive immune response to a
transplanted organ therefore consist of recipient T-cell recognition of a donor derived

alloantigen, termed allorecognition.

Transplantation induces a dynamic immune response, highlighted by polyclonality
generated through a relatively high precursor frequency of T Cell Receptors (TCRs) capable of
responding to the mismatched Major Histocompatibility Complex (MHC) present on donor
derived cells. MHC which is also referred to as Human Leukocyte Antigen (HLA) functions to
present processed peptides derived from intra- and extracellular sources on the surface of cells
for specific recognition by cognate T cells, providing part of the signal essential to their
activation(39). MHC was first described in the seminal publication by Zinkernagel and Doherty

where they demonstrated that for a cytotoxic CD8+ T cell to kill an infected target cell, the T cell
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and target cell must share a class | MHC allele, leading to the definition of MHC restriction(44).
The elevated level of reactivity observed in the adaptive response is afforded by a combination
of specific TCR allorecognition for donor peptide-MHC complex (pMHC) and cross reactive TCRs
specific for other pMHC capable of activation in response to alloantigen. While MHC molecules
unequivocally represent the greatest immunologic barrier to success in transplantation,
instances of haplo-identical transplantation in which MHC molecules are identical have still
precipitated rejection, leading to the discovery and characterization of minor histocompatibility

antigens(45).

The process of T cell priming, as first described by Charles Janeway involves; antigen
sequestration and processing, expression of antigen derived peptide within the MHC (pMHC),
followed by interaction between TCR and pMHC resulting in proliferation and differentiation of
T cells(46). The process of T cell priming has since been further defined, characterized by the
interaction of TCR-pMHC composing the first signal followed by a required second signal in the
form of costimulatory receptor ligation for proper activation(39). The provision of this second
signal, for which the ligands are inducibly expressed on antigen presenting cells (APCs) under
inflammatory conditions prevents the improper activation of T cells that may be responding to
self-antigen(47). The absence of this costimulatory signal under the circumstance of TCR-pMHC
engagement results in a state of T cell anergy, rendering affected T cells incapable of
responding to antigen. One of the best described costimulatory receptors in T cell biology is the
surface molecule CD28, known to provide the required costimulatory signaling for the
activation of T cells through engagement with the B7 family of ligands(CD80/CD86)(48). The

ligation of CD28 on T cells by CD80/86 leads to the upregulation of transcription and
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stabilization of IL-2 mRNA, the canonical growth factor for T cells undergoing clonal expansion
(49-51). In addition, CD28 costimulation results in the provision of a reduced activation
threshold for T cells, permitting an increase in responsiveness to lower quantities of
antigen(52). Through these discoveries in the field of T cell biology, a better understanding
could be garnered of the process of T cell allorecognition by recipient T cells following

transplantation.

The process of transplantation provides a unique environment under which recipient
T cells can be primed and activated by alloantigens through multiple distinct pathways(53). The
method of T cell priming exclusive to transplantation is the direct allorecognition pathway,
where a recipient T cells TCR interacts with intact allogeneic pMHC complexes presented on
donor derived APCs resulting in clonal expansion of donor specific T cells(54). This direct
pathway plays a dominant role during the acute phase of transplantation; however, it is
dependent on the short half-life of donor derived passenger leukocytes. Indirect
allorecognition is the process by which peptides derived from donor MHC are processed by
recipient APCs that in turn present these donor antigens to recipient T cells, remaining the
dominant active pathway of cellular rejection throughout the life of the graft(53). A third,
rather enigmatic pathway termed semi-direct allorecognition occurs through the capture and
presentation of intact donor pMHC complexes by recipient APCs. Potential methods for this
phenomenon include cellular trogocytosis(55) or the fusion of donor derived exosomes with
recipient APCs(56), however, the significance of this semi-direct pathway of allorecognition in

the context of graft rejection remains to be determined. Together, these pathways of
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allorecognition result in the activation and clonal expansion of donor-specific T cells capable of

effectuating graft rejection.

Humoral immunity also plays a pivotal role in the pathology of graft rejection, mediated
through the actions of antibodies generated by way of donor-reactive B cells responses.
Contrary to the methods of T cell priming, B cells are activated through the crosslinking of
native conformation antigens by membrane bound immunoglobulins, referred to as the B cell
receptor (BCR)(39). Activation of B cells, much like T cells results in clonal expansion, however,
B cells can refine the specificity of their BCR through the process of affinity maturation
requiring multiple interactions with the antigen in combination with cognate T cell help(57), to
be discussed further in the proceeding section. Following the initial events of activation, B cells
begin to differentiate into specialized antibody secreting cells called plasma cells that are

responsible for effectuating the processes of antibody-mediated graft rejection.

Through the combination of these processes in innate and acquired immunity following
transplantation, three distinct pathways of graft rejection can be defined. The first, and most
destructive pathway is hyper-acute rejection, characterized by a massive inflammatory reaction
driven by the presence of pre-existing donor reactive antibody, referred to as donor specific
alloantibodies(58). This reaction normally occurs immediately following the reperfusion of the
donor graft with the recipient’s arterial blood supply, initiating with severe arteritis and
interstitial edema resulting in significant thromboembolic complications precipitated by the
activation of platelets and the complement system(59). Through improvements of pre-
transplant screening for HLA sensitization and anti-donor antibody titers(60), hyper-acute

rejection only seldom occurs in clinical settings(61). The second pathway, acute rejection is
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mediated mainly through the actions alloreactive T cells, however recent studies have
implicated a significant role for antibodies(62, 63). Acute rejection is characterized by graft
infiltrating lymphocytes that elicit direct damage to the graft through cytotoxic processes
against parenchymal cells and indirect damage through the promotion of an inflammatory
environment leading to graft dysfunction(64). While acute rejection episodes still occur in the
clear majority of clinical organ transplantation, they are easily reversed through the increase in

intensity of immunosuppressive therapy(65).

The final pathway, and perhaps the least understood, is that of chronic graft
rejection. Chronic rejection is defined as the gradual deterioration of graft function,
characterized by the development of obliterative fibrosis, arteriosclerosis, and
inflammation(66, 67). Initially, it was proposed that chronic rejection was simply the
progression of multiple acute rejection episodes, culminating in eventual loss of graft function
through repeated immunological insults(68, 69). However, the reasons behind suboptimal long-
term transplant outcomes are multifactorial, and it has been increasingly recognized that
antibody-mediated rejection (AMR) is a leading cause of chronic allograft injury and loss(70,
71). The antibodies in question are anti-HLA donor-specific antibodies (DSA), which can be
generated following alloantigen exposure during or prior transplant, pregnancy or blood
transfusion, and are known to cause early and late immunologic injury of allografts(72, 73).
These anti-HLA antibodies are pre-formed in approximately 40% of transplant candidates and
develop de novo in 20% of transplant recipients. Despite the highly recognized deleterious role
antibodies play in kidney transplant outcomes, large knowledge deficits exist regarding the

mechanisms underlying their development and maintenance following transplantation, and
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robust therapeutic strategies to control DSA-mediated allograft dysfunction have yet to be

developed(70, 74, 75).

1.5 Costimulation Blockade Therapy: Next Generation Immunosuppression

To address the significant off target toxicities of CNI immunosuppression commonly
precipitating non-immunologic graft dysfunction, novel immunosuppressive strategies are
required. Given the new insights into T cell activation and the requirement of T cell
costimulation by the activating APC, new targets for therapeutic intervention were proposed.
Through the manipulation of the CD28 costimulatory pathway during T cell priming, it was
known that T cell anergy could be induced, rendering cells incapable of responding to their
cognate pMHC upon secondary interaction in the presence of costimulation(76, 77). Therefore,
it was postulated that blockade of CD28 costimulation following organ transplantation would
result in anergy of alloreactive T cell clones resulting in long-term graft acceptance through

taper of immunosuppression following the induction phase.

One of the first costimulatory blockade reagents developed aimed to exploit the high
affinity advantage of Cytotoxic T Lymphocyte Antigen-4 (CTLA-4) over CD28 for their B7 family
ligands (CD80/86)(78). This was achieved through the generation of a fusion protein composed
of two CTLA-4 molecules fused to an Ig tail, appropriately named CTLA-41g(78, 79). CTLA-4Ig
showed dramatic reduction in the rate of both acute and chronic rejection in models of rodent
transplantation(80-83). However, translation to large animal models showed significantly

reduced efficacy in transplantation models(84, 85). Adaption of the molecule through
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mutagenic approaches lead to the development of Belatacept (LEA29Y) which was able to
recapitulate the advantages of CTLA-4lg in models of non-human primate renal
transplantation(86). Clinical trials of Belatacept began in the early 2000’s demonstrating
significant advantages in renal graft function over CNI immunosuppression, leading to its FDA
approval for use in transplantation(87). Interestingly, the use of belatacept provided increased
protection from the generation of DSA post transplantation as compared to CNI
immunosuppression(88). Unfortunately, while CTLA-4lg has significantly improved renal graft
function post-transplant, increased incidence of acute rejection has also been noted leading to

concerns over its safety versus traditional CNI therapy(89-91).

The mechanisms underlying this increased incidence of acute rejection have yet to be
determined. One hypothesis proposed is the presence of heterologous immunity and the
potential for cross-reactivity of alloantigens with preexisting memory T cells(92, 93). The
potential for CTLA-4lg also having negative effects in the fact that is blocks the action of T cell
intrinsic CD28 costimulatory and CTLA-4 coinhibitory signals, rendering CTLA-4 coinhibitory
action ineffective(94). The blockade of CTLA-4 function also has significantly detrimental effects
on Trec cell populations, which are responsible for the control of alloreactive responses(95).
These ideas have spurred the development of anti-CD28 domain antibodies (dAb) that can
spare CTLA-4 coinhibitory signaling while more potently inducing anergy in alloreactive T cells

through CD28 antagonism(96-98).

The introduction of belatacept and other costimulatory blockade agents represent a
significant step forward in transplantation immunosuppression since the adoption of CNI.

However, the use of costimulation blockade therapy requires further investigation to optimize
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targeting in the effort of providing potent immunosuppression of alloreactive cells in the

absence of acute rejection episodes.

1.6 A Brief History of T Cell Help: The Generation of High Affinity Alloantibodies

The generation of high-affinity antibodies and long-lived memory B cells constitute the
hallmarks of an effective humoral immune response. The provision of T cell help to B cells was
one of the first functions discovered in T cell biology(99), which lead to the adoption of the
term helper T cells regarding the CD4 T cell subset. Through cell transfer experiments, Miller
and Mitchell described that in the absence of either bone marrow derived B cells or thymus
derived T cells results in the incapacity of the immune system to develop an antibody response
following immunization(100, 101). These findings were met with a number of confirmatory
studies applying the hypothesis to a myriad of experimental systems further exemplifying the
requirement of T cells in the generation of robust antibody responses(102). However,
conflicting studies were also published, such as the report on B cell responses to salmonella
derived flagellin, noting a lack for the requirement of T cell help in antibody formation(103).
The discoveries described in these seminal publications underlie the basis for our eventual

definition of T-dependent and T-independent antibody responses.

For the vast majority of protein antigens, the production of antibodies by B cells in a
primary immune response is dependent upon the procurement of stimulation from cognate
helper T cells. However, antigens do exist, primarily from bacterial byproducts that have B cell

mitogenic properties through their capability of ligating PRRs on B cells such as Toll Like
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Receptors (TLRs) providing a B cell intrinsic stimulatory signal, allowing for the generation of an
extra-follicular antibody response(104). Other antigens lacking PRR ligation ability, have also
been described through their triggering of innate immune responses to promote production of
B lymphocyte stimulator (BlyS) by macrophages and monocytes(105). BlyS binds to the B cell
growth factor receptors TACI and BCMA which are constitutively expressed on mature B cells,
resulting in their proliferation and increased production of serum antibody(106, 107). Humoral
responses generated through the T-independent pathway typically produce short-lived, low
affinity antibodies with little to no memory component(108). While this pathway provides
unique insights into the generation of antibodies, its role in transplantation and the generation

of DSA has yet to be elucidated.

The first signs of a plausible molecule executing T cell help to B lymphocytes came
through the discovery of IL-4 in combination with BCR signaling leading to the proliferation of B
cells in vitro(109). However, later in vivo studies revealed IL-4 to not be essential in T-
dependent antibody responses describing that genetic deletion of the IL-4 gene does not result
in the loss of germinal center formation following immunization(110). During the late 1980’s,
the description of CD40 and CD40L represented the first discovery of a ligand-receptor pair
involved in T cell help, essential to the progression of T-dependent antibody responses(111).
This was demonstrated through the generation of an agonistic CD40 specific antibody that in
combination with tonic BCR signaling resulted in B cell proliferation, further studies targeting
germinal center B cells with this method displayed reduced apoptosis(112). CD40L was
eventually cloned and found the be highly expressed on CD4 T helper cells, indicating it as a

dominant mechanism of T cell help to B cells(113). This concept was further reinforced through
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the discovery that X linked Hyper-lgM syndrome correlated with a high incidence of mutations
within the gene for CD40-L(114, 115), directly implicating CD4 T cells as the main component of
T cell help to B cells. In an effort to confirm these novel mechanistic findings, a murine
antagonistic CD40-L antibody was generated, showing that blockade of CD40-L on T cells

prevented the formation of germinal centers(116).

Germinal centers (GCs) are transient microanatomical structures composed of actively
dividing B lymphocytes localized within the B cell follicles of secondary and tertiary lymphoid
organs(117). GCs form in the response to T-dependent antigens, where follicular dendritic cells
(fDCs) initiate formation through their secretion of the chemokine CXCL13, which promotes
chemotaxis of all cells expressing the receptor CXCR5(118). The morphology of GCs is composed
of two zones: a light zone where fDCs, helper T cells and non-actively dividing GC B cells termed
centrocytes are localized, and a dark zone densely packed with actively proliferating GC B cells
called centroblasts(118). Within the dark zone of the germinal center somatic hypermutation
(SHM) occurs, which is the process of mutation within the immunoglobulin’s variable region
genes, generating diversity and increasing affinity of the Ig for the immunizing agent(119, 120).
Light zone interactions focus mainly on the engagement of centrocytes with helper T cells,
where B cells receive essential survival signals in the form of CD40 stimulation, along with
polarizing cytokines that promote class switch recombination (CSR) of antibody isotypes(121).
The light zone also promotes the ontogeny of centrocytes signaling differentiation of GC B cells
into plasmablasts, plasma cells and memory B cells(122). Light-Dark zone cycling of GC B cells is
achieved through the transient expression of either CXCR4 which attracts GC B cells to the dark

zone though fibroblastic reticular cells secreting CXCL12, or CXCR5 resulting in the chemotaxis
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to the light zone through secretion of CXCL13 by fDCs(123). Expression of CXCR5 is tightly
governed by the transcription factor BCL-6 which is upregulated in response to the reception of
T cell help, allowing for recirculation into the dark zone(124). The transient activity of the
germinal center reaction generates antibodies of high affinity and avidity in response to T-

dependent antigens.

Further research into the provision of B cell help by T cells led to the discovery and
subsequent cloning of the cytokine IL-21 which was shown to potentiate B cell
proliferation(125, 126). Through immunohistochemical tissue staining, IL-21 was found to be
localized within B cell follicles of active germinal center reactions(127). Interestingly, I1L-21
staining was found to be positive on some CD4+ T cells within the light zones(128).
Furthermore, mice deficient in the IL-21 gene display significantly lower germinal center activity
in combination with lower levels of affinity maturation and an inadequacy of IgG production
(129, 130). Investigation into the signaling of IL-21 in germinal center B cells revealed a direct
relationship between the control of BCL-6, and IL-21R ligation leading to maximum expression
of BCL-6(129). Together, these data implicate IL-21 as an essential molecule in the
communication of help from T cells to B cells, driving forward the germinal center response

promoting robust humoral immunity.

Further mechanisms of T cell help to B cells have been described relating to contact
dependent interactions. The first of which, inducible T cell co-stimulator (ICOS) found on CD4 T
cells can interact with ICOS-L (CD275) on GC B cells, providing proximity for sustained CD40-
CD154 signaling and directed cytokine stimulation(131). Mutations within the gene for ICOS-L

result in the onset of immunodeficiency(132), with mouse models revealing defects in germinal
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center generation and the formation of B cell memory(133). A second receptor found on T cells,
SLAM-associated protein (SAP) is also important in T to B cell communication(134). Studies
have described that mutations in the SAP protein result in the impairment of germinal center
formation(135), manifesting in the inability to clear certain infections in children(136).
Additional understanding of these dynamic interactions between T and B cells in the germinal
center response have been garnered through the utilization of intra-vital microscopy, lending
greater insight to the specialized T cell subset responsible for B cell help(137). These studies
have reinforced the fact that extensive interactions between B cells and their cognate T cells
occur within the light zones of the germinal center driving the formation of long lived humoral

immunity(124).

In conclusion, the provision of T cell help to B cells in the germinal center response is a
complex interaction composed of many diverse factors and processes. Through the exchange of
stimulatory and inhibitory signals between T cells and B cells occurs massive proliferation,
mutation and selection of antigen-specific B cells. T cell derived signals are then capable of
signaling the differentiation of specialized antibody secreting cells, capable of effectuating high

affinity antibody responses.

1.7 Emergence of the T Follicular Helper Cell Subset

Initial descriptions of CD4 T cell subsets by Terry Mossman in 1986 laid the foundations
of what is referred to today as the Tyl / Tu2 Paradigm(138). Further ground was broken in the

establishment of the T regulatory (Tres) cells as a unique CD4 T cell subset, which was catalyzed
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by the discovery of the transcription factor forkhead box P3 (FoxP3)(139). These advances in
our understanding of CD4 T cell subsets lead to the early descriptions of a specialized set of CD4
T cells responsible for the provision of B cell help. These cells, named T follicular helper cells
(Ten) were initially described in human tonsil tissues through their high expression of the
chemokine receptor CXCR5(140-142). Tonsils are considered secondary lymphoid organs with
significant exposure of antigens from the upper respiratory tract, lending to high frequencies of
germinal center responses. Given the previous discussion of germinal center responses, the

tonsil provides a viable and common tissue for the study of T cell help to B cells(141).

While these initial descriptions of CXCR5* Tey cells were important, the early-published
data did not garner wide acceptance of a distinct program of CD4 T cell differentiation. The
chief complaint of skeptics revolved around the lack of a defined master transcription factor
regulator like had been described for Tul, Tv2, Trec and Tul7 cells with T-bet, GATA3, FoxP3 and
RORyt respectively(143). Combining this shortfall with the fact that the phenotype established
was simply an elevation in the expression of CXCR5 led many scientists to question the validity
and plasticity of initial Ten cell data. However, the recent identification of BCL-6 as the master
transcription factor regulator of Try cell commitment and establishment of the requirement of
Tru cells for B cell help in vivo has laid the foundation for Ten cells as a unique subset of CD4 T
cells(144-146). Further significance of Ty cells as a unique subset was garnered through the

identification of the importance of IL-21 in the function of these cells(127, 129, 147).

The transcriptional repressor BCL-6 was originally identified as the master regulator of
GC B cell differentiation(148), with subsequent discovery in Tey cells(149). While BCL-6 is

required for the progression of differentiation in both GC B cells and Trx cells, its serves distinct
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roles in each cell type. BCL-6 is involved in the control of GC B cells through the suppression of a
myriad of signaling pathways, the regulation of the cell cycle, and the programming of DNA
damage response genes(149, 150). In Tex cells our understanding of the role of BCL-6 is limited,
however in the absence of BCL-6, Tr4 cell differentiation does not proceed(144, 145).
Additionally, it has been well described that BCL-6 can modulate microRNA expression(146)
leading to the inhibition of differentiation to other CD4 T cell subsets(145). BCL-6 has been
shown to antagonize T-bet involved in Thl commitment(145, 146), GATA-3 for Th2
commitment(145, 151), and RORyt in Th17 commitment(145). One of the common targets of
BCL-6 shared by these programs is Blimp-1(144) which has been implicated in the polarization
of T cells to an effector phenotype(149). BCL-6 exerts control of Ty cell lineage commitment

during naive CD4 T cell ontogeny.

While BCL-6 can antagonize the differentiation pathways of other CD4 T cell subsets, the
inhibition is normally incomplete, giving rise to Tru cells with Tyl, Tu2 or Thl7 characteristics.
Evidence of the expression of IFNy(144) and IL-4(141) by T cells in the GC have previously been
described(152), lending to theory that Tyl and Tu2 cytokine profiles can be induced in Ty cells
during TCR priming. These adapted cytokine profiles have been implicated in the promotion of
CSR(153) in GC B cells with IFNy stimulating activation of the IgG switch region, while IL-4
stimulates the IgE switch region(121). While evidence exists that the event of CSR may occur
prior to the formation of GCs in the humoral response, GCs remain to be the major site of CSR
in B cells(153, 154). It can be argued that cytokines from non-Tg cells within the T cell zones

may diffuse to the GC to instruct B cell CSR. However, studies have shown evidence of the
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importance of focal cytokine expression, favoring contact dependent interactions between Tey

and GC B cells(153, 155, 156).

