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Abstract

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a life-saving,
curative treatment for a range of malignant and non-malignant diseases.
However, the efficacy of allo-HSCT is significantly reduced by the development
of acute and chronic graft-versus-host disease (GVHD). Current GVHD therapies
are incompletely effective, and can increase malignancy recurrence and
opportunistic infections. Therefore, new approaches to treat GVHD are required.
Here we demonstrate several methods to augment Regulatory T-cell (Treg)-
mediated suppression of GVHD. In acute GVHD, we discovered that physical
disruption of a novel negative signaling complex in Treg enhances Treg-
mediated suppression of GVHD. We showthat PKC-d and vgéomeer t i n
together after Treg activation, and that disrupting this complex increases Treg
metabolism, and augments Treg suppression of conventional T-cell (Tcon)
priming, metabolism and cytokine production. In chronic GVHD, we show that
infusions of either IL-2/mAb complexes or Treg were efficacious in treating
established cGVHD. Treatment efficacy was dependent upon enhancing Treg-
mediated suppression of germinal centers. Importantly, IL-2/mAb complexes had
the potential to drive Tcon proliferation, suggesting that Treg infusions may be
safer for some cGVHD patients. These studies identify PKC-d / vi ment i n compl
disruption as a novel means to augment Treg-mediated suppression of acute
GVHD, and both Treg infusions and IL-2/mAb complexes as potential methods to

enhance Treg-mediated suppression of chronic GVHD.
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Chapter I: Introduction

Figure 1 originally published by the American Association for the Advancement of
Science in the journal Science Translational Medicine.

McDonald-Hyman C, Turka LA, and Blazar BR. Advances and challenges in
immunotherapy for solid organ and hematopoietic stem cell transplantation. Science
Translational Medicine. 2015 Mar 25; 7(280):280rv2.



Allogeneic Hematopoietic Stem Cell Transplantation
In the United States, 7,000 patients per year undergo allogeneic
hematopoietic stem cell transplantation (allo-HSCT)?. Allo-HSCT is a life-saving,
curative treatment for a range of diseases, including hematological disorders and
malignancies, immunodeficiencies, metabolic storage diseases, and certain
extracellular matrix disorders, such as the debilitating skin disease epidermolysis
bullosa?. Inallo-HSCT, the patientds own hematopoi et
if present, malignant cells, are depleted using either high dose chemotherapy
alone, or chemotherapy with irradiation3. After this conditioning phase, patients
receive either major histocompatibility (MHC) matched, or mismatched, HSCs
from either a related, or an unrelated donor. As these HSCs are from a person
other than the patient, they are, by definition, allogeneic. These donor allogenic
HSCs then repopul ate the patientds hematop
blood cells, platelets, and immune cells. MHC matching between the donor and
the recipient is critical, as it increases the rate of HSC engraftment, and helps to
prevent the development of one of the primary immune-mediated complication of

allo-HSCT: graft-versus-host disease (GVHD)*.

Graft-versus-host Disease: Overview
GVHD is a pathological condition in which mature T lymphocytes (T-cells)
in the donor HSC graft initiate a destructive immunological reaction against the

cells and tissues of the recipient. GVHD occurs in up to 70% of patients



undergoing allo-HSCT®®, and with a fatality rate of nearly 20%, GVHD is the
second leading cause of death in allo-HSCT patients, behind only mortality from
primary disease!. The combination of high GVHD incidence, and substantial
mortality rate associated with GVHD significantly reduces the efficacy of allo-
HSCT. Although donor-derived pathogenic T-cells, termed fallor e a ¢ bdacause0
of their ability to attack recipient tissue, mediate GVHD, they also can help to
eliminate malignant cells in the recipient’. As a result, while immunosuppressive
drugs can help to control GVHD, through inhibition of pathogenic T-cell activation
and function, suppression of alloreactive T-cells can increase malignancy
recurrence. Furthermore, immunosuppressive agents can inhibit the activity of
non-alloreactive immune cells that would otherwise protect the recipient against
viral, bacterial or fungal pathogens, which increases the risk for opportunistic

infections®. Therefore, new approaches to treat GVHD are required.