The differentiation program of Ty cells has also been a point of contention amongst
scientists in the field. This was in part, due to the mounting evidence of CD4 T cell
plasticity(157, 158) at the time that Ten cells were becoming widely accepted. Our initial
understanding of Try cell differentiation is derived from in vitro studies where purified CD4 T
cells exposed to IL-6 or IL-21 incudes the production of IL-21 by naive CD4 T cells(147).
Additionally, this group has published data showing that splenic derived APCs cultured with CD4
T cells in the presence of IL-21 promotes the expression of CXCR5 and BCL-6 mRNA in T cells,
lending to enhanced B cell help capacity when adoptively transferred as compared to other T
cell subsets(147). Given the fact that both IL-6 and IL-21 signal intracellularly through the
recruitment and activation of STAT3, it was found that STAT3 deficient mice were incapable of
Tru cell ontogeny(147). Together these data support a model of Try cell differentiation similar to
other CD4+ T cell subsets, where exposure to a single cytokine (IL-6 or IL-21) drives the
differentiation of the distinct Tru cell subset. However, other experimental models have shown
that in instances of IL-21 or IL-21R deficiencies that mice are still capable of producing normal
frequencies of Tey cells(127, 129). While other models of T differentiation have argued that it
is a B cell contact dependent phenomenon orchestrated through the interaction of ICOS and
ICOS-L(137, 149, 159), noting a lack of Tey cells in the absence of B cells following

immunization(160) or infection(144).

Additional studies in the field of Try biology have garnered a greater understanding of

the unique phenotype these cells display. Some of the earlier experiments with Tey cells
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described their dependence on CD28, noting that in CD28 deficient mice, GCs do not develop
due to a lack of Trx cells(161, 162). Further investigation of Try phenotype suggested a
significant role for the expression of ICOS on Ty cells in contact-dependent interactions with GC
B cells expressing ICOS-L(147). Mice deficient in either ICOS or ICOS-L display a lack of Te cell
populations(147, 153, 163), with further confirmation in instances of human ICOS
deficiencies(132, 164). It was then found that ICOS expression on Tru cells was controlled
through a CD28 dependent and independent mechanisms(165) involving the intracellular
signaling cascades of NFAT(166) and PI3K(167). Taken together, these data indicate that CD28

and ICOS expression are critical for the differentiation and function of Trx cells.

Various levels of Ty cell polarization have also been well described in the literature,
leading to the establishment of two distinct populations of BCL-6 expressing Try cells. Current
nomenclature defines these two subsets as Try and GC Try cells, the latter of the two indicating
greater polarization of a Tru phenotype. Try cells are defined as CXCR5* BCL-6* CD4 T cells
expressing elevated levels of ICOS and PD-1(160, 168). GC Tr4 can be identified through their
further differentiation, expressing elevated levels of CXCR5 and BCL-6 over that of the Non-GC
Ten cell population(160, 168). Additional markers such as GL-7(168) have been proposed to
provide unique identity of GC Trn cells, but have not garnered wide acceptance. These
phenotypes lend insight to the localization of GC Tr4 to be within the GC, while Tey cells will
localize closer to T cell zones on the edge of follicles(160). Non-GC Te4 cells express elevated
CXCRS5, BCL-6, PD-1, ICOS, BTLA (B and T lymphocyte attenuator), CD200, and SAP as compared
to naive (CD44CD62L*) CD4 T cells or antigen experienced non-Tey cells, while GC Trn express all

these markers at higher levels than Try cells(160, 168). In vitro studies have demonstrated the
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ability of both Tey subsets to provide adequate B cell help(168, 169). However, in vivo Tey cells
have only been shown to effectuate early B cell help(168), requiring GC Te cells for the

generation of the GC response and generation of robust humoral immunity(134-136).

While nomenclature and methods for the identification of unique phenotypic markers
on Tey cells have been a significant source of contention within the field(170), the functionality
of these cells have been well established. Ty cells are essential for the formation and
maintenance of GCs(171), while also providing cues for B cell ontogeny, stimulating the
differentiation of plasma cells and memory B cells. Tru cells initiate the GC formation through
the stimulation of BCL-6 expression in cognate B cells(148, 150). Maintenance of the GC is
carried out through the provision of cell survival and proliferation signals by T cells in the form
of CD40L, and more recently described PD-1 interactions with PD-L1/2(160, 172). These pro-
survival stimuli are responsible for the activity of activation induced cytidine deaminase (AID)
upon which the activity of SHM and CSR in GC B cells is dependent(121, 173). In instances of
limited Ty help to B cells, GC Tey expressing Fas-L will interact with GC B cell expressed Fas to
initiate the extrinsic apoptotic pathway, resulting in the collapse of the GC(174). Finally, Tru cells
also shape the products of the GC response, stimulating the generation of plasma cells through
the promotion of Blimp-1(175, 176) and the generation of memory B cells through a
mechanism that remains elusive(177, 178). While Tey cells can potently promote the generation
of high affinity antibodies in response pathogens, it also harnesses the potential for the

development of autoimmunity(179), requiring the presence of tight multilayer regulation.

The hallmark of an effective adaptive immune response is the generation of long-lasting

immunity capable of protection from subsequent antigen exposure(180). This is achieved
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through the generation of antigen specific memory cells capable of surviving in the absence of
antigenic stimulation through homeostatic proliferation(181). Early studies have established
that memory can be formed following the contracture of an immune response in Ty cells,
utilizing murine models of acute viral infection(182). Investigation of acute viral infection in the
LCMV model allowed for the tracking of LCMV-specific TCR transgenic memory Tey cells
adoptively transferred into B cell deficient mice. Upon LCMV challenge in these recipients,
memory Tey cells recalled an effector Tew phenotype, while adoptively transferred naive CD4 T
cells did not generate any Ty characteristic markers(182). Further studies modeling protein
immunization have provided evidence for accelerated Ten function of B cell help in recall
responses that lead to increased IgG titers following immunization as compared to naive CD4 T
cell adoptive transfers(183). The identification of memory Ten cells has been described through
expression of CXCR5 in the absence of BCL-6, PD-1 and ICOS(182, 184). Interestingly, one
unique difference observed in memory Try is the loss of CD69 expression(185), a sign indicative
of the absence of sustained antigen exposure which is typical in the resting memory pool. These
data indicate that effector Tru cells have the capacity to form memory with cell-intrinsic
programming that promotes the recall of an effector-like T cell phenotype and function

following antigen-specific reactivation.

Recent identification of a regulatory subset of follicular T helper cells (Trr) capable of
inhibiting T-dependent B cell activation has furthered our knowledge regarding the control of
antibody production in GC responses(186). Trr cells comprise a small frequency of
approximately 6% of all Treg cells in secondary lymphoid organs following antigenic

exposure(187). However, within localization of the B cell follicle at a basal state the frequency
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of Ter cells can encompass upwards of 50% of all follicular T cells(187). The Tru:Ter ratio within
the GC has been shown to correlate with antibody responses, with polarization towards Teu
dominance in the GC is observed during active GC responses(186). Trr cells are identified
phenotypically though their expression of CXCR5, PD-1, ICOS and the co-expression of FoxP3
and BCL-6 in the effector phase(188). Much like Te cells, Ter cells also display varying levels of
GC polarization through their loss of CD25 expression, a phenotype consistent with the absence
of IL-2 within GC responses(189). Early studies have postulated that Ter differentiation occurs in
a manner similar to Tey cells through contact dependent interactions with cognate B cells,
solidifying the T program(190, 191). Interestingly, Ter cells can only differentiate from natural
Trec precursors, rather than naive CD4 T cells that give rise to the Teu cell lineage(192). Recent
studies have confirmed this observation in Trr cell ontogeny, showing an inability of
peripherally induced Tgeg cells to generate a Trr cell phenotype under Trr cell polarizing

conditions(186).

The chief function of Trg cells is the regulation of the GC response, through which they
mediate inhibition of both GC B cells and Tx cells by multiple mechanisms. The first
descriptions of Ter function were described in murine models devoid of Ter cells utilizing CXCR5
or BCL-6 deficient mice, resulting in increased antigen-specific serum Ig, GC B cells and plasma
cells(187, 188, 193). Further studies corroborated these findings of B cell inhibition in both in
vitro suppression and in vivo Ter adoptive transfer models(190, 191, 194, 195). In vitro data has
also shown inhibitory action by Ter cells on Ty cells, noting down regulation of the proliferation
marker Ki-67 in Try cells along with attenuation of cytokine production following co-culture with

Trr cells(190, 194). The coinhibitory molecule CTLA-4 is significantly upregulated on T cells as
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compared to Try and has been implicated in the control of follicular cell differentiation though
its modulation of CD28 engagement(196). Adoptive transfer studies have shown that Te cells
devoid of the co-inhibitor CTLA-4 lead to greater expansion of Tru cells and GC responses(191,
197). Finally, like Ten cells, Trr cells also develop a circulating memory component(191).
However, experiments addressing the recall capacity of circulating memory Ter cells have
described them as being less suppressive than effector Ter cells localized to B cell follicles(190).
This was found to be in stark contrast to circulating memory Ty cells that proved to be more

potent than primary effector Tru cells following antigen exposure.

Much remains to be understood regarding how Try and Trr cells stimulate and regulate
humoral immune responses through their control of the germinal center reaction. Nonetheless,
the discovery of these cell subsets has revolutionized our understanding of T cell help to B cells.
Further insights into the differentiation and function of the follicular T cell subsets are critical to

the development of new therapeutics aimed at controlling or augmenting antibody responses.

1.8 T Follicular Cells in Transplantation

Through the previously outlined studies, Tr4 cells have been established as a distinct
lineage of CD4* T cells that provide T cell help to B cells for GC formation, affinity maturation
and the generation of memory B cells and long-lived plasma cells to effectuate an adequate
humoral immune response. The critical role Tey cells play in the generation of antibody
responses to vaccines and in autoimmune disease has been established (174, 198), but little is

known regarding their role in the generation of DSAs in the setting of transplantation (199,
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200). The costimulatory and coinhibitory molecules CD28, ICOS and CTLA-4 are critical
mediators of the T cell-mediated alloimmune response (84). Coincidentally, Trx cells heavily
depend on the costimulatory molecules CD28 and ICOS for differentiation and GC formation,
and loss of either CD28 or ICOS results in inadequate T cell dependent antibody responses
(174). Less is known about the role of the coinhibitor CTLA-4 on Te cells, but its importance as a
key regulator of Tey cell function has recently been elucidated (196, 201). While these
costimulatory and coinhibitory molecules have been extensively studied, and are known to play
important roles in transplantation, there is little knowledge regarding the role these molecules

play in CD4* Try cell-mediated alloimmunity following transplantation.

Costimulatory interactions, namely CD28 and CD40-L are essential for the for the
development of Tru cells and the effectuation of T-dependent antibody responses. Studies
investigating the requirement of CD40 in murine heart transplant recipients have described the
generation of DSA in a CD40-independent manner, however DSA titers did not remain robust
long term, indicative of potential extrafollicular antibody formation(202). Later studies
investigating the use of anti-CD40-L therapy established IFNy and B cell activating factor (BAFF)
production by memory T cells as the mechanism of CD40 independent DSA generation(203,
204). While many of these studies were not predicated on the action of Ten or Trg cells, the
conclusions remain relevant as they examined memory populations comprised of
approximately 20% CXCR5+ CD4 T cells, indicating the presence of a follicular T cell
phenotype(205). Recent studies in NHP transplant models have further established the potency
of anti-CD40-L therapy, describing mitigation of the generation of DSA following renal

transplantation(206).
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Costimulation blockade of the CD28 pathway has been achieved using CTLA-4lg, as
previously described. The use of CTLA-4lg has shown marked reduction in the formation of DSA
following transplantation in both animal(207) and human models of transplantation(88).
However, the published data on CTLA-4 expression on Ty cells acting as a critical mediator of
Tew regulation and inhibition suggests that this blockade therapy could be further
improved(194, 196, 208). Our group’s recently published data show that selective CD28
blockade exhibits a significant reduction of donor-specific Tru cells, a marked increase in skin
allograft survival and a superior suppression of DSA following transplantation as compared to
CTLA-41g(209). Other groups have postulated that the advantage of selective CD28 blockade is
mediated through the enhanced function of Treg cells through a T extrinsic mechanism(210).
These data suggest that selective CD28 blockade in the presence of intact CTLA-4 coinhibitory
signaling facilitates improved suppression of Try cell accumulation and T-dependent antibody

responses following transplantation.

The idea of monitoring for Ty cells in clinical transplantation is just beginning to be
explored(211). Early reports of these efforts have isolated circulating Ten cells (cTen) from the
periphery of renal transplant patients at both pre-and post-transplant timepoints (212, 213).
They described these Ty cells as having suppressed ex vivo function in IL-21 production
following the induction of immunosuppression, however T4 cells maintained their ability to
provide B cell help under these conditions(214). Interestingly, kidney biopsies in rejecting renal
allografts in this study also developed Ig positive follicular like structures rich in Tey and B cells.
This establishes the idea that functional T cells circulate in renal transplant patients on

immunosuppression with the potential to effectuate T-dependent humoral responses. Based on
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these observations it is hypothesized by Baan et al. that TFH cell derived IL-21 production
mediates the generation of DSA following transplantation leading to increased incidence of
AMR, and that the targeting of the IL-21 axis may hold great therapeutic potential in the control
of these responses(215). In conclusion, these data support continued investigations aimed to
develop cTru cells as a biomarker for the clinical assessment of humoral alloimmunity to guide

DSA management for improvement of long-term kidney transplant outcomes.

Conclusions

Despite our significant strides in understanding the cellular and molecular mechanisms that
govern Tgy cells and their role in human disease, a vast knowledge gap remains regarding the balance of
costimulatory and coinhibitory signaling on activated CD4* T cells committed to Ty and Terlineages.
Additionally, further investigation is required into their regulation by cellular mechanisms that
determine their ultimate function and potential subset plasticity, particularly in the context of solid
organ transplantation. While it is now well established that circulating Try and Ter cells and their subsets
have been linked to the state of the humoral immune response, further examination of these cells in the
context of transplantation is imminent and heavily warranted for the improvement of long-term graft

survival.
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Chapter 2:

Selective CD28 blockade results in superior inhibition of donor-specific T follicular helper cell

and antibody responses relative to CTLA-4-Ig

Figure 2.1. CXCR5*PD-1""Bcl6* donor-specific Tfh cells expand following transplantation.

Figure 2.2. Tth cells differentiate into more polarized GL-7* GC Tfh cells following
transplantation.

Figure 2.3. Selective CD28 blockade leads to superior inhibition of donor reactive Tfh cells
following transplantation.

Figure 2.4. Donor-reactive Tfh cells differentially express elevated levels of CTLA-4.

Figure 2.5. Donor-reactive Tfh cells upregulate CTLA-4 expression in response to donor antigen.
Figure 2.6. Selective CD28 blockade results in superior inhibition of CD95*GL7* GC B cells
following transplantation.

Figure 2.7. Selective CD28 blockade results in superior inhibition of DSA following

transplantation.
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Abstract

Donor-specific antibodies (DSA) are a barrier to improved long-term outcomes following kidney
transplantation. Costimulation blockade with CTLA-4-lg has shown promise as a potential
therapeutic strategy to control DSA. T follicular helper (Tfh) cells, a subset of CD4* T cells
required for optimum antibody production, are reliant on the CD28 costimulatory pathway. We
have previously shown that selective CD28 blockade leads to superior allograft survival through
improved control of CD8* T cells relative to CTLA-4-lg, but the impact of CD28-specific blockade
on CD4* Tfh cells is unknown. Thus, we identified and characterized donor-reactive Tfh cells in a
murine skin transplant model, and then utilized this model to evaluate the impact of selective
CD28 blockade with an anti-CD28 domain antibody (dAb) on the donor-specific Tfh-mediated
immune response. We observed that the anti-CD28 dAb led to superior inhibition of donor-
reactive CXCR5*PD-1" Tfh and CD95*GL7* germinal center B cells, and DSA formation as
compared to CTLA-4-lg. Interestingly, donor-reactive Tfh cells differentially upregulated CTLA-4
expression, suggesting a key role for CTLA-4 in mediating the superior inhibition observed with
the anti-CD28 dAb. Therefore, selective CD28 blockade as a novel approach to control Tfh cell

responses and prevent DSA after kidney transplantation warrants further study.
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Introduction

Anti-human leukocyte antigen (HLA) donor-specific antibodies (DSA) are an increasingly
recognized barrier to improved long-term outcomes following kidney transplantation (1, 2).
Both pre-existing and de novo DSA portend inferior kidney transplant outcomes (3-6). Currently
14% of the renal transplant waiting list is comprised of highly sensitized (cPRA > 80%) patients
(7), and de novo DSA rates under calcineurin inhibitor (CNI)-based immunosuppression are
estimated to be 20% (6, 8). Despite the large burden of DSA, existing therapeutic options to
combat either pre-formed or de novo alloantibodies are suboptimal and mostly unproven with
limited efficacy (9). Thus, a better understanding of the mechanistic underpinnings of DSA
formation and persistence is needed to guide the development of novel strategies to control

DSA and improve outcomes.

CTLA-4-lg in the form of belatacept, a first in class costimulation blocker FDA approved in 2011
for maintenance immunosuppression following kidney transplantation, offers a new
therapeutic option to improve long-term outcomes (10). Seven year results from a phase |l
study showed that patient and graft survivals were significantly higher with belatacept than
with a CNI-based regimen. The reasons underlying improved outcomes with belatacept are
likely multifactorial and include less nephrotoxicity and metabolic toxicity (11, 12), but
improved prevention of de novo DSA may be a contributing factor (2, 5). Lower rates of DSA
were observed with belatacept as compared to CNI (10, 13), but the ultimate effect of
belatacept on DSA is not known, nor is the effect on highly sensitized recipients with or without

pre-existing DSA (14). Moreover, preliminary data from an ongoing clinical trial designed to
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evaluate the ability of belatacept monotherapy to prevent DSA formation in kidney transplant
recipients with failed allografts indicate that belatacept alone may not be sufficient to
completely prevent DSA in this setting (unpublished data, IR Badell). Therefore, optimization of
current costimulation blockade (i.e. CTLA-4-Ig) as a tool to treat anti-HLA antibodies remains an

important goal.

Long-standing experimental evidence suggests that costimulation blockade of the CD28
pathway with CTLA-4-lg in mice and primates is an effective means of preventing alloantibody
formation (15, 16), but the underlying mechanisms responsible for this observation are not
known. Tfh cells are a newly defined CD4* T cell subset required for mature, high affinity
antibody responses through the formation of germinal centers and provision of optimum B cell
help (17). Tfh cells are distinguishable by their unique expression of CXCRS5, high levels of PD-1,
and the transcription factor Bcl6. This lineage of CD4* T cells has been largely defined in the
setting of vaccine responses, pathogen infections and autoimmunity (18), but its role in
allograft rejection and alloantibody responses following transplantation has been largely

unexplored (19, 20).

We and others have previously reported that selective blockade of the CD28 pathway leads to
improved allograft survival compared to CTLA-4-Ig in preclinical murine and nonhuman primate
(NHP) transplant models (21-23). Several mechanisms to explain this survival benefit have been
put forward. Poirier et al. have postulated that the survival benefit of selective CD28 blockade is

a result of improved CTLA-4-dependent, Treg-mediated immune regulation (21, 24), while we
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have reported that anti-CD28 treatment with a selective CD28 domain antibody (dAb) mediates
CTLA-4 dependent upregulation of the 2B4 coinhibitor that leads to improved control of graft-
reactive CD8* T cells (22). However, the impact of selective CD28 blockade on the Tfh-mediated
humoral response and DSA production has not been carefully examined in an in vivo preclinical
transplant model, and whether selective blockade can differentially impact this arm of the

alloimmune response compared to CTLA-4-Ig is not known.