Graft-versus-host Disease: Pathogenesis and Current Therapies

GVHD can be divided into two distinct diseases, acute (aGVHD) and
chronic GVHD (cGVHD). Both variants result from the transfer of alloreactive
donor T-cells within the HSC graft. Once in the recipient, these alloreactive T-
cells can become activated if their T-cell receptor (TCR) reacts with recipient
MHC molecules®. This recognition of recipient MHCsa s i f doy adldregative
T-cells is why MHC matching is so critical for HSCT, as matching MHC

haplotypes significantly reduces the likelihood of productive TCR/MHC



interactions. Furthermore, when compared to other antigen-specific T-cell
populations, the proportion of potentially alloreactive T-cells is exceptionally high.
It is estimated that 1-10 in 100 T-cells are potentially alloreactive®, a proportion
that is around 1,000-10,000 times that of other antigen-specific T-cells, which
normally occur at a frequency of around 1 in 100,000%°. This exceptionally high
abundance of alloreactive T-cells in the donor graft further underscores the
necessity for MHC matching prior to allo-HSCT. Unfortunately, even with
complete MHC matching between donor and recipient, minor histocompatibility
antigens (MHA) can mediate GVHD?®!, As a result of natural polymorphisms in
non-MHC proteins, some donor T-cells can recognize and become activated by
A f or \eon-ylHDpeptides presented on matched MHC molecules. This
process is much like what occurs during infections, and the precursor frequency
of the MHA reactive T-cells is more like that of other non-alloreactive antigen
specific T-cells. As a result, MHA-mediated GVHD is a less prominent, but still
potentially dangerous outcome of allo-HSCT.

Although alloreactive T-cells play major roles in both aGVHD and cGVHD,
the exact pathogenesis and clinical features of these two disease variants are
distinct (Figure 1A-B)'2. aGVHD is a strongly inflammatory disease, with robust
T-cell and innate cell activation and proliferation causing immune-mediated
destruction of recipient organs, in particular the skin, liver and mucus
membranes, including the gastrointestinal (Gl) tract'® (Figure 1A). Initiation of

acute GVHD begins with pre-HSCT conditioning, which causes wide-spread



tissue damage!“. This tissue damage induces the release of massive quantities
of inflammatory signals, including cytokines and chemokines. These
inflammatory factors activate recipient innate immune cells, including antigen
presenting cells (APCs), macrophages, neutrophils and natural killer (NK) cells,
and also prime recipient blood vessels and epithelial cells to express adhesion
molecules that facilitate interaction with immune cells. Conditioning-regimen
induced Gl tract damage also allows translocation of highly inflammatory
microbial components, such as lipopolysaccharide (LPS) and lipoteichoic

acid (LTA), into the recipient bloodstream?®. These microbial products further
amplify cytokine production and recipient innate cell activation.

Upon HSCT, donor APCs, which are a component of the HSC graft, are
also activated by this highly inflammatory milieu. A combination of donor and
recipient APCs then stimulate donor alloreactive CD4+ and CD8+ T-cells.
Importantly, donor alloreactive T-cells are activated by recipient APCs when the
donor T-c e | TICR directly interacts withthe A f o r e i g(if presexitHod the
APC, with minimal contribution of the peptide presented on that MHC molecule.
This process is termed direct alloantigen presentation. Donor alloreactive T-cells
are activated by donor APCs when the APCs present peptides derived from
recipient MHC molecules on their matched (donor-derived) MHCs. This is termed
indirect alloantigen presentation?®. Indirect presentation is akin to the normal
method of foreign antigen presentation by APCs, as it requires TCR interactions
with the combined peptide/MHC complex. This process of T-cell activation occurs
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in secondary lymphoid organs within hours after HSCT, and these early
activation events are critical for GVHD progression’-1°,

After activation in secondary lymphoid organs, alloreactive T-cells migrate
to GVHD target tissues, a process mediated by the interaction between homing
and adhesion molecules on T-cells and recipient cells?%?1, Upon entering target
tissues and re-encountering their cognate antigens, activated donor T-cells
produce robust amounts of cytokines, which further facilitates innate cell
activation, and mediate direct cytolysis of recipient parenchymal cells. Activated
recipient macrophages, neutrophils and NK cells are also active participants, as
they secrete cytokines and target recipient cells for destruction. The combination
of cytokine production and cell-mediated cytotoxicity causes immense end-organ
damage. Unfortunately, this tissue destruction potentiates the release of
additional inflammatory signals, which further amplifies aGVHD, and creates a
positive-feedback loop that can be difficult to stop, even with immunosuppressive
drug treatment!3.14,