In this study, we identified and characterized both TCR transgenic and endogenous, polyclonal
donor-reactive Tfh cells in our established mOVA murine skin transplant model. We observed
that selective CD28 blockade resulted in superior inhibition of the Tfh cell response as
compared to CTLA-4-lg, and found that donor-specific Tfh cells differentially upregulated the
coinhibitor CTLA-4 relative to activated, non-Tfh CD4* T cells, as well as in response to a
mismatched donor graft. Selective CD28 blockade also resulted in better control of GC B cell
responses and prevention of de novo DSA formation relative to CTLA-4-lg. These findings
support the development of next generation costimulation blockade in the form of selective
CD28 blockers that spare the inhibitory and regulatory functions of CTLA-4 as a more potent
immunosuppressive strategy to combat DSA in clinical transplantation to improve long-term

kidney transplant outcomes.
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Materials and Methods

Mice

C57BL/6 mice were obtained from the National Cancer Institute and ovalbumin (OVA)-specific
TCR transgenic OT-l (25) and OT-ll (26) mice purchased from Taconic Farms were bred to
Thy1.1* background at Emory University. C57BL/6 mice that constitutively express membrane-
bound OVA under the beta-actin promoter (mOVA mice) (27) were a gift from M. Jenkins
(University of Minnesota). All animals were housed in pathogen-free facilities and maintained in

accordance with Emory University Institutional Animal Care and Use Committee guidelines.

T cell adoptive transfers, skin transplantation and immunosuppression

For adoptive transfers of OVA-specific T cells, spleen and mesenteric lymph nodes isolated from
Thyl.1* OT-1 and Thy1.1* OT-Il mice were stained with mAbs for CD4, CD8, Thy1.1, and Va2 for
guantification by TruCount bead analysis (BD Biosciences). In order to mimic the higher
precursor frequencies of alloreactive cells that are observed in fully MHC mismatched models
(28), 1.0 x 10° of each Thy1.1* OT-I and Thyl.1* OT-ll T cells were resuspended in PBS and
injected intravenously into naive C57BL/6 mice. 1-2 days after the adoptive transfers, full
thickness tail and ear skin grafts were transplanted onto the dorsal thorax of recipient mice
(29). Skin graft recipients then received no treatment, human CTLA-4-Ig (200 ug, Bristol-Myers
Squibb), or anti-CD28 dAb (100 ug, Bristol-Myers Squibb). CTLA-4-Ig and anti-CD28 dAb were
administered i.p. on post-transplant days 0, 2, 4, 6 and then weekly thereafter until sacrifice.
Reagent dosing was based on molecular weight, serum half-life and murine mixed lymphocyte

reaction ECso (Table 1).
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Flow cytometry

Graft-draining axillary and brachial lymph nodes were processed into single cell suspensions.
Cells were surface stained for CD3, CD4, CD19, CD44, CXCR5, PD-1, ICOS, Thy1.1, IgD, CD95 and
GL-7, and pulsed with LIVE/DEAD viability dye (Molecular Probes) prior to fixation. CXCR5
staining was performed by one-step and three-step (30) techniques. Intracellular staining for
Bcl6, CTLA-4 and Foxp3 was performed using the Foxp3 Fixation/Permeabilization Buffer Kit
(eBioscience). All antibodies were purchased from BioLegend and BD Biosciences. All samples
were run on an LSR Fortessa flow cytometer (BD Biosciences) and analyzed using FlowlJo
Software (Tree Star). CountBright Beads (Invitrogen) were used to determine absolute cell

counts.

ELISA Anti-OVA antibody assessment

Flat-bottom 96 well Immulon microtiter plates (VWR) were coated with OVA protein
(100pg/well, Sigma-Aldrich) in 0.05M carbonate-bicarbonate buffer overnight at 4°C. Plates
were then blocked with 10% FBS in PBS-T for 1 hour at 37°C and then incubated with serum
samples for 1.5 hours at 37°C. OVA-specific immunoglobulins were detected with biotinylated
rat anti-mouse 1gG2a (RMG2a-62, BioLegend), and then incubated with streptavidin-HRP and
developed using the TMB substrate system (Thermo Scientific). Reactions were stopped with

H2S04 and read at 450nm on a Spectra MAX 340PC Microplate reader (Molecular Devices).

Statistical Analysis
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The Mann—Whitney U nonparametric t test was performed for analysis of unpaired groups, and
the Holms Sidak method was used for grouped, multiple t test analyses. All analyses were
performed using GraphPad Prism (GraphPad Software, Inc.). Statistical significance was

attributed to p values < 0.05 (* < 0.05, ** <0.01, *** <0.001).
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Results

TCR transgenic and endogenous, polyclonal donor-specific Tfh cells are detectable and expand
following skin transplantation

Although previously identified (31), Tfh cell responses following transplantation have not been
thoroughly characterized. Therefore, to interrogate the Tfh cell response to a transplant, we
utilized our established TCR transgenic mOVA murine skin graft model (28) to identify donor-
specific TCR transgenic Tfh cells. Thyl.1* CD4* OT-ll and CD8* OT-I T cells were adoptively
transferred into naive B6 mice that were then transplanted with skin from either syngeneic (B6)
or minor antigen mismatched (mOVA) donors (Figure 1A). Mice were sacrificed 10 days post-
transplant for flow cytometric draining lymph node (DLN) analysis. Adoptively transferred
Thy1.1* OVA-specific CD4* T cells expanded in response to the mOVA graft but not the B6
isograft (Figures 1B, C). Examination of these OVA-specific, congenically labeled Thy1.1* OT-II T
cells by the canonical Tfh phenotypic markers CXCR5 and PD-1 (17) revealed robust expansion
of transgenic donor-specific Tfh cells in response to an mOVA skin graft (Figures 1D, G). The
identity of these CXCR5*PD-1" T cells as bona fide Tfh cells was confirmed by their expression of
the lineage-defining transcription factor Bcl6 (Figures 1D, F). Endogenous, polyclonal donor-
reactive Tfh cells were also readily identifiable in response to an mOVA graft. Analysis of the
activated, non-transgenic CD44*Thyl.1° T cell compartment showed robust expansion of
CXCR5*PD-1M" Bcl6* Tfh cells following an mOVA skin graft as compared to a syngeneic B6 graft

(Figures 1E-G).
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Further analysis of the TCR transgenic and endogenous donor-specific Tfh cell subsets revealed
that a fraction of both express GL7 (Figures 2A, C), an activation marker that distinguishes less
polarized GL7" Tfh cells from more polarized GL7* germinal center (GC) Tfh cells (32). GL7* GC
Tfh cells expressed the highest levels of CXCR5, PD-1, Bcl6 and ICOS (Figures 2B, D), consistent
with their reported more mature differentiation status and enhanced ability to provide B cell
help (17). Thus, transgenic and endogenous, polyclonal donor-specific Tfh cells are detectable
and accumulate in response to a skin graft, manifesting the characteristics typical of the
multistage differentiation process Tfh cells undergo for GC formation and the provision of B cell

help.

Selective CD28 pathway blockade results in superior inhibition of donor-reactive Tfh cells

Based on previous work from our group and others showing that selective CD28 blockade leads
to improved graft survival and has a differential impact on certain T cell subsets compared to
CTLA-4-Ig (22, 24), we sought to test the impact of a selective anti-CD28 dAb on Tfh cells in our
murine mOVA skin transplant model. After adoptive transfer of Thyl.1* OT-l and OT-II T cells,
naive B6 recipient mice were transplanted mOVA skin grafts and left untreated, or treated with
either CTLA-4-Ig or the anti-CD28 dAb (Figure 3A). All mice were sacrificed 10 days post-
transplant for DLN analysis. Consistent with our prior observation, OVA-specific Thyl.1* CD4* T
cells were significantly reduced in animals treated with the anti-CD28 dAb as compared to
CTLA-4-Ig (Figures 3B, C). Further examination of the Thy1.1* compartment for donor-specific
Bcl6*PD-1" Tfh cells revealed similar differential inhibition between treatment groups (Figure

3D). Both the frequency and number of donor-specific Bcl6*PD-1" Tfh cells were more greatly
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inhibited by the selective CD28 dAb as compared to CTLA-4-Ig (Figure 3E). This improved
inhibition of TCR transgenic Tfh cell accumulation with the anti-CD28 dAb was also observed
within the endogenous, polyclonal Bcl6*PD-1" Tfh cell response to the mOVA graft (Figure 3F).
The accumulation of donor-specific Thy1.1" Bcl6*PD-1" Tfh cells as measured by frequency and
number was more significantly inhibited by selective CD28 pathway blockade as compared to
CTLA-4-Ig (Figure 3G). Hence, selective blockade of the CD28 pathway leads to improved
inhibition of both TCR transgenic and endogenous, polyclonal donor-specific Tfh cell responses

to a skin graft.

Donor-specific Tfh cells differentially upregulate CTLA-4

The coinhibitory molecule CTLA-4 has been recently implicated as a mediator of Tfh cell
differentiation and function (33-35); however, its role on Tfh cells in transplantation is
unknown. To begin to investigate whether intact CTLA-4 on donor-reactive Tfh cells could be a
mechanism underlying the improved inhibition of Tfh cells with selective CD28 blockade, we
examined the level of expression of CTLA-4 on Tfh cells in response to a donor skin graft. Mice
were adoptively transferred Thyl.1* OT-1 and OT-ll cells, transplanted mOVA skin, and sacrificed
10 days post-transplant for DLN analysis (Figure 1A). We observed that both TCR transgenic and
endogenous, polyclonal CXCR5*PD-1" donor-specific Tfh cells expressed greater amounts of
CTLA-4 relative to naive (CD44°) and antigen-experienced (CD44*), CXCR5PD-1" and CXCR5PD-
1* non-Tfh CD4* T cells (Figures 4A, C). The Tfh compartment contained the largest frequency of
CTLA-4* cells and exhibited the highest levels of CTLA-4, CXCR5 and PD-1 expression (Figures 4B,

D). Furthermore, within the Tfh cell compartment, the more polarized GL7* GC Tfh cells
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expressed the highest levels of CTLA-4 as compared to GL7" Tfh cells. Thus Tfh cells exhibit

greater CTLA-4 expression than antigen-experienced CXCR5PD-1* non-Tfh cells.

We next sought to determine whether the increased expression of CTLA-4 following a skin graft
parallels the expression of Bcl6, CXCR5 and PD-1 by Tth cells, and is commensurate with a more
activated state in response to recognition of donor antigen. Thus, utilizing our same
experimental model (Figure 1A), we evaluated the expression of CTLA-4 on endogenous,
CD44*Thy1.1" Tfh cells in response to an mOVA skin graft relative to a syngeneic B6 graft (Figure
5A). We found that the frequency of CTLA-4* cells and expression levels of CTLA-4, Bcl6, and
CXCRS5 did not change between CD44*, CXCR5PD-1* non-Tfth CD4* T cells following either a B6
or mOVA skin graft (Figures 5B, C). The mOVA graft did induce a small increase in PD-1
expression on these non-Tfh cells. Conversely, graft-reactive CXCR5*PD-1" Tfh cells specifically
exhibited a significant increase in the frequency of CTLA-4* cells in the mOVA but not the B6
grafted mice, and CTLA-4, Bcl6, CXCR5 and PD-1 expression were greatest following the mOVA
graft as compared to the isograft (Figures 5D, E). Taken together, these data indicate that the
differential expression of CTLA-4 on Tfh cells following a donor-mismatched graft parallels Bcl6

and CXCR5 expression and is a result of antigen exposure.

Selective CD28 pathway blockade leads to superior inhibition of donor-elicited GC B cells
The principle role of Tfh cells is to provide help to cognate B cells for the formation of GCs to
generate mature antibody responses (17). Therefore we analyzed DLNs 10 days after skin

grafting for GC B cell accumulation as a measure of the magnitude of the T cell dependent B cell
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response and GC reaction. Utilizing the same murine skin transplant model (Figure 1A), naive B6
mice were adoptively transferred OT-I and OT-Il T cells, transplanted with syngeneic B6 or
mOVA skin grafts and sacrificed 10 days post-transplant for DLN analysis. The frequency and
number of CD19*IgD" class-switched B cells were significantly increased following the mOVA
skin graft (Figures 6A, B). GC B cells were identified as the CD95*GL7* fraction of CD19*IgD" B
cells (Figure 6C) (36). Donor-elicited GC B cell frequency and number were significantly
increased following an mOVA skin graft as compared to the accumulation of non-specific GC B
cells in response to a B6 isograft (Figure 6D). GC B cell analysis of mice treated with CTLA-4-Ig or
anti-CD28 dAb (Figure 3A) revealed that both agents significantly inhibited donor-elicited GC B
cell accumulation as compared to untreated mice following an mOVA skin graft (Figure 6E);
however, selective CD28 blockade led to significantly greater inhibition of donor-elicited GC B
cells when compared to CTLA-4-Ig (Figure 6F). Thus, selective CD28 pathway blockade induces
better control of not only donor-specific Tfh cell responses, but also the cognate, graft-elicited

GC B cell response when compared to non-selective blockade with CTLA-4-Ig.

Selective CD28 blockade results in superior inhibition of DSA formation

GCs result from cognate Tfh and GC B cell interactions to mount mature, high affinity antibodies
directed against specific antigenic challenges (17). Because selective CD28 pathway blockade
led to superior inhibition of donor-reactive Tfh and GC B cell responses compared to CTLA-4-1g,
we performed serial serum collections of transplanted mice for DSA measurements. After
adoptive transfer of TCR transgenic cells and syngeneic or mOVA skin grafting, mice were left

untreated or treated with either CTLA-4-Ig or anti-CD28 dAb (Figure 7A). Serum from mice in all
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treatment groups was measured via ELISA for anti-OVA IgG levels after transplant. DSA
production was observed in the untreated mOVA-grafted mice while no anti-OVA antibodies
were detected in the isograft recipients (Figure 7B). CTLA-4-Ig treated mice exhibited delayed
but significant DSA formation relative to untreated and syngeneic controls, while anti-CD28
dAb-treated mice experienced no detectable DSA formation. Serum DSA titers 21 days post-
transplant at the peak of the anti-OVA IgG response corroborated our finding that the selective
CD28 blocker provides superior inhibition of DSA as compared to CTLA-4-lg (Figure 7C). This
differential inhibition of DSA was sustained beyond 56 days post-transplant (Figure 7D).
Accordingly, better prevention of DSA formation by the anti-CD28 dAb compared to CTLA-4-1g is
consistent with the overall improved inhibition of Tfh-mediated responses observed with

selective CD28 pathway blockade following transplantation.
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Discussion

As knowledge of Tfh cell biology continues to rapidly grow, the role of this subset in mediating T
cell dependent antibody responses (TDARs) becomes increasingly relevant to the field of
transplantation (19, 20). Anti-HLA DSA arising from alloantigen-specific cognate Tfh:GC B cell
interactions for the production of high affinity alloantibodies, and alloreactive memory B cells
and long-lived plasma cells via the GC reaction, are now a well-recognized immunologic barrier
to improved long-term outcomes in kidney transplantation as mediators of antibody mediated
rejection (AMR) (1, 5, 6, 8). Current available therapies aimed at humoral allosensitization
target B cells (e.g. rituximab), plasma cells (e.g. bortezomib), or DSA (e.g. plasmapheresis) after
alloantibodies have developed with limited efficacy (4, 9, 37, 38), rendering current efforts “too
little, too late.” Shifting therapeutic focus to utilizing T cell-directed therapies against the
initiation of the antibody response by targeting Tfh cells may prove to be the most efficacious
and long lasting method of addressing the clinical problem of alloantibodies. Moreover,
therapeutic strategies like costimulation blockade of the CD28 or CD40 pathway that are
mechanistically appealing means of targeting Tfh cells have been translated and are clinically
available (e.g. CTLA-4-lg) (10), or are in the development pipeline (e.g. anti-CD28 dAb, anti-

CD40 mAbs) (39) for potential translation to combat DSA.

Several transplant studies to date have reported on the favorable immunosuppressive impact
of costimulatory blockade on the Tfh-GC axis responsible for anti-donor antibody formation. In
a mouse model of chronic graft versus host disease (cGVHD) caused in part by alloantibody

secretion, increased Tfh and GC B cells were required for cGVHD, and IL-21, ICOS and CD40
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blockade all hindered GC formation and alloantibody-mediated cGVHD (40). Similarly, in a NHP
kidney transplant model of AMR, costimulation blockade with belatacept or an anti-CD40 mAb
prevented de novo DSA and was associated with reduced GC Tfh cells and GC reactivity as
indicated by IL-21 production (41). Moreover, CTLA-4-Ig has been effective at controlling de
novo DSA responses in mice (42), and delayed use of anti-CD154 and/or CTLA-4-Ig has been
shown to dissolve nascent GCs, halt further development of alloantibody responses, established
allo-B cell and memory B cell responses, and inhibit ongoing B cell responses in murine cardiac
allograft models (43-45). Overall there is growing evidence that pursuing costimulation
blockade strategies is a viable and promising method to combat humoral alloimmunity and the

DSA burden in transplantation.

CD28 deficient mice exhibit significantly impaired immunoglobulin concentrations and class
switching, and do not undergo the proliferative expansion necessary for GC formation (46, 47).
As a result, CD28 is required for TDARs and the CD28 deficient phenotype is presumed to be
due to a lack of Tfh cells. In contrast, CTLA-4 deficient mice exhibit lethal lymphoproliferative
disease characterized by hypergammaglobulinemia (48, 49), and more recent data from the
Sharpe and Sakaguchi labs have shown that CTLA-4 critically controls multiple aspects of the GC
reaction (33, 35). In these studies, deletion of CTLA-4 on Tfh cells led to enhanced B cell class-
switch recombination in vitro, and reduction of CTLA-4 on T regulatory and T follicular
regulatory cells led to augmented humoral responses and defective suppression of germinal
center development. Therefore, existing data on the influence of CD28 costimulation and CTLA-

4 coinhibition on TDARs provide strong rationale for the use of selective CD28 blockade to tilt
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the net balance of stimulatory and inhibitory signaling in favor of improved control of Tfh-

mediated DSA production.

As previously mentioned, Treg and CD8* T cells have both been shown to exhibit differential
responses to selective CD28 blockade versus CTLA-4-Ig as possible mechanisms responsible for
the improved immunosuppressive effect and graft prolongation of selective CD28 blockade (22,
24). Ville et al recently tested an anti-CD28 antibody in a NHP model of kidney transplantation
and showed less incidence of acute rejection as compared to belatacept (23). In exploring the
mechanisms responsible for this observation, the authors identified an insignificant trend of
higher Treg frequencies in anti-CD28-treated animals, and increased levels of the Tfh-associated
cytokine IL-21 in belatacept-treated animals. The anti-CD28 antibody also resulted in better in
vitro control of Tfh cell proliferation and improved control of secondary antibody responses to
KLH antigen immunization in mice. These data circumstantially suggest that Tfh cells may in
part mediate the improved results they observed with selective CD28 blockade. To directly
determine the impact of selective CD28 blockade on the Tfh cell response and development of

DSA, we utilized an in vivo preclinical transplant model in this study.

We show that selective CD28 blockade in a murine transplant model leads to greater inhibition
of donor-reactive Tfh cells, GC B cells, and anti-donor antibody responses relative to CTLA-4-Ig.
The use of TCR transgenic systems to facilitate examination of antigen-specific cells has met
skepticism as a surrogate for natural, unfettered endogenous alloimmune responses. Model

antigen T cell transgenic systems have been criticized to be non-representative of endogenous,
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polyclonal responses and to alter aspects of endogenous alloimmunity (50). Here, we utilized an
mOVA skin graft model to afford us the ability to examine the true donor-specific Tfh cell
response by tracking OVA-specific TCR transgenic T cells, as well as the non-transgenic, OVA-
reactive endogenous Tfh cell response. In this system, both transgenic and endogenous Tfh
cells manifested the same phenotypic and differentiation characteristics in response to a donor
skin graft (Figures 1, 2, 4), and were equally inhibited by CD28 pathway blockade with either
CTLA-4-Ig or anti-CD28 dAb (Figure 3). While we expect the introduction of TCR transgenic T
cells to impact the immune response by altering donor-reactive precursor frequency and the
balance of competition for antigen between transgenic and endogenous cells, our results
indicate that both populations of donor-reactive Tfh cells manifest characteristics consistent

with the literature and respond equally to the immunosuppressive reagents tested here.

CTLA-4-lg is known to be less effective in more immunologically stringent mouse and NHP
models (29, 51, 52), and has been associated with higher rates of acute rejection after kidney
transplantation in humans (53). The exact mechanisms mediating this CTLA-4-Ig-resistance have
not been entirely elucidated, but ironically the mechanism of action of CTLA-4-Ig may underlie
this reduced efficacy (54). Because CTLA-4-lg binds to CD80/86 on APCs and blocks their
engagement with both CD28 and CTLA-4, it is likely that blocking CTLA-4 may detract from the
overall goal of attenuating alloreactive T cell responses, in that CTLA-4 is inhibitory and
activates regulatory T cells to abrogate immune responses (48, 49, 55). In support of this
hypothesis, we previously demonstrated that improved inhibition of donor-reactive CD8* T cells

with selective CD28 blockade is CTLA-4 dependent (22). Our current observation that CTLA-4 is
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differentially upregulated on donor-reactive Tfh cells in response to a skin graft (Figures 4, 5)
strongly suggests that CTLA-4 also plays an important inhibitory or regulatory role in Tfh cell-
mediated DSA responses, and that the superior anti-CD28 dAb-mediated inhibition of the
donor-reactive Tfh cell response may be CTLA-4-dependent. We postulate that blockade of
CTLA-mediated inhibition of Tfh cells underlies the inability of CTLA-4-Ig to completely prevent
DSA formation in both humans (10, 13) (unpublished data, IR Badell) and our experimental
model. However, whether the observed impact of CD28-specific antagonism on the Tfh cell
response and DSA is CTLA-4-dependent remains to be determined and is currently under

investigation in our laboratory.

While we found that selective CD28 blockade preferentially inhibited the donor-reactive Tfh cell
response relative to CTLA-4-Ig in this study, the anti-CD28 dAb was systemically delivered and
free to interact with CD28 on a variety of immune cell types with a multitude of antigen
specificities. Considering the ubiquitous roles of CD28 and CTLA-4, it is possible that the
observed superior anti-humoral effect of the anti-CD28 dAb is not exclusive to Tfh cells. In fact,
the early extrafollicular antibody response is known to be GC-independent (56, 57) and has
been shown to also depend on CD4* T cells (58, 59). Thus improved inhibition of DSA with
selective CD28 blockade may not be solely secondary to Tfh-dependent antibody production
immediately after transplant. Moreover, because CD28 costimulation blockade has been
clinically associated with concerns regarding virus-specific immunity (14, 60), the impact of
more potent selective CD28 blockade on pathogen-specific T cells warrants close attention.

Overall, the direct effect of the anti-CD28 dAb on protective immune responses and whether
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our findings directly result from an intrinsic effect on the CD4* Tfh cell lineage remain to be

studied.

In summary, this study introduces Tfh cells and the Tfh-mediated response as additional
components of the anti-donor adaptive immune response that experience superior inhibition
with the use of selective CD28 costimulation blockade as compared to CTLA-4-lg in
transplantation. Our data highlight that targeting CD28 costimulation while leaving the
coinhibitor CTLA-4 free to engage the B7 ligands results in better inhibition of Tfh cells, GC B
cells and DSA in response to a donor skin graft, and that the expression of CTLA-4 is
differentially elevated on the Tfh cell lineage, suggesting a CTLA-4-dependent, Tfh cell intrinsic
mechanism of improved inhibition with selective CD28 blockade that warrants further study.
These findings, along with continued work clarifying the net cell intrinsic influence of
costimulatory and coinhibitory signaling on Tfh cell differentiation and function, and Tfh-
dependent antibody production promises to guide therapeutic strategies aimed at controlling

deleterious anti-HLA antibodies and improving long-term outcomes in kidney transplantation.
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A: Naive B6 mice were adoptively transferred 10° of each Thy1.1* CD4* OT-Il and CD8* OT-I T

cells, transplanted skin from B6 or mOVA donors, and sacrificed 10 days post-transplant for DLN

analysis. B: Flow cytometry plots (gated on CD4*Foxp3" T cells) displaying the frequencies of

donor-specific Thyl.1* and endogenous CD44*Thyl.1" T cells. C: Summary data of the

frequencies and numbers of OVA-specific CD4*Thy1.1* T cells (n=5 per group). D: Flow plot (first

panel, gated on CD4*Foxp3" T cells) depicts naive (CD44'Thyl.1"), activated endogenous
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(CD44*Thy1.1°), and OVA-specific TCR transgenic (CD44*Thy1.1*) CD4* T cell populations. Flow
plot (second panel, gated on CD44*Thy1.1* T cells) displays the frequencies of CXCR5*PD-1" Tfh
and CXCR5°PD-17"° non-Tfh (nTfh) donor-specific CD4* T cells. Histogram depicts Bcl6 expression
by the designated T cell populations. E: Flow plots (gated on CD44*Thy1.1 T cells) displaying the
frequencies of CXCR5*PD-1" Tfh and CXCR5PD-17'° nTfh within the endogenous, polyclonal
Thyl.1" compartment. Histogram depicts Bcl6 expression by the designated T cell populations.
F: Summary data of Bcl6 expression on Tfh and nTfh within the Thyl.1* and Thyl.1 T cell
compartments (n=5). G: Summary data of the frequencies and numbers of transgenic Thy1.1*
Tfh and endogenous, polyclonal Thyl.1" Tfh cells (n=5 per group). Summary data represent
mean (SE) and are representative of 4 independent experiments with a total of 15-20 mice per

group.
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Figure 2. Tfh cells differentiate into more polarized GL-7* GC Tfh cells following

transplantation.

A: Flow cytometry plots (gated on CD4*Foxp3-Thy1.1* T cells) display TCR transgenic Bcl6*PD-1M

Tfh cells and GL7* GC Tfh cells. B: Summary data of CXCR5, PD-1, Bcl6 and ICOS expression by

GL7  and GL7* Thyl.1* Tfh cells (n=5). C: Flow plots (gated on CD4*Foxp3'CD44*Thy1.1" T cells)

display endogenous, polyclonal Bcl6*PD-1" Tfh cells and GL7* GC Tfh cells. D: Summary data of

CXCRS5, PD-1, Bcl6 and ICOS expression by GL7 and GL7* Thyl.1" Tfh cells (n=5). Summary data

represent mean (SE) and are representative of 4 independent experiments with a total of 15-20

mice.
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Figure 3. Selective CD28 blockade leads to superior inhibition of donor-reactive Tfh cells
following transplantation.

A: Naive B6 mice were adoptively transferred 10° of each Thyl.1* CD4* OT-Il and CD8* OT-I T
cells, transplanted mOVA skin grafts, left untreated or treated with CTLA-4-Ig or anti-CD28 dAb,
and sacrificed 10 days post-transplant for DLN analysis. B: Flow cytometry plots (gated on
CD4*Foxp3™ T cells) display the frequencies of donor-specific Thyl.1* T cells amongst the

treatment groups. C: Summary data of the frequencies and numbers of OVA-specific
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CD4*Thy1.1* T cells (n=5 per group). D: Flow plots (gated on CD4*Foxp3Thy1.1* T cells) display
the frequencies of donor-specific Thy1.1* Bcl6*PD-1" Tfh cells amongst the treatment groups. E:
Summary data of the frequencies and numbers of TCR transgenic Tfh cells (n=5 per group). F:
Flow plots (gated on CD4*Foxp3 CD44*Thy1.1" T cells) display the frequencies of donor-reactive
CD44*Thy1.1" Bcl6*PD-1" Tfh cells amongst the treatment groups. G: Summary data of the
frequencies and numbers of endogenous, polyclonal CD44*Thy1.1" Tfh cells (n=5 per group).
Summary data represent mean (SE) and are representative of 4 independent experiments with

a total of 15-20 mice per group.
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Figure 4. Donor-reactive Tfh cells differentially express high levels of CTLA-4.

Naive B6 mice were adoptively transferred Thyl.1* OT-I and OT-ll cells, transplanted mOVA skin
grafts, and sacrificed 10 days after transplant for DLN analysis. A: Flow cytometry plots (gated
on CD4*Foxp3'CD44*Thyl.1* T cells) display the frequencies of CTLA-4* Thyl.1* non-Tfh (nTfh
PD-1*, CXCR5'PD-1*) and Tfh (CXCR5*PD-1") cells. Histogram depicts CTLA-4 expression by the

indicated T cell subsets. B: Summary data of the frequencies of CTLA-4* cells and CTLA-4, CXCR5
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and PD-1 expression (n=5). C: Flow plots (gated on CD4*Foxp3°CD44*Thyl.1 T cells) display the
frequencies of CTLA-4* CD44*Thyl.1" nTfh PD-1" (CXCR5PD-17), nTfh PD-1* (CXCR5PD-1*) and
Tfh (CXCR5*PD-1") cells. Histogram depicts CTLA-4 expression by the indicated T cell subsets. D:
Summary data of the frequencies of CTLA-4* cells and CTLA-4, CXCR5 and PD-1 expression
(n=5). Summary data represent mean (SE) and are representative of 4 independent

experiments with a total of 15-20 mice.
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Figure 5. Donor-reactive Tfh cells upregulate CTLA-4 expression in response to donor antigen.
Naive B6 mice were adoptively transferred Thyl.1* OT-lI and OT-Il cells, transplanted B6 or
mOVA skin grafts, and sacrificed 10 days after transplant for DLN analysis. A: Flow cytometry
plots (gated on CD4*Foxp3'CD44*Thyl.1" T cells) display the endogenous, polyclonal Tfh
(CXCR5*PD-1") and non-Tfh (nTfh PD-1*, CXCR5PD-1*) cell responses to syngeneic and mOVA
skin grafts. B: Flow plots (gated on CXCR5PD-1* nTfh PD-1* cells) display the frequencies of
CTLA-4* cells. Histograms depict Bcl6 and CTLA-4 expression on nTfh PD-1* cells. C: Summary
data of the frequencies of CTLA-4* nTfh PD-1* cells and their CTLA-4, Bcl6, CXCR5 and PD-1
expression levels (n=5 per group). D: Flow plots (gated on CXCR5*PD-1" Tfh cells) display the
frequencies of CTLA-4* cells. Histograms depict Bcl6 and CTLA-4 expression on Tfh cells. E:
Summary data of the frequencies of CTLA-4* Tfh cells and their CTLA-4, Bcl6, CXCR5 and PD-1
expression levels (n=5 per group). Summary data represent mean (SE) and are representative of

4 independent experiments with a total of 15-20 mice per group.
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Figure 6. Selective CD28 blockade results in superior inhibition of CD95*GL7* GC B cells

following transplantation.

Naive B6 mice were adoptively transferred Thyl.1* OT-l1 and OT-Il cells, transplanted B6 or

mOVA skin grafts, left untreated or treated with CTLA-4-Ig or anti-CD28 dAb, and sacrificed 10

days after transplant for DLN analysis. A: Flow cytometry plots (gated on CD3'CD19*

lymphocytes) display the frequencies of CD19*IgD" B cells. B: Summary data of the frequencies

and numbers of CD19*IgD" B cells (n=5 per group). C: Flow plots (gated on CD19*IgD" B cells)

display the frequencies of CD95*GL7* GC B cells. D: Summary data of the frequencies and

numbers of GC B cells (n=5 per group). E: Flow plots (gated on CD19*IgD" B cells) display the
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frequencies of donor-elicited GC B cells amongst the treatment groups. F: Summary data of the
frequencies and numbers of GC B cells (n=5 per group). Summary data represent mean (SE) and

are representative of 4 independent experiments with a total of 15-20 mice per group.
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Figure 7. Selective CD28 blockade results in superior inhibition of DSA following
transplantation.

A: Naive B6 mice were adoptively transferred 10° of each Thy1.1* CD4* OT-Il and CD8* OT-I T
cells, transplanted mOVA skin grafts, left untreated or treated with CTLA-4-Ig or anti-CD28 dAb,
and serum serially collected up to 84 days post-transplant for weekly DSA assessment. B: Anti-
OVA IgG production as measured by ELISA at the indicated time points (n=5 per group). C: Serial
serum dilutions of anti-OVA IgG production by animals in the treatment groups 21 days after
skin graft (n=5 per group). D: Anti-OVA IgG levels between 56- and 84-days post-transplant
(n=5-8 per group). Data represent mean (SE) and are representative of 3 independent

experiments with a total of 15 mice per group.
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Chapter 3:

Superior Inhibition of Germinal Center and Alloantibody Responses with Selective CD28

Blockade is CTLA-4-Dependent and T Follicular Helper Cell-specific

Figure 3.1. Selective CD28 blockade exhibits superior inhibition of T cell dependent antibody
responses compared to CTLA-4-Ig

Figure 3.2. CTLA-4 blockade augments the Tfh and GC B cell alloresponses

Figure 3.3. Selective CD28 blockade inhibition of Tfh-mediated alloantibody formation is CTLA-
4-dependent

Figure 3.4. CTLA-4 is critical for the superior inhibition of selective CD28 blockade at the level of
Tfh:B cell cognate interactions

Figure 3.5. CTLA-4-dependent superior inhibition of selective CD28 Blockade is Tfh cell-specific
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Abstract

Anti-donor antibodies cause immunologic injury in transplantation. CD28 blockade with CTLA-4-
Ig has the ability to reduce the incidence of these donor-specific antibodies (DSA), but its
mechanism is suboptimal for the inhibition of alloimmunity in that CTLA-4-Ig blocks both CD28
costimulation and CTLA-4 coinhibition. Thus selective CD28 blockade that spares CTLA-4 has
potential to result in improved inhibition of humoral alloimmunity. To test this possibility, we
utilized a full allogeneic mismatch murine transplant model and T follicular helper (Tfh):B cell
co-culture system. We observed that selective blockade with an anti-CD28 domain antibody
(dAb) compared to CTLA-4-Ig led to superior inhibition of Tfh cell, germinal center and DSA
responses in vivo, and better control of B cell responses in vitro. CTLA-4 blockade enhanced the
humoral alloresponse, and in combination with anti-CD28 dAb abrogated the effects of
selective blockade. This CTLA-4-dependent inhibition was Tfh cell-specific in that CTLA-4
expression by Tfh cells was necessary and sufficient for the improved humoral inhibition
observed with selective blockade. As CD28 blockade attracts interest for the control of
alloantibodies in the clinic, these data support selective blockade as a superior strategy to

address DSA via the sparing of CTLA-4 and more potent targeting of Tth cells.
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Introduction

Kidney transplantation is the treatment modality of choice for the majority of patients suffering
from end-stage renal disease, with widely accepted benefits in patient survival and quality of
life (1, 2). Advances in solid organ transplantation have significantly reduced acute rejection
rates, leading to significant improvements in short-term kidney allograft survival (3). However,
long-term outcomes following kidney transplantation remain suboptimal due in part to allograft
injury resulting from HLA antibodies directed against the donor (4). These donor-specific
antibodies (DSA) have been increasingly recognized to cause early and late immunologic injury
of kidney allografts, and therefore present an immunologic barrier to the improvement of long-
term kidney transplant outcomes. Despite the deleterious role of DSA following
transplantation, large knowledge deficits exist regarding the mechanisms underlying their
development and maintenance, and robust therapeutic strategies to control DSA-mediated

allograft dysfunction have yet to be developed (5-7).

Targeting of the CD28 costimulation pathway with belatacept, a second generation CTLA-4-Ig,
has achieved clinical translation and improved long-term recipient outcomes following kidney
transplantation (8). However, de novo use of belatacept has been limited by increased acute
rejection rates and uncertainty in immunologically high risk patients (9). This has partially been
attributed to its mechanism of action. CTLA-4-Ig acts to inhibit T cell activation through binding
of the ligands CD80 and CD86, thereby preventing their engagement with the T cell co-

stimulator CD28 and inhibiting T cell priming and activation (10). Undesirably, this mechanism
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of action also indiscriminately blocks CD80 and CD86 ligation of the co-inhibitor CTLA-4,
depriving T cells of potentially important inhibitory signals and regulatory interactions. A wealth
of evidence exists regarding the immune stimulatory impact associated with the loss of CTLA-4
activity (11, 12), suggesting that the secondary effect of CTLA-4 blockade may significantly
detract from the overall goal of attenuating alloreactivity. Accordingly, others and we have
demonstrated that next generation costimulation blockade that selectively antagonizes CD28
costimulatory signaling and preserves CTLA-4 coinhibition leads to superior control of
alloimmune responses (13-15). Therefore, selective CD28 blockade holds great promise to
further improve upon the encouraging long-term renal transplant outcomes realized with

belatacept.

Preclinical and clinical studies have consistently shown that CTLA-4-Ig relative to conventional
immunosuppression is more effective at reducing de novo alloantibody formation (8, 16), but
the efficacy of belatacept on pre-formed antibodies in sensitized recipients and DSA over the
long-term is unknown. Results from an ongoing clinical trial designed to evaluate the ability of
belatacept monotherapy to prevent DSA formation in kidney transplant recipients with failed
allografts indicate that belatacept alone is not sufficient to completely prevent DSA in this
setting (17). Moreover, we have shown that selective CD28 blockade is superior to CTLA-4-Ig at
preventing alloantibodies in a minor antigen mismatch murine transplant model (18). Thus,
optimization of current methods of costimulation blockade (i.e. CTLA-4-Ig) is a promising and

intriguing strategy to address the problem of HLA antibodies in the clinic.
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Although the mechanisms of antibody inhibition by CD28 costimulation blockade have not been
entirely elucidated, it is likely due in large part to the inhibition of T follicular helper (Tfh) cell
differentiation and function (19, 20). Tfh cells are a lineage of CD4* T cells required for the
provision of B cell help to generate mature antibody responses that also heavily depend on
CD28 (21). Tfh cells have been implicated in many immune processes and their inhibition has
been associated with the prevention of anti-donor antibody responses in transplantation (18,
22, 23). Importantly, several studies have implicated CTLA-4 as a key regulator of Tfh cells
primarily through regulatory T cell-mediated mechanisms (24, 25). Therefore, improved
inhibition of alloantibody responses with selective CD28 blockade relative to CTLA-4-Ig may

directly result from the preservation of CTLA-4 co-inhibitory capacity following transplantation.

In this study, we utilized a clinically relevant BALB/c to B6 full MHC mismatch skin allograft
model to examine the role of CTLA-4 coinhibition in the setting of selective CD28 blockade. We
demonstrate that selective CD28 blockade results in superior inhibition of the Tfh cell, germinal
center (GC) and DSA responses compared to CTLA-4-lg. Donor-elicited Tfh cells differentially
upregulated the coinhibitor CTLA-4, and CTLA-4 blockade augmented the Tfh cell and GC
alloresponses. Anti-CTLA-4 treatment in conjunction with selective CD28 blockade reversed the
superior inhibition observed with CD28-specific blockade in vivo after allotransplantation and in
in vitro Tfh:B cell co-cultures. This CTLA-4 dependence was Tfh cell-specific in that CTLA-4
expression by Tfh cells was necessary and sufficient for the improved humoral inhibition

observed with selective CD28 blockade. These findings support the development of next



107

generation costimulation blockers that selectively target CD28 and preserve the inhibitory and
regulatory functions of CTLA-4 as a more potent immunosuppressive strategy to combat HLA

antibodies in clinical transplantation.
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Materials and Methods
Mice
B6-Ly5.1/Cr (H2-K°) and BALB/c (H-2K9) mice were obtained from the National Cancer Institute

and housed in pathogen-free facilities.

Skin Transplants and Immunosuppression

Bilateral dorsal full-thickness tail and ear skin were transplanted onto recipient mice. Skin graft
recipients received no treatment, anti-CD28 dAb (100 ug, Bristol-Myers Squibb), CTLA-4-Ig (200
ug, Bristol-Myers Squibb), or anti-CTLA-4 mAb (9H10, 250 ug, BioXcell). Treatments were
administered intraperitoneally on post-transplant days 0, 2, 4, 6 and 8, and then weekly
thereafter. Anti-CD28 dAb and CTLA-4-Ig dosing was based on molecular weight, serum half-

life, and murine mixed lymphocyte reaction ECso (14, 18).

Flow Cytometry

Graft-draining axillary and brachial lymph nodes were processed into single-cell suspensions.
Cells were surface stained for indicated markers and pulsed with LIVE/DEAD viability dye
(Molecular Probes) before fixation. Intracellular staining was performed with Foxp3
Fixation/Permeabilization Buffer Kit (eBioscience). All antibodies were from BioLegend and BD
Biosciences. All samples were run on an LSR Fortessa flow cytometer (BD Biosciences) and
analyzed by using FlowJo Software (Flowjo, LLC). CountBright Beads (Invitrogen) were used to

determine absolute cell counts.
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Tfh:B Cell Co-Culture

T and B cells from graft-DLNs were enriched, flow sorted and co-cultured as previously
described (44). Briefly, magnetic bead negative selection (Miltenyi Biotec) was used to enrich
CD4* T and CD19* B cells. T cells from DLNs were flow sorted into Tfh (CD19°CD4*PD-
1MCXCR5*GITR') cells on a FACSAria Il (BD Biosciences). For proliferation assessment, B cells
were stained with eFluor670 proliferation dye (eBioscience). 2x10* T cells were cultured with
5x10* B cells in 96-well plates in anti-CD3¢ (2C11, 2 ug/mL, BioXcell) and anti-IgM (5 ug/mL,
Jackson Immunoresearch) containing media for 5 days. Culture media was supplemented with
immunosuppression where indicated at the following concentrations: CTLA-4-lg (50 pg/mL),
anti-CD28 dAb (25 pg/mL), anti-CTLA-4 mAb (50 pg/mL). As in the in vivo experiments, anti-
CD28 dAb and CTLA-4-lg dosing was based on molecular weight, serum half-life, and murine
mixed lymphocyte reaction ECsp (14, 18). Cultured cells were analyzed by flow cytometry, and

supernatants analyzed for total IgG levels by ELISA.