In contrast to the highly inflammatory aGVHD, cGVHD displays more
fibrotic features, with T-cells interacting with B lymphocytes (B-cells),
macrophages and fibroblasts to cause widespread antibody deposition and
tissue fibrosis!42223 (Figure 1B). Two pathways initiate and contribute to cGVHD
pathogenesis: recipient thymic damage, either from pre-transplant conditioning or
acute GVHD, and stimulation of mature donor T-cells'4. Thymic damage alters

the selection of HSC-derived T-cells, which can result in the release of T-cells



that react to antigens present in recipient tissues?*. Since these T-cells develop
in the recipient thymus, their ability to react to recipient antigens has been
described as auto- or self-reactive?*. However, as these T-cells are originally
derived from the donor, their ability to react to recipient peptides in the context of
Asel fo MHC coul d adornsobindiveet allo-activatiord Ehuse d
these thymic derived cells have also been considered alloreactive'4. Regardless
of the exact nomenclature, it is clear that upon encountering antigens in the
periphery, these thymic derived T-cells become activated, cause tissue damage,
and produce cytokines that stimulate fibroblast proliferation and macrophage
activation, all of which contributes to tissue fibrosis and cGVHD development!424,
Mature donor T-cells (from the HSC graft) may also contribute to fibroblast
activation, but more critically, they play a key role in activating HSC-derived B-
cells, which can produce antibodies specific for recipient tissues. After
encountering their cognate antigens, T-cells and B-cells interact in lymphoid
follicles within secondary lymphoid organs, where they form Germinal Centers
(GCs)?. The interactions between these cells in GCs promotes B-cell somatic
hypermutation, antibody class-switching, and ultimately antibody production, in a
process called the GC-reaction. The GC-reaction involves a specific subset of
differentiated CD4+ T-cells, termed T-follicular helper cells (Tfh), which provide
survival, proliferation and differentiation signals to GC B-cells?®. This GC-
reaction, and the subsequent development of mature antibody producing B-cells,

plays a critical role in cGVHD pathogenesis, as inhibition of the GC-reaction



significantly reduces cGHVD in mouse models?223, Specifically, it appears that
the antibodies produced by these B-cells are deposited in tissues, where they fix
complement, induce antibody-dependent cell-mediated cytotoxicity, and
ultimately cause tissue damage and fibrosis. In combination, aberrant T-cell
maturation, and donor T-cell induced production of pathogenic antibodies by B-
cells both contribute to the highly fibrotic syndrome of chronic GVHD4.22.23.27,

Despite our growing understanding of acute and chronic GVHD
pathogenesis, current GVHD prophylaxis and treatment approaches continue to
be centered around nonspecific T-cell targeting therapies, such as pan donor T-
cell depletion from HSC grafts, and immunosuppressive drugs like calcineurin
inhibitors, rapamycin, mycophenolate mofetil and steroids?®. While these
approaches can prevent GVHD, inhibition or elimination of alloreactive donor T-
cell-mediated killing of tumor cells often results in tumor recurrence. Furthermore,
these nonspecific methods prevent the activation of non-alloreactive T-cells that
would otherwise protect against infections. Therefore, new research is required
to identify therapies that combat acute and chronic GVHD without promoting

tumor recurrence, or compromising infectious immunity.

Regulatory T-Cell Biology
Regulatory T-cells (Treg) are a subset of CD4+ T-cells characterized by
their constitutive expression of CD25, the alpha chain of the interleukin-2 (IL-2)

receptor, and the transcription factor Forkhead box p3 (Foxp3)2°. Functionally,



Treg can suppress the activation, proliferation and effector differentiation of T-
and B-cells, as well as innate immune cells, including NK cells and APCs?°. As a
result of their suppressive phenotype, Treg play a key part in maintaining
peripheral tolerance to self-antigens, inhibiting alloimmune reactions, and
preventing immunopathology from occurring during immune responses to
pathogens®%3, This critical role for Treg in maintaining immune homeostasis is
underscored by the fact that Treg dysfunction or deficiency results in an inability
to prevent or control autoimmune and alloimmune diseases®?33. More drastically,
complete absence, or complete global dysfunction of Treg in humans results in a
severe, systemic autoimmune disease, termed immune dysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome34. IPEX was nearly
uniformly fatal until recently, when patients began undergoing allo-HSCT with T-
cell-depleted HSC grafts (to prevent GVHD) as a curative therapy to remove
defective Treg precursors, and repopulate the Treg compartment with competent
cells®>38, The production of fully functional donor-derived Treg after HSCT
ameliorates symptoms and cures IPEX, which again emphasizes the importance
of Treg in maintaining immune homeostasis.

One of the key proteins involved in Treg development and suppressive
function is Foxp3. Foxp3 is at the center of a large, coordinated network of
transcription factors and signaling pathways that are critical for creating and
maintaining the Treg phenotype3’-3°, Although complex, this network is tightly
regulated, such that inhibiting or removing key components of signaling pathways

9



that help promote Foxp3 expression or function results in the loss of the Treg

suppressive phenotype, and, in some cases, conversion of Treg to conventional

T-cells (Tcon)3®49-42_ Conversion of Treg to Tcon, o rTrefgenad only creates

an opportunity for unrestrained Tcon activation and proliferation, as a result of

reduced Treg-mediated suppression, butthesefie™® eg0 can t hemsel ves
to pathogenic Tcon that promote autoimmune disease induction*3. In addition,

the underlying cause of IPEX syndrome in most patients is a mutation in Foxp3

that renders the protein dysfunctional®*. This pathophysiology further highlights

the critical role that Foxp3 plays in Treg development, function and stability.