Antibody Assessments

Serum was collected from transplanted animals to test for anti-donor antibodies. For flow
cytometric crossmatch, BALB/c splenocytes were processed into single-cell suspensions and
pre-treated with Fc Block (BioLegend), followed by incubation with recipient serum at 4°C.
Splenocytes were then washed and labeled with surface markers and anti-mouse IgG
(BioLegend) for quantification of anti-BALB/c 1gG by flow cytometry. For ELISA total 1gG
antibody measurements from co-culture supernatant, flat-bottom 96-well Immulon 4HBX

microtiter plates (VWR) were coated with anti-mouse Ig (5 pg/well; Sigma-Aldrich) overnight at
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4°C. Coated plates were blocked with 10% FBS in PBS-T for 1 hour at 37°C, and then incubated
with culture supernatant samples for 1.5 hours at 37°C. Total IgG was detected with HRP goat
anti-mouse IgG (Poly4053, BioLegend), developed by using the TMB substrate system (Thermo

Scientific), and read at 450 nm on a Spectra MAX 340PC Microplate reader (Molecular Devices).

Statistics

The Mann—Whitney U nonparametric t test was performed for analysis of unpaired groups, and
the Holms—Sidak method was used for grouped, multiple t test analyses. All analyses were
performed by using GraphPad Prism (GraphPad Software, Inc.). Statistical significance was

attributed to p values <0.05 (*<0.05, **<0.01, ***<0.001).

Study Approval
All animal studies were approved by the Emory University Institutional Animal Care and Use

Committee and conducted in accordance with their guidelines.
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Results

Selective CD28 blockade exhibits superior inhibition of T cell dependent antibody responses
compared to CTLA-4-lg in a full MHC mismatch allotransplantation model

Our group has previously demonstrated that selective CD28 blockade results in superior
inhibition of both cellular and humoral alloresponses compared to CTLA-4-Ig in a surrogate
minor antigen (OVA) mismatch model (18). Based on observed similarities between the
alloreactive transgenic and endogenous polyclonal Tfh cell responses in the OVA model, we
sought to test the impact of selective CD28 blockade on the Tfh cell-mediated alloantibody
response in a full MHC mismatch murine skin transplant model for enhanced clinical
applicability. As such, naive B6 recipients were transplanted with skin grafts from syngeneic
(B6) or allogeneic (BALB/c) donor mice and were left untreated or treated with either CTLA-4-Ig
or an anti-CD28 domain antibody (dAb) (Figure 1A). Recipients were serially bled for serum
collection and flow crossmatch analysis to test for the development of anti-donor antibodies or
euthanized for cellular draining lymph node (DLN) analysis. Untreated allogeneic graft
recipients formed anti-BALB/c alloantibodies by posttransplant day 14, while DSA emerged by
day 21 in CTLA-4-Ig treated mice (Figure 1B). Conversely and similar to the syngeneic graft
recipients, anti-CD28 dAb treated mice did not develop DSA. To interrogate the cellular
response, graft-DLNs were analyzed 10 days post-transplant by flow cytometry. Donor-reactive
Tfh (CXCR5*PD-1") and GC Tfh (Bcl6"PD-1" of Tfh cells) cells were readily identifiable in
untreated animals receiving allogeneic grafts as compared to syngeneic grafts (Figures 1C, D).
While CTLA-4-Ig resulted in reduced frequencies and absolute numbers of Tfth and GC Tfh cells,

the anti-CD28 dAb completely eliminated this cellular alloresponse. Examination of B cell
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subsets within the graft-DLNs also revealed greater inhibition of the GC B cell (GL7*CD95%),
plasmablast (CD19*B220CD138*), and plasma cell (CD19°B220'CD138*) responses by the CD28-
specific dAb relative to CTLA-4-Ig (Figures 1E, F). Taken together, these findings demonstrate
that selective CD28 blockade provides superior inhibition of the GC response compared to
CTLA-4-lg in a clinically relevant full allogeneic mismatch model, thereby resulting in improved

inhibition of DSA.

CTLA-4 blockade augments the Tfh and GC B cell alloresponses after transplantation

The coinhibitory receptor CTLA-4 has been implicated as a critical mediator of Tfh cell
differentiation and function (24-26). In order to investigate whether intact CTLA-4 on Tfh cells
could be a potential mechanism underlying the improved inhibition of Tfh cells with selective
CD28 blockade, we examined the level of expression of CTLA-4 on Tfh cells in response to an
allogeneic skin graft. Naive B6 recipients were transplanted with syngeneic (B6) or BALB/c
donor skin grafts and sacrificed 10 days post-transplant for graft-DLN analysis. Donor-reactive
Tfh cells exhibited greater expression of CTLA-4 relative to naive (CD62L*CD44-) and antigen-
experienced non-Tfh (CD44*CXCR57) CD4*T cells (Figure 2A). The Tfh cell compartment
contained the largest frequency of CTLA-4* cells and exhibited the highest levels of CTLA-4
expression (Figure 2B). Furthermore, we found that polarized GC Tfh (Bcl-6"PD-1") cells within
the Tfh cell compartment expressed the highest levels of CTLA-4 and contained the greatest
frequency of CTLA-4* Tth cells (Figures 2A, B). This differential expression of CTLA-4 on donor-
reactive Tfh and GC Tfh cells suggests that CTLA-4-mediated coinhibition may play a critical role

in Tfh cell-mediated alloreactivity. To test this possibility, skin-grafted mice were treated with a
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blocking anti-CTLA-4 mAb and the graft-DLNs examined 10 days after transplant (Figure 2C). We
observed that CTLA-4 antagonism alone significantly increased the frequency and absolute
numbers of graft-reactive Tfh and GC B cells compared to untreated controls (Figures 2D, E),
indicating that blockade of CTLA-4 coinhibition leads to augmentation of the Tfh cell-mediated
GC response following allotransplantation. These data support the hypothesis that CTLA-4 is an
important functional inhibitor of Tfh cell-mediated alloreactivity and may underlie the superior

humoral inhibition observed with selective CD28 blockade (Figure 1).

Selective CD28 blockade inhibition of Tfh-mediated alloantibody formation is CTLA-4-dependent
In order to determine the role of preserved CTLA-4 coinhibitory capacity in enhancing the
immunosuppressive effects of selective CD28 blockade over that of CTLA-4-Ig, we utilized the
same full MHC mismatch BALB/c to B6 skin allograft model. Naive B6 mice were transplanted
with BALB/c skin and left untreated or administered either anti-CD28 dAb monotherapy or anti-
CD28 dAb in combination with anti-CTLA-4 mAb (Figure 3A). Flow crossmatch analysis of serially
collected serum for anti-BALB/c IgG levels posttransplant showed DSA formation in untreated
animals and complete inhibition of anti-donor antibodies in the anti-CD28 dAb treated mice
(Figures 3B, C). Interestingly, the addition of anti-CTLA-4 mAb to anti-CD28 dAb treated skin
graft recipients resulted in the development of DSA relative to anti-CD28 dAb alone. Thus,
CTLA-4 antagonism reversed selective CD28 blockade-mediated inhibition of alloantibody

formation.
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We next sought to test the effect of anti-CTLA-4 on the cellular GC response. Based on our prior
observation that the peak alloreactive Tfh response in secondary lymphoid organs
posttransplant precedes antibody formation by 4 days (27), we examined the GC response in
graft-DLNs 24 days after transplant (4 days prior to antibody detection on day 28, Figures 3B,
C). Analysis of the Tfh cell compartment showed that the addition of anti-CTLA-4 mAb
significantly increased the frequency and absolute numbers of both CXCR5*PD-1" Tfh and BCL-
6MPD-1" GC Tfh cells over that observed in anti-CD28 dAb alone treated animals (Figures 3D, E).
Examination of B cell subsets revealed similar findings, with CTLA-4 blockade abrogating the
inhibition of GC B cells, plasmablasts and plasma cells by anti-CD28 monotherapy (Figures 3F,
G). Overall, blockade of the coinhibitor CTLA-4 reversed selective CD28 blockade-mediated

inhibition of alloreactive Tfh cells, B cell subsets, and DSA following transplantation.

CTLA-4 is critical for the superior inhibition of selective CD28 blockade at the level of Tfh:B cell
cognate interactions

To further test the hypothesis that CTLA-4 coinhibition of cognate Tfh:B cell interactions is
responsible for the improved efficacy of selective CD28 blockade to inhibit DSA, we performed
alloreactive Tfh:B cell co-cultures. Naive B6 mice with full MHC mismatched BALB/c skin grafts
were left untreated and sacrificed 10 days post-transplant (Figure 4A). Sorted Tfh and enriched
B cells from graft-DLNs were co-cultured for 5 days to assess B cell proliferation, class switch
recombination (CSR) and antibody production. Tfh:B cell co-cultures were left untreated or
treated with CTLA-4-lg, anti-CD28 dAb, or anti-CD28 dAb plus anti-CTLA-4 mAb. Untreated co-

cultures exhibited robust B cell proliferation as measured by proliferation dye and Ki-67
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expression (Figures 4B-D), while CTLA-4-Ig partially inhibited and anti-CD28 dAb completely
inhibited this B cell proliferative burst representative of GC B cell responses. Intriguingly and
consistent with our in vivo data, the addition of anti-CTLA-4 mAb to selective CD28 blockade
resulted in reversal of the inhibition of B cell proliferation observed with the anti-CD28 dAb
alone (Figures 4B-D). CTLA-4 blockade had the same impact on the differentiation of B cells into
class-switched GC-like GL-7*IgG1* B cells and their proliferation as compared to anti-CD28 dAb
alone (Figures 4E, F). Interestingly, Tfh cell proliferation also exhibited the same pattern of
inhibition as the B cells, with anti-CTLA-4 partially reversing the immunosuppressive effects of
the anti-CD28 dAb to levels similar to CTLA-4-Ig (Figure 4G). Furthermore, analysis of culture
supernatants for IgG production showed significantly increased levels of total IgG when CTLA-4
blockade was combined with selective CD28 blockade relative to anti-CD28 dAb alone (Figure
4H). Hence these data indicate that the co-inhibitor CTLA-4 plays a critical role in the superior
inhibition observed with selective CD28 blockade compared to non-selective costimulation
blockade with CTLA-4-lg (Figure 1), and that CTLA-4 is acting at the level of Tfh:B cell cognate

interaction.

CTLA-4-dependent superior inhibition of selective CD28 Blockade is Tfh cell-specific

Because CD28 and CTLA-4 have been reported to be expressed and functional on B cells (28-
30), we next investigated whether the CTLA-dependent superior inhibition observed with
selective CD28 blockade is Tfh cell-specific. Utilizing the same Tfh:B cell co-culture system,
either sorted Tfh or enriched B cells from graft-DLNs were individually pre-treated with anti-

CTLA-4 mAb and then co-cultured in the presence of anti-CD28 dAb for 5 days (Figure 5A). As
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such, this approach enabled us to determine whether Tfh cell- or B cell-derived CTLA-4 is driving
improved inhibition with selective CD28 blockade. As expected, selective blockade with the
anti-CD28 dAb alone inhibited B cell proliferation, and this inhibition was reversed when both
Tfh and B cells were exposed to anti-CTLA-4 mAb (Figures 5B-D). Interestingly, anti-CTLA-4 pre-
treated Tfh cells, but not pre-treated B cells, abrogated the inhibition of B cell proliferation with
selective CD28 blockade alone. Similarly, only anti-CTLA-4 pre-treated Tfh cells and not pre-
treated B cells exhibited the ability to reverse anti-CD28 dAb-mediated inhibition of B cell
differentiation into GL-7*IgG1* class-switched B cells, Tfh cell proliferation, and antibody
production (Figures 5E-H). Thus CTLA-4 antagonism reverses the increased efficacy of selective
CD28 blockade to control humoral alloresponses relative to CTLA-4-Ig in a Tfh cell-specific
manner. Namely, CTLA-4 expression by Tfh cells is necessary and sufficient for the improved

inhibition observed with selective CD28 blockade.
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Discussion

In the last decade, it has become well recognized that alloantibodies are an important
immunologic cause of allograft injury and premature kidney graft loss (4, 31). Rapid advances in
our understanding of Tfh cell biology, the important role this subset plays in mediating T cell
dependent antibody responses, and their dependence on CD28 and CTLA-4 has made them an
increasingly relevant therapeutic target to combat DSA (21, 32). CD28 costimulation blockade
with belatacept has reduced the incidence of de novo DSA (8), but its mechanism of action is
suboptimal for the purpose of inhibiting alloimmunity in that CTLA-4-Ig not only blocks CD28
costimulation but also prevents critical coinhibitory and regulatory activity mediated via CTLA-4
(10). Here, we demonstrate that selective CD28 blockade is better than CTLA-4-Ig at inhibiting
the humoral alloresponse in a clinically relevant full allogeneic mismatch model, and that this
superior inhibition is mechanistically CTLA-4-dependent and Tfh cell-specific. As CD28
costimulation blockade attracts growing interest as a method of controlling alloantibodies in
the clinic (6), these data support next generation selective CD28 blockade as a more efficacious
strategy of addressing the clinical burden of DSA via the sparing of CTLA-4 and more potent

targeting of Tfh cells.

Given the ubiquitous roles CD28 and CTLA-4 have on distinct T cell subsets, Treg, Thl7, and
CD8* T cells have not surprisingly all been shown to exhibit differential responses to selective
CD28 blockade versus CTLA-4-Ig in experimental models of transplantation (13-15, 33, 34). Our
group has also demonstrated that selective blockade results in better inhibition of alloantibody

responses in a TCR transgenic minor antigen mismatch model (18), but whether the superior
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impact of selective CD28 blockade on DSA is CTLA-4-dependent or Tfh cell-specific has not been
previously reported. In this study, we provide in vivo data indicating that anti-CD28 dAb-
mediated alloantibody inhibition is CTLA-4-dependent, and in vitro Tfh:B cell co-culture data
demonstrating that CTLA-4 expression by Tfh cells is necessary and sufficient for the superior
humoral inhibition observed with selective CD28 blockade. While the global effects of CD28-
specific blockade may partially contribute to the superior anti-humoral results observed with
the anti-CD28 dAb, our data strongly support that selective blockade is functioning primarily on
Tfh cells at the cognate Tfh:B cell level to enhance DSA inhibition through the coinhibitor CTLA-

4.

In considering the determinants of T cell dependent antibody production, Tregs and T follicular
regulatory (Tfr) cells have been elegantly shown to regulate Tfh cell and humoral immune
responses (24, 25). Because they, like effector T cells, depend on CD28 signals for their
activation and differentiation, not unexpectedly examination of the endogenous, graft-elicited
Treg and Tfr cell populations revealed reductions in the quantity of both subsets that was not
reversed by CTLA-4 antagonism (data not shown). Additionally, CTLA-4 antagonism abrogated
anti-CD28 dAb-mediated inhibition of B cell proliferation, CSR and antibody production in vitro
independent of Treg and Tfr cells (Figure 4). Together, these observations make it unlikely that
regulatory T cells are driving the improved humoral inhibition observed in our transplant
model. Alternatively, sustained antibody responses have been reported to depend on CD28
function in plasma cells (30), and rare reports have identified CTLA-4 on B cells (28, 29). As such,

we were able to isolate the functional role of CTLA-4 during selective CD28 blockade to the Tfh
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cell and not B cells utilizing the in vitro Tfh:B cell co-culture system (Figure 5). Therefore,
preserving CTLA-4 coinhibitory capacity on Tfh cells is likely the chief mechanism conferring
improved control of Tfh cell, GC and DSA responses under selective CD28 blockade in this

preclinical transplant model.

GCs do not develop in the absence of CD28, presumably due to a lack of Tfh cells (35, 36). Tfh
differentiation and function has been modeled to be a multistep process that depends on
CD28-B7 interactions at both the priming T:DC stage and subsequent Tfh:B cell stage to form
GCs (21). Prevailing paradigms have put forth that CD80/86 ligation of CD28 are critical for both
DC and B cell interactions with Tfh cells. However, recent work by Watanabe et al. utilizing
conditional knockout systems in mice showed that B7 molecule expression was required on DCs
for initial T:DC interactions but not on B cells for Tfh cell differentiation, GC formation and class-
switched antibody responses following vaccination (37). These data suggest that CD28 blockade
of Tfh-driven antibody production would effectively impair early stage Tfh cell responses
resulting from T:DC priming but not ongoing or later stage Tfh-driven alloreactivity as Tfh:B cell
conjugate interactions that lead to antibody formation were not CD28-B7 dependent.
Furthermore, delayed costimulation blockade with CTLA-4-Ig has been shown to reverse
ongoing alloantibody responses mostly independent of graft-specific CD4* T cells and Tfh cells
in @ murine heart transplant model (38). While CD28 blockade is indeed excellent at inhibiting
early Tfh cell responses (18, 27), our findings demonstrating the ability of selective CD28
blockade to inhibit maturely differentiated effector Tfh:B cell conjugate interactions in a CTLA-

4-dependent manner present an alternative perspective on the significance of CD28-B7
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engagement between Tfh and B cells in the context of a GC response. These conflicting
observations could result from differences in animal model (vaccination vs. transplant), type of
allograft (heart vs. skin), or mode of CD28 costimulation blockade (selective vs. non-selective).
Nonetheless, our data indicate that effector Tfh cell-driven cognate B cell interactions and the

alloantibody responses that result from them do in fact depend on CD28.

The susceptibility of mature effector Tfh cells engaged in cognate B cell interactions that drive
GCs, and not just naive pre-Tfh CD4* T cells to CD28 blockade has significant therapeutic clinical
implications. There has been resurgent clinical interest in the use of CD28 costimulation
blockade to attenuate alloantibody responses (6). Several recent studies have reported a
modest ability of belatacept to control nascent or pre-existing HLA antibodies. Post-hoc
analyses of the BENEFIT and BENEFIT-EXT clinical trials (39, 40), as well as the BELACOR clinical
trial examining kidney transplant outcomes in recipients with preformed DSAs (41), have all
demonstrated decreases in HLA antibodies with belatacept. In a sensitized nonhuman primate
kidney transplant model, belatacept in combination with bortezomib desensitization and anti-
CD40 therapy mediated reductions in DSA and the cellular components of the humoral
response (42). These preclinical and clinical studies represent the growing concept of utilizing
costimulation blockade to target CD28-mediated humoral immunity beyond initial CD4* T cell
priming and licensing of Tfh cell differentiation. Our findings provide mechanistic rationale for
the continued extended application of CD28 blockade to combat pre-existing humoral
sensitization in transplantation with CD28 costimulation blockers. Moreover, the ability of

selective CD28 blockade to better inhibit effector Tfh:B cell interactions via CTLA-4 suggests
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that selective agents may be clinically more potent at inhibiting memory Tfh cell-driven or more
terminal GC alloreactivity due to prior HLA humoral sensitization. With CD28-specific agents in
the development pipeline (43), next generation selective CD28 blockade is poised to offer a
new therapeutic option to address the large unmet need of managing alloantibodies in

sensitized transplant recipients.

In summary, this study provides evidence that superior inhibition of Tfh-mediated DSA
responses through selective CD28 blockade therapy is CTLA-4-dependent. Our data highlight
the potential for next generation selective CD28 costimulation blockade to provide superior
control of GC and alloantibody responses through the preservation of CTLA-4 on Tfh cells. The
observed susceptibility of effector Tfh cells to anti-CD28 therapy supports a shift in therapeutic
focus to targeting Tfh cells as a means of controlling ongoing or pre-existing humoral
alloresponses. Overall, these findings promise to inform therapeutic efforts aimed at controlling
both de novo DSA responses and pre-existing alloantibodies to improve long-term outcomes in

kidney transplantation.
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Figure 1. Selective CD28 blockade exhibits superior inhibition of T

responses compared to CTLA-4-Ig
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cell dependent antibody

(A) Naive B6 mice were transplanted with skin from syngeneic (B6) or allogeneic (BALB/c)

donors and sacrificed 10 days post-transplant for graft-DLN analysis or serially bled for serum

analysis. Transplanted mice were left untreated or treated with either CTLA-4-Ig or anti-CD28

dAb every other day (QOD, red) the first week and then weekly (QW, black) thereafter. (B)
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Summary data of anti-donor total serum IgG over time (n=5 per group). (C) Representative flow
cytometric plots displaying the frequencies of DLN Tfh (CXCR5*PD-1", gated on
CD4*CD44"Foxp3™ T cells) and GC Tfh (Bcl6"PD-1", gated on CXCR5*PD-1" Tth cells) cells under
each treatment condition. (D) Summary data of the frequencies and numbers of Tfh and GC Tfh
cells (n=5 per group). (E) Representative flow plots displaying the frequencies of DLN GC B cells
(GL7*CD95%, gated on IgD"CD19'B220*CD138" B cells), plasmablasts (B220°CD138*, gated on IgD"
CD19* B cells), and plasma cells (B220°CD138*, gated on IgD"CD19" B cells). (F) Summary data of
the frequencies and numbers of GC B cells, plasmablasts, and plasma cells (n=5 per group).
Summary data represent mean (SE) and are representative of at least 2 independent

experiments with a total of at least 10 mice per group. **p < 0.01, ***p< 0.001.
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Figure 2. CTLA-4 blockade augments the Tfh and GC B cell alloresponses

Naive B6 mice were transplanted with skin from BALB/c donors and sacrificed 10 days post-
transplant for graft-DLN analysis. (A) Representative flow plots of Tfh (CXCR5*PD-1", gated on
CD4*CD44"Foxp3- T cells) and GC Tfh (Bcl6"PD-1", gated on CXCR5*PD-1"" Tfh cells) cells, and
representative histograms depicting CTLA-4 expression on naive CD4* T cells (CD44'°CD62L*),
CD4*CD44MCXCR5™ T cells, Tfh cells and GC Tfh cells. (B) Summary data of CTLA-4 expression
levels and frequencies of CTLA-4* cells amongst the indicated subsets (n=5 per group). (C) Naive
B6 mice were transplanted BALB/c skin, either left untreated or treated with anti-CTLA-4 mAb
every other day (QOD, red), and graft-DLNs examined 10 days posttransplant. (D)
Representative flow plots displaying the frequencies of Tfh and GC B cells (GL7*CD95*, gated on
IgD"CD19*B220*CD138 B cells) from untreated and anti-CTLA-4-treated mice. (E) Summary data
of the frequencies and numbers of Tfh and GC B cells (n=5 per group). Summary data represent

mean (SE). **p < 0.01.
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Figure 3. Selective CD28 blockade inhibition of Tfh-mediated alloantibody formation is CTLA-
4-dependent

(A) Naive B6 mice were transplanted with skin from BALB/c donors and sacrificed 24 days post-
transplant for graft-DLN analysis or serially bled for serum analysis. Transplanted mice were left
untreated or treated with anti-CD28 dAb alone or anti-CD28 dAb plus anti-CTLA-4 mAb every
other day (QOD, red) the first week and then weekly (QW, black) thereafter. (B) Representative
histograms depicting anti-donor total serum IgG over time. (C) Summary data of anti-donor
total serum IgG over time (n=5 per group). (D) Representative flow plots displaying the
frequencies of DLN Tfh (CXCR5*PD-1", gated on CD4*CD44"Foxp3™ T cells) and GC Tfh (Bcl6"PD-
1M gated on CXCR5*PD-1" Tfh cells) cells under each treatment condition. (E) Summary data of
the frequencies and numbers of Tfh and GC Tfh cells (n=5 per group). (F) Representative flow
plots displaying the frequencies of DLN GC B cells (GL7*CD95*, gated on IgD"CD19*B220*CD138"
B cells), plasmablasts (B220"CD138*, gated on IgD"CD19* B cells), and plasma cells (B220°CD138",
gated on IgD'CD19 B cells). (G) Summary data of the frequencies and numbers of GC B cells,
plasmablasts, and plasma cells (n=5 per group). Summary data represent mean (SE) and are
representative of at least 2 independent experiments with a total of at least 10 mice per group.

*p < 0.05, **p < 0.01.
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Figure 4. CTLA-4 is crltlcal for the superior inhibition of selective CD28 blockade at the level of

Tfh:B cell cognate interactions

Toted 15 10D 40 o)

(A) Naive B6 mice were transplanted with BALB/c skin, left untreated, and sacrificed 10 days

post-transplant. Tfh and B cells from graft-DLNs were isolated and co-cultured for 5 days. Tfh:B
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cell co-cultures were left untreated, or treated with CTLA-4-lg, anti-CD28 dAb, or anti-CD28 dAb
plus anti-CTLA-4 mAb. (B) Representative histograms depicting B cell proliferation by eFluor670
proliferation dye under the indicated conditions. (C) Summary data of the frequencies of
proliferating B cells (n=3 per group). (D) Representative flow plots of B cell proliferation as
measured by Ki-67 and summary data of the frequencies of proliferating Ki-67* B cells (n=6 per
group). (E) Representative flow plots of class-switched GC-like GL7*IgG1* B cells and summary
data of the frequencies of these class-switched B cells (n=6 per group). Summary data of the
frequencies of (F) proliferating class-switched B cells (n=6 per group), (G) proliferating Tfh cells
(n=6 per group), and (H) supernatant total IgG levels (n=6 per group). Summary data represent
mean (SE) and are representative of at least 2 independent experiments, with cells pooled from

10 mice per experiment and 3-6 co-culture wells per treatment group. **p < 0.01.
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Figure 5. CTLA-4-dependent superior inhibition of selective CD28 Blockade is Tfh cell-specific

(A) Naive B6 mice were transplanted with BALB/c skin, left untreated, and sacrificed 10 days

post-transplant. Tfth and B cells from graft-DLNs were isolated and co-cultured for 5 days. Tfh:B

cell co-cultures were treated with anti-CD28 dAb alone, anti-CD28 dAb plus anti-CTLA-4 mAb, or
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anti-CD28 dAb plus individual pre-treatment of either Tfh or B cells with anti-CTLA-4 mAb. (B)
Representative histograms depicting B cell proliferation by eFluor670 proliferation dye under
the indicated conditions. (C) Summary data of the frequencies of proliferating B cells (n=3 per
group). (D) Representative flow plots of B cell proliferation as measured by Ki-67 and summary
data of the frequencies of proliferating Ki-67* B cells (n=6 per group). (E) Representative flow
plots of class-switched GC-like GL7*1gG1* B cells and summary data of the frequencies of these
class-switched B cells (n=6 per group). Summary data of the frequencies of (F) proliferating
class-switched B cells (n=6 per group), (G) proliferating Tfh cells (n=6 per group), and (H)
supernatant total 1gG levels (n=6 per group). Summary data represent mean (SE) and are
representative of at least 2 independent experiments, with cells pooled from 10 mice per

experiment and 3-6 co-culture wells per treatment group. **p < 0.01.
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Chapter 4:

Circulating T Follicular Helper Cells are a Biomarker of Humoral Alloreactivity and Predict

Donor-Specific Antibody Formation after Transplantation

Figure 4.1. Circulating CXCR5* CD4* T cells expand following transplantation and display
phenotypic and functional characteristics of cTfh cells.

Figure 4.2. Circulating Tfh cell kinetics parallel graft-dLN GC reactivity following transplantation.
Figure 4.3. Donor-reactive cTfh cells exhibit an activated ICOS*PD-1* phenotype after
transplantation.

Figure 4.4. Circulating Tfh cells precede DSA formation following transplantation.

Figure 4.5. Antigen-specific TCR transgenic cTfh cells display similar phenotypic characteristics
and kinetics to endogenous alloreactive cTfh cells following transplantation.

Figure 4.6. Circulating Tfh cells predict breakthrough alloantibodies despite immunosuppression.
Figure 4.7. Delayed anti-CD28 CoB initiated after detection of ICOS*PD-1* cTfh cells prevents DSA

formation.



138

Abstract

Donor-specific antibodies (DSAs) contribute to renal allograft loss. However, biomarkers to guide
clinical management of DSA posttransplant or detect humoral alloimmune responses before
alloantibodies develop are not available. Circulating T follicular helper (cTfh) cells are
CDA4*CXCR5* Tfh-like cells in the blood that have been associated with alloantibodies in transplant
recipients, but whether they precede antibody formation for their evaluation as a predictive
biomarker in transplant is unknown. To evaluate the ability of cTfh cells to predict DSA, we used
murine transplant models to determine the temporal relationship between cTfh cells, germinal
center formation, and DSA development. We observed that donor reactive CD4*CXCR5* cTfh cells
expand after allotransplant. These cTfh cells were equivalent to graft-draining lymph node-
derived Tfh cells in their ability to provide B cell help for antibody production. cTfh cell expansion
and differentiation into ICOS*PD-1* cells temporally correlated with germinal center alloreactivity
and preceded the generation of DSAs in instances of modified and unmodified alloantibody
formation. Importantly, delayed costimulation blockade initiated after the detection of ICOS*PD-
1* cTth cells prevented DSAs. These findings suggest that cTfh cells could serve as a biomarker
for humoral alloreactivity before the detection of alloantibodies and inform therapeutic

approaches to prevent DSAs.
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Introduction

Over the last several decades, advances in solid organ transplantation have significantly reduced
acute rejection rates leading to great improvements in short-term kidney allograft survival (1).
However, long-term outcomes following kidney transplantation remain suboptimal. Historically,
late kidney allograft failure was chiefly attributed to calcineurin inhibitor toxicity and chronic
allograft nephropathy (2), but it is now well recognized that donor-specific HLA antibodies are an
important immunologic cause of acute and chronic allograft injury that shorten renal allograft
survival (3). These anti-HLA donor-specific antibodies (DSA) exist either pre-transplant or arise de
novo after transplant and are associated with inferior transplant outcomes (4, 5). Despite the
prevalence and deleterious impact of HLA antibodies in kidney transplantation, diagnostic

biomarkers to reliably guide clinical management of pathologic DSA have not been developed

(6).

While the availability of sensitive assays for the identification of HLA antibodies has greatly
enhanced pre-transplant donor-recipient matching to reduce the incidence of early antibody-
mediated rejection (7), their utility in the post-transplant setting has been limited (8, 9). Once
anti-donor antibodies are detected, reproducible therapeutic options to curtail the natural
history of antibody-mediated kidney allograft injury are not clinically available (3, 6). Therefore,
the value of detecting DSA to either direct the initiation of treatment strategies aimed at
inhibiting alloantibody-mediated injury or measure the effectiveness of such strategies is lacking.

As such, there is great need for the development of alternative biomarkers that can diagnose the
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presence of humoral alloimmunity in kidney transplant recipients and facilitate the initiation of

therapeutic interventions to prevent premature allograft loss.

T follicular helper (Tfh) cells are a lineage of CD4* T cells distinguishable by their unique
expression of the chemokine receptor CXCR5 and are required for the provision of B cell help to
generate class-switched, high affinity antibody responses for an effective humoral immune
response (10). Tfh cells have now been implicated in many immune processes during health and
disease (11), and inhibition of their differentiation and function prevents the development of
anti-donor antibody responses in transplantation (12-14). Hence the detection of Tfh cells as a
new biomarker for alloantibodies in transplantation is theoretically appealing, but access to Tfh
cells is limited in humans because they are primarily present in secondary lymphoid organs (SLO)
and are therefore not accessible via non-invasive methods for diagnostic purposes. However,
newly identified CD4*CXCR5* circulating Tfh (cTfh) cells in peripheral blood have been recently
shown to correlate with vaccine responses and autoimmune disease activity in experimental
animal models and humans (15, 16), and thus may overcome this barrier to accessibility.
Although there have been a few observational reports associating cTfh cells with alloantibodies
in transplant recipients (17-19), the temporal relationship of cTfh cells to DSA and their ability to

function as a predictive biomarker in transplantation is unknown.

In this study, we used murine transplant models to test the ability of cTfh cells to predict the
development of alloantibodies by determining the temporal relationship between both

polyclonal endogenous and antigen-specific cTfh cells, germinal center (GC) reactivity and DSA
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formation. We demonstrate that alloreactive CXCR5* CD4* T cells detected in the blood after
transplant are phenotypically and functionally cTfh cells. The expansion kinetics of donor-reactive
cTfh cells and their phenotypic differentiation into ICOS*PD-1* cells temporally correlated with
GC alloreactivity and predicted the generation of DSA. Delayed treatment with costimulation
blockade initiated after transplant upon the detection of ICOS*PD-1* cTfh cells successfully
inhibited alloantibody formation. Thus alloreactive cTfh cells could potentially serve as a clinical
biomarker for nascent or ongoing humoral alloimmune responses before the detection of anti-

donor antibodies and inform therapeutic approaches to prevent DSA.
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Materials and Methods

2.1 Mice

B6-Ly5.1/Cr (H2-KP) and BALB/c (H-2K9) mice were obtained from the National Cancer Institute.
Ovalbumin (OVA)-specific TCR transgenic OT-I (20) and OT-II (21) mice purchased from Taconic
Farms were bred to Thyl.1* background from The Jackson Laboratory at Emory University.
C57BL/6 mice that constitutively express membrane-bound OVA (mOVA) under the B-actin
promoter (22) were a gift from M. Jenkins (University of Minnesota). All animals were housed in
pathogen-free facilities and maintained in accordance with Emory University Institutional Animal

Care and Use Committee guidelines.

2.2 T cell adoptive transfers, skin transplantation, and immunosuppression

For adoptive transfers of OVA-specific T cells, splenocytes isolated from Thy1l.1* OT-l and
Thy1.1* OT-ll mice were quantified via TruCount bead analysis (BD Biosciences) and 1.0x10° of
each Thyl.1* OT-land Thy1.1* OT-II T cells was injected intravenously into naive B6-Ly5.1/Cr mice
24-48 hours prior to skin transplantation. Bilateral dorsal full-thickness tail and ear skin were
transplanted onto recipient mice (23). Skin graft recipients received no treatment, anti-CD28
domain antibody (dAb) (100 ug, Bristol-Myers Squibb), CTLA-4-lg (200 ug, Bristol-Myers Squibb)
or tacrolimus (5 mg/kg, Astellas). Anti-CD28 dAb and CTLA-4-lg were administered
intraperitoneally on post-transplant days 0, 2, 4, 6 and 8 and then weekly. Delayed anti-CD28 dAb
was administered on days 7, 9, 11, 13 and 15 and then weekly. Tacrolimus was administered s.c.

daily with mean trough levels of X.
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2.3 Flow cytometry

Graft-draining axillary and brachial lymph nodes were processed into single-cell suspensions.
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Paque (GE Healthcare) density
gradient centrifugation of whole blood preparations. Cells were surface stained for indicated
markers and pulsed with LIVE/DEAD viability dye (Molecular Probes) before fixation. Intracellular
staining was performed with Foxp3 Fixation/Permeabilization Buffer Kit (eBioscience). All
antibodies were from BioLegend and BD Biosciences. All samples were run on an LSR Fortessa
flow cytometer (BD Biosciences) and analyzed by using Flowlo Software (Flowjo, LLC).

CountBright Beads (Invitrogen) were used to determine absolute cell counts.

2.4 T:B cell co-culture

T and B cells from blood and graft-dLNs were enriched, flow sorted and co-cultured as previously
described (24). Briefly, magnetic bead negative selection (Miltenyi Biotec) was used to enrich
CD4*Tand CD19* B cells. T cells from dLNs were flow sorted into CXCR5™ (CD19-CD4*PD-1"CXCR5"
GITR’) and Tfh (CD19°CD4*PD-1"CXCR5*GITR) cells, and from blood into CXCR5 (CD19
CD4*CXCR5°GITR") and cTfh (CD19°CD4*CXCR5*GITR") cells on a FACSAria Il (BD Biosciences). 3x10*
T cells were cultured with 5x10% B cells in 96-well plates in anti-CD3g (2C11, 2 pug/mL, BioXcell)
and anti-IgM (5 pg/mL, Jackson Immunoresearch) containing media for 6 days. Cultured cells

were analyzed by flow cytometry and supernatants for total IgG levels by ELISA.

2.5 Anti-donor antibody assessment
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For flow cytometric crossmatch, BALB/c splenocytes were processed into single-cell suspensions
and pre-treated with Fc Block (BioLegend), followed by incubation with recipient serum at 4°C.
Splenocytes were then washed and labeled with surface markers and anti-mouse IgG (BioLegend)
for quantification of anti-BALB/c 1gG by flow cytometry. For ELISA anti-OVA antibody
measurements, flat-bottom 96-well Immulon 4HBX microtiter plates (VWR) were coated with
OVA protein (100 pg/well; Sigma-Aldrich) overnight at 4°C, blocked with 10% FBS in PBS-T for 1
hour at 37°C, and then incubated with serum samples for 1.5 hours at 37°C. OVA-specific
immunoglobulins were detected with HRP goat anti-mouse IgG (Poly4053, BiolLegend),
developed by using the TMB substrate system (Thermo Scientific), and read at 450 nm on a

Spectra MAX 340PC Microplate reader (Molecular Devices).

2.6 Statistical analysis

The Mann—Whitney U nonparametric t test was performed for analysis of unpaired groups, and
the Holms—Sidak method was used for grouped, multiple t test analyses. All analyses were
performed by using GraphPad Prism (GraphPad Software, Inc.). Statistical significance was

attributed to p values <0.05 (*<0.05, **<0.01, ***<0.001).
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Results

3.1 CXCR5* CD4* T cells are detectable in the blood, expand after transplant, and exhibit
phenotypic and functional characteristics of cTfh cells

To interrogate the CXCR5* CD4* T cell response in the blood following transplantation we utilized
a full MHC mismatch BALB/c to B6 murine skin transplant model (Figure 1A). Naive B6 recipients
were transplanted bilateral full thickness skin grafts from either syngeneic (B6) or allogeneic
(BALB/c) donor mice and sacrificed 10 days post-transplant for PBMC and graft-draining lymph
node (dLN) analysis. CXCR5* CD4* T cells were identified in the blood posttransplant (Figure 1B)
and exhibited robust expansion in response to the BALB/c allograft as compared to the syngeneic
B6 graft (Figure 1C). Analysis of these CXCR5* CD4*Foxp3” T cells revealed a less polarized but
similar phenotype to graft-dLN CXCR5*PD-1"' Tfh cells (Figures 1D, E), and a distinct phenotype
from other circulating naive and antigen-experienced CD4* T cells (Figure 1F). They exhibited
greater expression of the Tfh markers CXCR5, PD-1, TCF-1, TIGIT and GL-7 relative to antigen-
experienced (CD44MCXCR5) CD4* T cells (10, 25), as well as increased expression of the

costimulatory molecules CD28 and ICOS, and the proliferation marker Ki-67.

To test the ability of these circulating CXCR5* T cells to provide B cell help, we performed in vitro
T:B cell co-cultures of donor-reactive CXCR5™ and CXCR5* CD4*CD44* T cells from the blood and
dLNs of transplanted mice. In contrast to CXCR5" cells, circulating CXCR5* cells induced GC-like B
cell differentiation, class switching and 1gG antibody production equivalent to their CXCR5* Tfh

cell DLN counterparts (Figures 1G, H). Taken together, these data indicate that alloreactive
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CXCR5* CD4* T cells in the peripheral blood are indeed cTfh cells that expand in response to an

allograft and display the unique phenotypic and functional characteristics of Tfh cells (16, 26-28).

3.2 Circulating Tfh cell kinetics parallel graft-dLN GC reactivity after transplantation

The idea of utilizing cTfh cells as a surrogate marker for GC activity and protective antibody
formation in SLOs has been introduced in HIV and influenza vaccination (28, 29). To begin to
investigate whether cTfh cells could serve as a potential indicator of GC activity in
transplantation, we transplanted B6 recipient mice with syngeneic (B6) or allogeneic (BALB/c)
skin grafts and measured cTfh cell kinetics in relation to GC Tfh and B cell reactivity in graft-DLNSs.
We detected a rise in the frequency and number of cTfh cells that peaked on day 10 and
contracted by day 21 (Figures 2A, B). Similarly, GC alloreactivity as measured by Tfh cell
differentiation and GC B cell expansion in the DLNs also peaked 10 days after transplant with
contraction beginning by day 14 (Figures 2A, C, D). Graft-elicited antibody secreting cells (CD19"
and CD19* IgD'B220°CD138* B cells) peaked 10 days post-transplant, while memory B cells (IgG
and IgG* 1gD'B220*CD38*CD80*) did not exhibit any significant changes over time (data not
shown). Collectively, these data show that cTfh cell kinetics reliably reflect GC kinetics in SLOs
(Figure 2E) and therefore could potentially be used as a biomarker for GC reactivity in the

peripheral blood.

3.3 Donor-reactive cTfh cells exhibit an activated ICOS*PD-1* phenotype after transplantation
Due to previously described heterogeneity of CXCR5* cTfh cells in relation to antigen exposure or

disease activity (11, 30), we sought to determine whether phenotypic differences developed
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within the cTfh cell subset after transplantation. Thus, we examined the cTfh cell phenotype in
naive and syngeneic or allogeneic skin-grafted mice 10 days post-transplantation. Phenotypic
analysis revealed significant differences in the expression of the Tfh activation markers PD-1 and
ICOS on cTfh cells in response to an allograft as compared to an isograft or in naive mice (Figure
3A). This observation prompted the assessment of PD-1 and ICOS co-expression on these cTfh
cells (Figure 3B). Interestingly, we observed that the alloreactive cTfh cells were composed of a
significantly greater fraction of ICOS*PD-1* cells (Figures 3C, D), and that the increase in frequency
and number of cTfh cells with this polarized phenotype resulted from alloantigen exposure, as
the phenotype did not manifest in syngeneic-grafted or naive mice. This ICOS*PD-1* cTfh cell
population showed greater expression of CXCR5, TCF-1, CD154, Ki-67, GL-7 and other markers of
Tfh cell activation as compared to less polarized ICOSPD-1" cTfh cells (Figure 3E). Intriguingly, this
ICOS*PD-1* cTth cell subset began to manifest as early as 7 days after transplant, with a 3-fold
increase over baseline (day 0) by day 7 and 4-fold increase at the peak of the GC response on day
10 (Figures 3F-H). These findings indicate that cTfh cells develop a distinguishable activated
phenotype after allotransplantation that emerges earlier (day 7) than the discernible rise in the

guantity of cTfh cells (day 10, Figure 2) and could predict alloantibody formation.

3.4 Circulating Tfh cells precede DSA formation after transplantation

Based on the observation that detectable changes in the quantity and quality of cTfh cells
correspond with GC alloreactivity (Figures 2, 3), we next sought to determine the kinetics of DSA
formation in our model. Naive B6 recipients received either B6 or BALB/c skin grafts and were

serially bled for serum collection and flow crossmatch analysis to test for the development of
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anti-donor antibodies. As expected, the syngeneic graft recipients did not develop DSA, while the
allogeneic graft recipients formed anti-BALB/c alloantibodies by posttransplant day 14 with peak
titers by day 28 (Figures 4A, B). Comparison of our observed cTfh cell kinetics to the onset of DSA
formation demonstrates that the rise in frequency and number of cTfh cells in the blood begins
and peaks before DSAs are first detectable in the serum 14 days after transplant (Figure 4C).
Interestingly, manifestation of the activated ICOS*PD-1* phenotype within the cTfh cell
population occurs even earlier (day 7, Figure 3) than the increase in total alloreactive cTfh cells
(day 10, Figure 2) and precedes the generation of DSA by 7 days (Figure 4D). Thus, changes in the
guantity of cTfh cells and their phenotype could provide a non-invasive means of predicting de

novo DSA formation following transplantation.

3.5 Antigen-specific TCR transgenic cTfh cells display similar phenotypic characteristics and
kinetics to endogenous alloreactive cTfh cells following transplantation

We previously reported that donor-reactive endogenous Tfh cells in graft-dLNs exhibited the
same phenotypic and differentiation characteristics as transgenic antigen-specific Tfth cells in
response to a donor skin graft (14). To characterize the antigen-specific cTfh cell response, we
utilized our established TCR transgenic mOVA murine skin transplant model (31) to track donor-
specific TCR transgenic cTfh cells. Thyl.1* CD4* OT-ll and CD8* OT-I T cells were adoptively
transferred into naive B6 mice, which were then transplanted with skin from either syngeneic
(B6) or minor antigen-mismatched (mOVA) donors (Figure 5A). Mice were then serially sacrificed
for PBMC, dLN and serum analyses. OVA-specific Thy1.1*CXCR5* cTfh cells were detected in the

peripheral blood in response to the mOVA grafts but not the B6 isografts (Figures 5B, C), peaking
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in frequency and number 10 days after transplant. They exhibited a Tfh-like phenotype with
increased expression of CXCR5, PD-1, and ICOS relative to Thyl.1*CXCR5 and naive CD4* OT-II T
cells (Figure 5D). Notably, these antigen-specific OT-II cTfh cells were composed of a substantial
proportion of ICOS*PD-1* cells (Figures 5E, F) that were detectable 7 days after transplant (Figure
5G). Examination of the OT-Il Tfh cell response in the graft-dLNs correlated with Thy1.1* cTfh cell
kinetics (data not shown), and most importantly, the rise in antigen-specific cTfh cells in the blood
preceded the development of anti-OVA DSA in mOVA graft recipients (Figures 5H, ). As such, TCR
transgenic donor-specific cTth cells manifest similar phenotypic features and expansion kinetics

to endogenous, alloreactive cTfh cells in relation to the generation of DSA.

3.6 Circulating Tfh cells predict breakthrough alloantibodies despite immunosuppression

Preventing de novo DSA in our mouse skin graft models with immunomodulatory therapy
correlates with GC inhibition in the dLNs (14), but the impact of immunosuppression on
alloreactive cTfh cells and their ability to predict DSA is not known. Hence, we sought to
determine the relationship between cTfh cells, immunosuppression, and DSA inhibition. Naive
skin-grafted mice were treated with CD28 costimulation blockade (CoB, CTLA-4-Ig or anti-CD28
dAb), tacrolimus, or, left untreated. Peripheral blood analysis on post-transplant day 10 showed
that immunosuppression resulted in significant reductions in the frequency and number of total
cTfh cells and the ICOS*PD-1* cTfh cell subset observed in response to an allogeneic graft as
compared to untreated controls (Figures 6A-D). Tfh and GC B cells in the graft-dLNs were also
reduced (Figures 6E, F), along with complete inhibition of DSA formation with the more potent

anti-CD28 dAb (Figure 6G). Importantly, cTfh cell quantity and phenotype positively correlated
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with breakthrough GC reactivity and preceded DSA under less potent immunosuppression with
tacrolimus, and CTLA-4-lg (Figures 6A-G). Therefore, alloreactive cTfh cell expansion and
phenotypic differentiation predicted DSA in instances of both modified and unmodified

alloantibody formation.

3.7 Delayed anti-CD28 CoB initiated after detection of ICOS*PD-1* cTfh cells prevents DSA
formation

Having determined that cTfh cells predict DSA in our model, we next tested whether initiating
immunosuppression after transplant upon the detection of alloreactive cTfh cells could prevent
the generation of alloantibodies. Naive B6 mice were transplanted BALB/c skin and their blood
examined for the development of ICOS*PD-1* cTth cells. Once detected on posttransplant day 7
(Figures 7A-D), immunosuppression was initiated with anti-CD28 dAb. Strikingly, delayed
treatment with anti-CD28 CoB abrogated continued expansion and differentiation of donor-
reactive cTfh cells and inhibited the development of DSA compared to untreated controls (Figures
7E, F). As with the initiation of treatment at the time of transplant (Figure 6), the rise and fall of
the cTfh cell response was related to the formation of anti-donor antibodies. As such,
immunosuppression initiated after the detection of alloreactive ICOS*PD-1* cTfh cells in the blood

successfully inhibited DSA formation.
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Discussion

Circulating Tfh cells have been shown to correlate with autoimmune disease, vaccine responses
and broadly neutralizing antibodies against HIV (26-29, 32). Their presence in the blood, relation
to GC Tfh cells in SLOs, and ability to indicate GC reactivity has introduced the possibility of
utilizing them as a biomarker for alloantibody responses in transplantation (11, 16). While Tfh
cells have generated considerable interest in transplantation and have been implicated in anti-
donor antibody responses (12-14, 33), little is known regarding the cTfh cell response to an
allograft. Two observational studies have reported that CXCR5* CD4* T cells in the blood of kidney
transplant recipients are present at higher frequencies in cases of chronic rejection and de novo
DSA (17, 18), and a more recent study observed higher frequencies of cTfh cells in sensitized
transplant recipients with greater expansion post-transplant in patients that developed de novo
HLA antibodies (19). Conversely, reduced fractions of activated cTfh cells have been reported in
operationally tolerant (34) and belatacept-treated (35) renal transplant recipients. While these
studies suggest an association between cTfh cells and humoral alloimmune phenotype in human
transplant recipients, experimental data examining the temporal relationship between cTfh cells

and alloantibody formation for their evaluation as a biomarker in transplantation are needed.

In this study, we provide experimental evidence that alloreactive, antigen-specific cTfh cells
functionally capable of providing B cell help for antibody production are detectable in the blood
and expand after transplant, correlate with ongoing GC alloreactivity in graft-dLNs and precede
the manifestation of anti-donor antibodies. Intriguingly, we also observed temporal polarization

of cTfh cells towards an activated ICOS*PD-1* phenotype in an allo-dependent manner post-
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transplant that preceded DSA formation earlier than the quantitative rise in cTfh cells. Notably,
the development of cTfh cells occurred in the context of modified and unmodified DSA formation
(Figure 6), and the detection of ICOS*PD-1* cTfh cells in the blood successfully prompted initiation

of immunosuppression to prevent DSA (Figure 7).

Blood Tfh cells have been primarily characterized as antigen-experienced CXCR5* CD4* memory
T cells that accumulate after repeated antigen exposures and have the ability to surveil SLOs with
the purpose of accelerating memory antibody responses (36, 37). However, considerable
phenotypic and functional heterogeneity has been observed within cTfh cells to suggest that the
total pool of CXCR5* CD4* T cells is comprised of a variety of different subsets with varying
degrees of differentiation that include both quiescent, memory-like subsets and more activated,
effector-like subsets indicative of active Tfh cell differentiation in lymphoid organs (16, 30, 38).
Thus, fluctuations in the composition of the cTfh cell pool may reflect periods of active humoral

immune reactivity.

Several studies have demonstrated that the expression of ICOS and PD-1 on cTfh cells correlates
with autoimmune disease activity and protective antibody responses following vaccination (27-
29), and that the absence or low levels of ICOS or PD-1 on cTfh cells are indicative of a resting,
inactive state. In clinical transplantation, allograft recipients with complex immune histories are
likely to have heterogenous pools of polyreactive CXCR5* cTfh cell memory, where detecting
acute shifts in the phenotypic composition of these blood Tfh cells may specifically indicate active

humoral alloreactivity. While the observed changes in cTfh cells in this study are alloantigen-
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elicited, similar changes may occur to any antigen (i.e. infectious pathogens) that stimulates a
GC-dependent antibody response. As such, continued investigation of activated cTfh cell subsets
like the ICOS*PD-1* subset recognized in this study may facilitate identification and tracking of
allo-specific T cells responsible for alloantibody responses. Alternatively, examining the role of
alloreactive B cell lineage cells in the blood may also aid in the identification of donor-specific
cellular biomarkers of alloantibodies. In light of these considerations, our data on the
manifestation of an alloreactive ICOS*PD-1* cTfh cell population with increased expression of Ki-
67, CD154 and other Tfh program-specific markers in response to an allogeneic skin graft is
noteworthy and consistent with published observations, further supporting their potential as a

biomarker for humoral alloimmunity.

Our findings are proof of concept that quantitative and qualitative changes in blood Tfh cells are
a cellular indicator of alloantibody formation and could guide clinical management strategies to
mitigate the negative impact of DSA following transplantation. While the period between the
detection of phenotypic changes in cTfh cells and the generation of DSA in our experimental
mouse model of unmodified antibody formation is seven days and may afford enough of a clinical
window to prevent alloantibodies in certain scenarios, the window of opportunity for
intervention is very likely to be months or years in clinical transplantation under standard

immunosuppression (3, 39).

Antibody-mediated injury and the emergence of de novo DSA in the clinic most often occur

several years after transplant and have been associated with prior episodes of cellular rejection
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and subclinical histopathologic changes months to years before the serologic detection of DSA
(5, 40). Thus, in the presence of immunosuppression, a cTfh cell signature in the blood may be
present and detectable during these protracted clinical periods of occult germinal center
alloreactivity. In support of this hypothesis, the development of breakthrough DSA under
modified conditions with tacrolimus or CTLA-4-Ig in this study was in fact preceded by cTfh cell
changes in the blood more than 7 days prior to the detection of DSA (Figure 6). This observation
supports the notion that changes in cTfh cells during episodes of allograft dysfunction or
periodically over the course of a transplant could be used as an indicator of developing humoral
alloimmunity before the serologic detection of alloantibodies. It is probable that the rate of Tfh
cell differentiation, GC reactivity and the development of de novo DSA is a net result of the
balance between the nature of alloantigen along with the immune environment, and the quantity

and quality of immunosuppression.

Given the smoldering nature and lack of effective clinical therapies to combat alloantibody
formation and DSA-mediated injury (3, 6, 40), the ability of delayed immunosuppression initiated
upon identification of alloreactive ICOS*PD-1* cTfh cells before the development of DSA to inhibit
the humoral response is of clinical interest. Young et al. have previously shown that delayed
treatment with a higher dose and greater frequency of CTLA-4-lIg administration also reversed
ongoing alloantibody responses in a mouse heterotopic heart transplant model (41), but delayed
treatment was arbitrarily initiated and not prompted by the identification of a potential

biomarker as in this study. These findings are crucial to considering the clinical applicability and
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potential translation of cTfh cells as a biomarker for humoral alloimmune monitoring in

transplant recipients, and also supports the use of CoB as rescue therapy to prevent DSA.

In summary, this study provides evidence that quantitative and phenotypic changes in
alloreactive, donor-specific cTfh cells in the blood of transplanted mice indicate GC alloreactivity
and precede de novo DSA formation. Our data highlight the potential for cTfh cells to be utilized
as a predictive biomarker for humoral alloreactivity and the generation of DSA in clinical
transplantation that could trigger the initiation of therapy to prevent alloantibody-mediated
allograft injury. These findings support additional investigation of cTfh cells in vascularized
transplant models and humans to enhance their applicability as a clinically relevant cellular

biomarker for the diagnosis or prediction of HLA antibody-mediated processes in transplantation.
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Figure 1. Circulating CXCR5* CD4* T cells expand following transplantation and display
phenotypic and functional characteristics of cTfh cells.
(A) Naive B6 mice were transplanted with skin from either B6 (Syn) or BALB/c (Allo) donors and

sacrificed 10 days post-transplantation for PBMC and graft-dLN analysis. (B) Flow cytometric plots
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(gated on CD4*Foxp3™ T cells) displaying the frequencies of CXCR5* T cells. (C) Summary data of
the frequencies and numbers of cTfh cells (n=5 per group). (D) Representative flow plots (gated
on CD4*Foxp3™ T cells) of blood-derived CXCR5* (PBMC) and graft-dLN Tfh cells as defined by
CXCR5 and PD-1. (E) Summary data of phenotypic marker expression by CXCR5* PBMCs and graft-
dLN Tfh cells (n=5 per group). (F) Flow plots (gated on CD4*Foxp3" T cells) depict gating strategy
for naive (CD44'°CD62L*), antigen-experienced (CD44MCXCR5°) and CXCR5* T cell populations with
summary data of phenotypic marker expression by each subset, respectively (n=5 per group). (G)
Representative flow plots (gated on CD19*IA-IE* B Cells) displaying the frequencies of GC-like B
cells following 6-day in vitro T:B cell co-culture from BALB/c transplanted mice. (H) Summary data
of the frequencies of IgG*GL-7* B cells and total IgG after T:B cell co-culture (n=3 with cells pooled
from 5-10 mice). Summary data represent mean (SE) and are representative of 2-4 independent

experiments with a total of 10-20 mice per group. *p < 0.05, **p < 0.01, ***p< 0.001.
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Figure 2. Circulating Tfh cell kinetics parallel graft-dLN GC reactivity following transplantation.
Naive B6 mice were transplanted with skin from either B6 (Syn) or BALB/c (Allo) donors and
serially sacrificed post-transplantation for PBMC and graft-dLN analysis. (A) Representative flow
plots displaying the frequencies of blood cTfh (gated on CD4*Foxp3°T cells), graft-dLN Tfh (gated
on CD4*Foxp3-CD44" T cells) and GC B (gated on CD19*IgD'B220*CD138" B cells) cells over time.
Summary data of (B) cTfh cell, (C) graft-dLN Tfh cell and (D) GC B cell frequencies and numbers

over time (n=5 per group). (E) Summary data of cTfh cell frequencies and numbers relative to
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graft-dLN Tfh and GC B cell frequencies and numbers, respectively (n=5 per group). Summary
data represent mean (SE) and are representative of three independent experiments with a total

of 15 mice per group. *p < 0.05, **p < 0.01, ***p< 0.001.
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Figure 3. Donor-reactive cTfh cells exhibit an activated ICOS*PD-1* phenotype after
transplantation.

Naive B6 mice were transplanted with skin from either B6 (Syn) or BALB/c (Allo) donors and
sacrificed for PBMC analysis. (A) Summary data of phenotypic marker expression on cTfh cells

from naive, syngeneic and allogeneic skin-grafted mice ten days after transplant (n=5 per group).
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(B) Representative flow plots depicting ICOS and PD-1 expression on naive (CD44'°CD62L*) CD4*
T cells and CXCR5* cTfh cells. (C) Representative flow plots (gated on CD4*Foxp3 CXCR5* T cells)
displaying the frequencies of ICOS*PD-1* cTfh cells. (D) Summary data of the frequencies and
numbers of ICOS*PD-1* cTfh cells (n=5 per group). (E) Summary data of phenotypic marker
expression on ICOSPD-1"and ICOS*PD-1* cTfh cells (n=5 per group). (F) Representative flow plots
(gated on CD4*CXCR5* T cells) displaying the frequencies of ICOS*PD-1* cTfh cells over time. (G)
Summary data of ICOS*PD-1* cTth cell frequencies and fold change over time (n=5 per group). (H)
Summary data of ICOSPD-1" and ICOS*PD-1* cTfh cell frequencies of CD4* T cells over time.
Summary data represent mean (SE) and are representative of 3-4 independent experiments with

a total of 15-20 mice per group. *p < 0.05, **p < 0.01, ***p< 0.001.
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Figure 4. Circulating Tfh cells precede DSA formation following transplantation.

Naive B6 mice were transplanted with skin from either B6 (Syn) or BALB/c (Allo) donors and
serially bled for serum collection and flow crossmatch analysis. (A) Representative histograms of
anti-donor IgG in syngeneic and allogeneic skin-grafted mice over time. (B) Summary data of cTfh
cell frequencies and numbers relative to anti-donor IgG over time (n=5 per group). (C) Summary
data of ICOS*PD-1* cTfh cell frequencies relative to DSA formation over time (n=5 per group).
Summary data represent mean (SE) and are representative of three independent experiments

with a total of 15 mice per group. *p < 0.05, **p < 0.01, ***p< 0.001.
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Figure 5. Antigen-specific TCR transgenic cTfh cells display similar phenotypic characteristics

and kinetics to endogenous alloreactive cTfh cells following transplantation.

(A) Naive B6 mice were adoptively transferred 10° of each Thyl.1* CD4* OT-ll and CD8* OT-I T

cells, transplanted skin from B6 (Syn) or mOVA donors and sacrificed at indicated time points

post-transplantation for PBMC, graft-dLN and serum analyses. (B) Flow plots (gated on
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CD4*Foxp3°T cells) depict gating strategy for CXCR5*Thy1.1* OVA-specific cTfh cells. (C) Summary
data of Thyl.1* cTfh cell frequencies and numbers following B6 (Syn) or mOVA skin
transplantation over time (n=5 per group). (D) Summary data of phenotypic marker expression
in naive (CD44'°CD62L*) OT-II cells, and Thy1.1* CXCR5" or CXCR5* OT-II cells from the peripheral
blood 10 days post-transplantation (n=5 per group). (E) Flow plots depicting ICOS and PD-1
expression on naive OT-ll cells on day 0 and Thyl.1*CXCR5* cTfh cells 10 days post-
transplantation. (F) Summary data of the frequencies of ICOS*PD-1* of naive OT-Il cells on day O
and Thy1.1* cTfh cells 10 days after transplant (n=5 per group). (G) Summary data of ICOS*PD-1*
Thy1.1* cTfh cell frequencies over time (n=5 per group). Summary data of (H) Thyl.1* cTfh cell
and (1) ICOS*PD-1* Thy1.1* cTfh cell frequencies relative to anti-OVA IgG formation over time (n=5
per group). Summary data represent mean (SE) and are representative of three independent

experiments with a total of 10-15 mice per group. *p < 0.05, **p < 0.01, ***p< 0.001.
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Figure 6. Circulating Tfh cells predict breakthrough alloantibodies despite immunosuppression.
Naive B6 mice were transplanted with BALB/c skin grafts and treated with tacrolimus (FK-506),
CTLA-4-Ig, anti-CD28 dAb, or left untreated. BALB/c-grafted mice were sacrificed 10 days post-
transplant for PBMC and graft-dLN analysis and serially bled for DSA assessment. (A)
Representative flow cytometric plots (gated on CD4*Foxp3™ T cells) displaying the frequencies of
CXCR5* cTfh cells. (B) Summary data of the frequencies and numbers of cTfh cells (n=5 per group).
(C) Representative flow plots (gated on CD4*Foxp3"CXCR5* T cells) displaying the frequencies of
ICOS*PD-1* cTfh cells. (D) Summary data of the frequencies and numbers of ICOS*PD-1* cTfh cells
(n=5 per group). Summary data of the frequencies and numbers of graft-dLN (E) Tfh and (F) GC B
cells (n=5 per group). (G) Summary data of anti-donor IgG formation in treated or untreated

BALB/c-grafted mice over time (n=5 per group). Summary data represent mean (SE) and are
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representative of three independent experiments with a total of 15 mice per group. *p < 0.05,

**p <0.01, ***p< 0.001.
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Figure 7. Delayed anti-CD28 CoB initiated after detection of ICOS*PD-1* cTfh cells prevents DSA
formation.

Naive B6 mice were transplanted BALB/c skin grafts and their blood serially monitored for the
development of ICOS*PD-1* cTfh cells. Once detected on post-transplant day 7,
immunosuppression with anti-CD28 dAb was initiated. Representative flow plots (gated on
CD4*Foxp3 T cells) displaying the frequencies of (A) cTfh and (B) ICOS*PD-1* cTfh cells over time.
Summary data of the frequencies and numbers of (C) cTfh and (D) ICOS*PD-1* cTth cells (n=5 per
group). (E) Representative histograms of anti-donor IgG in untreated and delayed anti-CD28 dAb
treated mice over time. (F) Summary data of anti-donor IgG over time (n=5 per group). Summary
data represent mean (SE) and are representative of two independent experiments with a total of

10 mice per group. *p < 0.05, **p < 0.01, ***p< 0.001.
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5.1 Enhancing Control of de novo DSA Responses Through the Application of Novel

Costimulation Blockade Therapeutics

Solid organ transplantation is the treatment modality of choice for patients experiencing
end-stage organ failure. Since the seminal discovery of cyclosporine by Jean-Francois Borel and
its subsequent application to transplantation by Sir Roy Calne (1), advances in solid-organ
transplant immunosuppression have remained rather stagnant (2). While CNI therapeutics have
largely ameliorated the impact of acute rejection and greatly improved short-term outcomes,
chronic rejection mediated through the development of de novo DSA remains a significant
barrier to improving long-term success (3-5). A collaborative effort between Drs. Christian
Larsen, Thomas Pearson at Emory University, Flavio Vincenti at UCSF, and scientists at Bristol-
Meyers-Squibb led to the successful clinical trial “Belatacept Evaluation of Nephroprotection
and Efficacy as First-line Immunosuppression Trial” (BENEFIT), which utilized Belatacept, a
second generation CTLA-4 |Ig derivative CD28-directed costimulation blockade therapy, for
kidney transplantation. The phase Ill BENEFIT study revealed that while higher incidence of
acute rejection episodes occurred in Belatacept treated groups compared to CNI treated
patients, significant improvements in both long-term graft survival and renal function were
observed in the Belatacept treated cohorts (6-8). Post-hoc analysis of the BENEFIT trial clinical
samples demonstrated a significant reduction in the generation of de novo DSA in Belatacept
treated groups compared to those treated with CNIs (9). Although the use of costimulation
blockade therapy as the standard of care for renal transplantation has not gained widespread

traction (10), multi-therapeutic approaches utilizing Belatacept for maintenance
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immunosuppressive therapy have thus far shown great clinical promise for improving long-term

graft survival.

In recent years, the clinical burden of DSA has managed to reach the spotlight,
garnering wide acceptance amongst transplant clinicians and immunologists that antibody
mediated rejection portends an impasse to improved long-term graft survival. Despite the
highly recognized deleterious role antibodies play in kidney transplant outcomes, large
knowledge deficits exist regarding the mechanisms underlying their development and
maintenance following transplantation, and robust therapeutic strategies to control DSA-
mediated allograft dysfunction have yet to be developed. Currently available clinical therapies
aimed at controlling established DSA responses in graft recipients are limited, ranging from
immunological depletion of B cell populations to serum apheresis and IVlg therapy aimed at
limiting plasma cell immunoglobulin production (11). These therapies are chiefly dilatorily and
have been plagued by suboptimal efficacy, underscoring the necessity for a dogmatic shift in
clinical practice away from therapies intended to ameliorate established DSA responses, with
greater focus towards strategies aimed at the prevention of these processes in the transplant

recipient.

As presented in the previous chapters, our approach has centered around garnering a
better understanding of the immunological processes that lead to the development of de novo
DSA following transplantation under various immunosuppressive strategies. Given the greater
efficacy of T cell targeted CTLA-4 Ig based costimulation blockade therapy in controlling de novo
DSA generation within human transplant recipients, we focused our efforts on better

understanding the T cell component of antibody responses in the post-transplant phase. T
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cells are a distinct lineage of CD4* T cells that provide T cell help to B cells for germinal center
(GC) formation, affinity maturation and the generation of memory B cells and long-lived plasma
cells required to effectuate an adequate humoral immune response. The critical role Tey cells
play in the generation of antibody responses to vaccines and in autoimmune disease has been
established, but little is known regarding their role in the generation of DSAs in the setting of
transplantation (12). In an effort to better understand the role Tex cells play in the generation of
de novo DSA we adapted multiple murine transplant models in order to investigate antibody
responses in the context of both antigen-specific immune responses and fully MHC disparate

alloresponses utilizing various immunosuppressive strategies.

The work we present in Chapter Two focused on delineating the effect of CTLA-4 Ig and
a novel third-generation selective CD28 costimulation blockade on Try cell and DSA responses
following transplantation. Our lab had previously published observations of superior graft
survival when utilizing a selective CD28 dAb that directly antagonizes CD28 receptors when
compared to CTLA-4 |Ig, that alternatively functions through indirect blockade of CD28 receptor
ligands B7-1/2(13). We further investigated the effect of CD28 dAb in the context of antibody
responses, finding that selective CD28 blockade exhibited superior suppression of DSA
responses over CTLA-4 Ig in a TCR transgenic antigen-specific transplant model. Importantly,
our data indicated that the suppression of DSA by selective CD28 blockade was largely
attributed to improved control of both total Tey and GC-specific Tew cells compared to CTLA-4 Ig
therapy following transplantation. Subsequent to the improved control of Tey responses, we
also showed that GC B cell responses were further attenuated through selective CD28 blockade.

Taken together, the cellular data, along with serological analysis, revealed a substantially
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impaired Tey-dependent humoral response under selective CD28 blockade therapy compared to
CTLA-4 Ig. Although this study did not specifically address the requirement of Tey cells for the
generation of de novo DSA, given the lack of evidence of extra-follicular antibody responses
within the context of humoral alloresponses, it is likely that the greater efficacy of Teu cell
suppression exhibited by the selective blockade is directly responsible for the observed

prevention of de novo DSA.

The mechanism through which CD28-directed costimulation blockade exerts global
suppression of humoral immune responses has recently become a hotly contested topic within
the field (14, 15). In 2017, Baan and colleagues published rather quixotic claims that belatacept
does not inhibit Try-dependent B cell differentiation following kidney transplantation (15). This
study aimed determine the differential efficacy of belatacept and CNI-treated renal transplant
recipients through ex vivo PBMC assays to assess activation potential and functionality of both
circulating Ten (cTen) and B cells. One of the chief issues with this study revolved around the
aspect that no unmodified immune responses in the absence of immunosuppression were
assessed, with overstated claims made that belatacept does not inhibit Try-dependent B cell
differentiation. Another major limitation to this study is the sole utilization of human subjects
leading to the inability to surveil SLOs where Ten-B cell interactions are actively taking place,
due to the nature of complications associated with invasive procedures in immunosuppressed
patients. While our group’s data shows that cTey mirror ongoing GC activity in SLOs, the highly
disparate phenotypes and poorly understood ontogeny of cTru versus SLO-derived Ten cells
outlined within our publication severely limit their interpretability as an unequivocal measure

of immunosuppressive efficacy on the humoral alloimmune response (16). Furthermore, our
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data directly contradict these claims through both in vivo animal models, and ex vivo Tru: B cell
co-culture assays showing that CTLA-4 Ig was capable of significantly reducing Ten, GC B cell and
DSA responses over unmodified instances (GM. La Muraglia Il, unpublished data). Our findings
have additionally been corroborated with those of other groups in various animal models,
further galvanizing the notion that CTLA-4 Ig potently suppresses T cell alloimmune responses

following transplantation (17).

Based on our exciting findings that the immunosuppressive properties heralded by
CD28-directed costimulation blockade therapy could be further enhanced through selective
targeting of CD28 receptors, we sought to determine the mechanism by which this was
afforded. Both costimulation blockade reagents are targeted to block CD28 signaling, however,
they achieve this goal through two disparate immunologic strategies. CTLA-4 Ig is a fusion
protein of two CTLA-4 coinhibitory receptors fused to an immunoglobulin tail, where T cell
suppression is exerted through the saturation of CD28 receptor ligands CD80/86 on the surface
of APCs. CTLA-4 Ig’s blockade of the ligands CD80/86 prevents their ligation by CD28 on
responding cognate T cells in the context of productive TCR — pMHC interactions, which
subsequently induces T cell anergy (18-21). Unfortunately, this mechanism leads to the
undesirable consequence of additionally impairing the CTLA-4 coinhibitory axis of T cell
regulation due to the sequestration of potential binding ligands. The negative implications for
this action are two-fold: the first of which regards the loss of potential CTLA-4 coinhibitory
signaling in T cells, significantly limiting their intrinsic inhibitory capacity (22, 23). This is of
particular importance in the context of T cell memory, where T cell activation no longer relies

on CD28 based costimulation — a paradigm that has been heavily observed during belatacept-
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resistant rejection (24-26). In addition to the impairment of intrinsic T cell control, there is also
the issue of attenuated extrinsic coinhibitory control through CTLA-4 within the T cell
compartment. Regulatory T cell subsets essential to the extrinsic control of responding T cells
constitutively maintain dense expression of CTLA-4, with a myriad of reports illustrating their
dependence on CTLA-4 signaling for stimulation and execution of both cell-cell and paracrine
based effector function (27-30). Importantly, these Tgec extrinsic inhibitory functions have been
implicated as indispensable to the suppression of both humoral immune responses (22, 31, 32),
and allograft rejection (33-35). Based upon the plethora of published data supporting the
essential function of CTLA-4 for both intrinsic and extrinsic control of Ty cell responses,
preservation of CTLA-4 signaling capacity afforded through selective CD28 blockade is a
palpable mechanism for the observations of improved suppression of Tey-driven humoral

alloimmune responses.

In Chapter Three, we sought to investigate the basic dependence of preserved CTLA-4
inhibitory potential in the enhanced control of Try-directed humoral alloantibody observed in
selective CD28 blockade. We first confirmed that the administration of an agonistic anti-CTLA-4
mAb monotherapy was capable of exacerbating Trw and GC B cell responses in our transplant
model, demonstrating that the magnitude of the T-dependent humoral alloimmune response
was significantly greater than unmodified controls. Through the application of anti-CTLA-4 in
conjunction with selective CD28 blockade we were able to test the dependency of preserved
CTLA-4 coinhibitory capacity on the effectiveness of selective CD28 blockade therapy. Utilizing
this treatment model, we observed a significant reduction in the efficacy of

immunosuppression of Tru-driven humoral alloimmune responses, to a level more comparable
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to CTLA-4 Ig therapy. This data therefore predicates a dominant role for CTLA-4 coinhibitory
capacity in adequately controlling humoral alloimmune responses in CD28-directed
costimulation blockade strategies. Previous work from our group and others supports this
notion with studies citing similar findings to the dependence of CTLA-4 as the key mediator in
the improvement of immunosuppression conferred through selective CD28 blockade for
transplantation (13, 36-38). However, due to the rather ubiquitous expression of CTLA-4 on
various immune cell subsets, global pharmacological blockade of CTLA-4 is incapable of isolating
the cell lineage responsible for the improved immunosuppression observed in selective CD28

blockade.

Despite the technical limitations of interpreting our in vivo data, we sought to establish
ex vivo assays capable of interrogating the role of CTLA-4 at the level Tru-B cell interactions in
the context of selective CD28 blockade. Through our adaption of complex Tru: B cell co-culture
systems pioneered by Peter Sage (39), we determined that the blockade of CTLA-4 in
conjunction with CD28 dAb significantly increased; Trw and B cell proliferation, B cell CSR, and
IgG production in response to alloantigens compared to CD28 dAb monotherapy. These data,
with the support of Dr. Sage’s work in models of immunization (22), directly implicates CTLA-4
as a dominant mechanism in the enhanced inhibition of humoral alloimmune responses under
selective CD28 blockade therapy. In order to further characterize the role of CTLA-4 directly on
Tew cells, where it is chiefly expressed within this system (GM La Muraglia Il, unpublished data),
we isolated CTLA-4 dependence on both Ty and B cells individually through anti-CTLA-4 pre-
treatment prior to the co-culture. As expected, we found that reversal of selective CD28

blockade-mediated suppression of B cell differentiation was excusive to CTLA-4 blockade on Trx
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cells and not B cells, despite reports of CTLA-4 expression on B cell subsets (40). Nevertheless,
due to the scope of our investigations for these experiments, we cannot account for the
potential of compensatory or additive suppression of B cell responses by Ter or Tres cells within

our system.

The findings discussed so far serve to provide a framework of composed of both
experimental and clinical observations through which we can further enhance the efficacy of
CD28-directed costimulation blockade through the application of novel immunosuppressive
therapeutics. Taken together, these data detail that preserved CTLA-4 co-inhibitory capacity
potentiates the superior control of Ty cell driven de novo DSA generation exhibited by selective
CD28 blockade and is in part a Try cell intrinsic mechanism of inhibition. This topic is of
particular interest due to the ensuing clinical trial for anti-CD28 dAb as a maintenance stage
immunosuppressive therapy following renal transplantation here at Emory University (AB
Adams, ML Ford, CP Larsen). Future studies utilizing inducible knockout systems for the
conditional expression of CTLA-4 on various T cell subsets including but not limited to; Tru, Treg,
and Trr cell populations would ultimately be required utilizing both in vivo and ex vivo
experimentation to unequivocally determine whether the inhibitory action is mediated through

T cell intrinsic and/or extrinsic mechanisms.
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5.2 Utilizing Longitudinal cTey Frequency and Phenotype as an Interventional Biomarker for

the Prevention of de novo DSA Following Transplantation

Historically, late kidney allograft failure has been chiefly attributed to CNI nephrotoxicity
and the progression of chronic allograft nephropathy (41). However, through expanded
knowledge within the fields of transplantation and pathology, it is now well recognized that
donor-specific HLA antibodies are an important immunologic cause of acute and chronic
allograft injury that substantially curtail renal allograft survival (42). These anti-HLA directed
DSAs can exist pre-transplant from various sensitizing events, or arise de novo following
transplant and are associated with inferior transplant outcomes (5, 11, 43). Despite the major
prevalence and deleterious impact of HLA antibodies in kidney transplantation, diagnostic
biomarkers to reliably guide clinical management of pathologic DSA have not been developed
(44).

The development and clinical application of sensitive assays for the identification of HLA
antibodies has greatly enhanced pre-transplant donor-recipient matching to reduce the
incidence of early antibody-mediated rejection (45). However, the utility of such data in the
post-transplant setting has provided limited benefits (46, 47), due to the dearth of reproducible
therapeutic options to attenuate established DSA responses in the clinic (42, 44). Therefore,
there is great need for the development of alternative biomarkers that precede the generation
of DSA, allowing for the detection of humoral alloimmune responses at their initial inception in
transplant recipients to facilitate the initiation of therapeutic interventions prior to the

establishment of robust antibody titers.
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The idea of longitudinal immune monitoring of transplant recipients has been a long-
time goal for the field of transplantation, in an effort to improve long-term outcomes through
the provision of personalized immunosuppression (48, 49). To achieve this goal for the
purposes of predictive biomarkers associated with the events preceding DSA formation, the
monitoring of cTey cell activity from peripheral blood has taken the spotlight. The magnitude
and phenotype of cTrx cell responses have been shown to correlate with autoimmune disease,
vaccine responses, and broadly neutralizing antibodies in HIV controllers (50-54), while recent
clinical reports within the transplant literature have loosely described their relationship with
anti-donor antibody responses (55-57). While these studies suggest an association between
CTen cell activity and humoral alloimmune processes in human transplant recipients,
experimental data investigating the temporal relationship between cTen cells and alloantibody
formation for their evaluation as a predictive biomarker in transplantation remain of pinnacle
importance.

In an effort to further understand the temporal relationship between cTe4 cell frequency
and phenotype to GC Try responses in SLOs, we investigated the possibility of utilizing them as a
non-invasive method for interventional biomarker detection prior to the establishment of DSA
as discussed in Chapter Four. In this study, we provide solid experimental evidence that
alloreactive, antigen-specific cTey cells are detectable in the peripheral blood and expand
following transplant, correlate with ongoing GC alloreactivity in graft-dLNs, and precede the
manifestation of anti-donor antibodies within the serum. Interestingly, we additionally
observed progressive polarization of cTrn cells towards an effector-like ICOS*PD-1* phenotype in

an allo-dependent manner post-transplant that preceded DSA formation and resolved in
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parallel to the contraction of graft-dLN GC activity. While kinetic studies were carried out under
conditions of unmodified rejection, we performed auxiliary experiments under various
immunosuppressive protocols aimed to stratify disparate levels of GC and DSA control, which
further solidify the relationship between cTry activity, GC reactivity and DSA generation
following transplantation. Taken together, these data establish that cTen cell activity; directly
mirrors the kinetics of graft-dLN GC responses and predicts de novo DSA formation, providing a
non-invasive method of immune monitoring that may inform clinicians of mounting humoral
immune responses within the transplant recipient population. One major caveat to our study is
seated within the fact that we did not employ vascularized allografts within our longitudinal
studies in large part due to the sheer number of animals required for each kinetic timepoint to
accurately determine graft-dLN responses. While it is possible that the kinetics of the cTry and
GC responses could be altered within the context of a vascularized graft model, no literature
has reported significant modulation of immune responses between transplanted organ systems
in the setting of unmodified rejection. However, future confirmatory studies utilizing
heterotopic cardiac allografts for the investigation of cTry signature in relation to DSA responses
could be of additional value for the breadth of experimental evidence.

Further investigation into the kinetics of the cellular components of the humoral
alloimmune response in our models lead us to investigate the applicability of cTru signature as
an interventional biomarker, potentially capable of providing a window for therapeutic
intervention for the diminution of mounting GC responses. To this aim, we allowed unmodified
allogenic grafts to proceed until robust cTry cell responses were detectable, at that time,

costimulation blockade based immunosuppressive treatment was initiated, leading to the



187

attenuation of mounting GC responses and the prevention of de novo DSA generation.
Interestingly, similar observations have been reported in the literature, describing the ability of
costimulation blockade to reverse ongoing GC activity and prevent the generation of donor-
directed antibody formation (58, 59). Our data, along with the support of other published
studies within the field represent a cogent argument that humoral alloimmune responses, if
detected during their infancy are receptive to interventional therapy. While our studies afford a
short period of time between the detection of cTey activity and the generation of DSA, the
window of opportunity for intervention is very likely to be months or years in clinical
transplantation under standard immunosuppression (11, 42). A significant portion of
alloantibody burden in transplantation results from the unpredictable emergence of de novo
DSA several years after transplant (43), while antibody-mediated injury is chiefly classified as an
indolent process, associated with occult histopathologic changes and cellular alloimmunity prior
to the serologic detection of DSA (60). Therefore, the observed ability of cTr4 cell differentiation
to predict delayed, breakthrough DSA despite immunosuppression strongly supports the notion
that changes in cTru cells during episodes of acute allograft dysfunction or periodically over the
course of a transplant could be utilized as an potent indicator of smoldering humoral
alloimmunity prior to the serologic detection of alloantibodies.

The establishment of cTey cell responses as a biomarker preceding the generation of
DSA represents a significant step forward in our fields efforts to prevent donor-directed
antibody responses in clinical transplantation. Our data demonstrate a proof of concept that
guantitative and qualitative changes in cTry cells provide a robust cellular indicator of

alloantibody formation and could guide clinical management strategies to mitigate the negative
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impact of DSA following transplantation. We highlight the potential for cTry cells to be utilized
as a predictive biomarker for humoral alloreactivity and the generation of DSA in clinical
transplantation that could trigger the initiation of therapy to prevent alloantibody-mediated
allograft injury. These findings support additional investigation of cTr4 cells in vascularized
transplant models and humans as a clinically relevant cellular biomarker for the diagnosis or

prediction of anti-HLA antibody-mediated processes in transplantation.
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