The Foxp3-driven Treg transcriptional program promotes the expression
of a variety of surface molecules that are critical for Treg suppression, including
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), Neuropilin-1 (Nrpl), and
lymphocyte activation gene-3 (Lag3)*+4°. All three proteins are expressed at high
levels on all, or nearly all, Treg, and each are mediators of specific aspects of
Treg suppression. Among them, CTLA-4 is perhaps the most critical, as CTLA-4
expression appears to be imperative not only for Treg function, but also for Treg
development*6-49, CTLA-4 knockout in mice results in uncontrolled Tcon
proliferation and inflammation*’, and CTLA-4 mutations in humans are
associated with the development of systemic autoimmune diseases®. CTLA-4 is
closely related to the T-cell co-stimulatory molecule CD28. However, when
compared to CD28, the affinity of CTLA-4 for the two CD28 ligands, CD80 and
CD86, which are expressed on APCs, is significantly higher®!. This high affinity of

10



CTLA-4 for CD80 and CD86 is implicated in one of the mechanisms by which
CTLA-4 may mediate Treg suppression: trans-endocytosis of CD80 and CD86
molecules®?. It appears that upon interacting with dendritic cells (DCs), Treg can
engage CD80 and CD86 with CTLA-4, then remove the proteins from the surface
of the DC via endocytosis. Since CD28 interactions with CD80 and CD86, in
combination with TCR engagement of peptide/MHC complexes, drive Tcon
activation, removal of CD80 and CD86 molecules from the surface of DCs
significantly diminishes the ability of DCs to activate Tcon. Even without actually
removing CD80 and CD86 from the surface of DCs, the high affinity of CTLA-4
for CD80 and CD86 allows Treg to engage DCs preferentially over naive Tcon*°.
This preferential engagement increases Treg-DC contact time, thereby reducing
Tcon-DC interactions, and allows Treg to form aggregates around DCs?*. This
aggregation further precludes Tcon from interacting with DCs, and also appears
to impair DC maturation, both of which reduce Tcon priming and activation.

Nrpl has primarily been characterized as a neuronal guidance protein
important for neuron development®3. However, more recent work has elucidated
its role as a key molecule involved in promoting Treg function and stable
expression of Foxp3+°°4, In the immune system, Nrpl interacts with Semaphorin-
4a (Sema4a), which is expressed both on APCs and Tcon*®. Engagement of
Tcon Sema4a with Treg Nrpl drives activation of phosphatase and tensin
homolog (PTEN) in Treg, and ultimately promotes Treg function and Foxp3

stability by preventing phosphorylation-dependent nuclear exclusion of the
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transcription factors Forkhead box O1 (Foxol) and Foxo3a*®. Both Foxol and
Foxo3a work in concert with Foxp3 to maintain the Treg phenotype®->’. In
addition to this Tcon-induced Nrp1 signaling in Treg, specific engagement of
Nrpl-Semada between Treg and DCs increases the contact time between these
two cells®*. This enhanced contact time between Treg and DCs precludes
interactions between Tcon and DCs, thus reducing the opportunity for Tcon to
become activated. Nrpl may also cooperate with CTLA-4 to promote Treg
suppression. Treg engagement of DCs through CTLA-4 promotes Treg-Tcon
interactions*®. Treg-Tcon engagement could then potentiate Nrp1-Sema4a
binding and downstream PTEN signaling, and ultimately augment Treg function.
As with CTLA-4 and Nrp1, Lag3 plays a role in mediating Treg-APC
interactions. Lag3 shares significant homology with CD4, and, as a result, binds
very strongly with class I MHC (MHC-11)%8. This high affinity for MHC-II allows
Treg to engage MHC-II molecules on DCs®?, and, like CLTA-4 and Nrp1, this
promotes stable Treg-DC interactions. Not only do these long-lasting Treg-DC
interactions prevent Tcon-DC engagement, but it appears that Lag3 binding to
MHC-II may specifically prevent further maturation of DCs®°. This Lag-3-
mediated inhibition of DC maturation may augment, or complement, CTLA-4-
mediated inhibition of DC maturation. In combination, it appears that Lag3
engagement of MHC-II allows Treg to inhibit Tcon priming through at least 2

different mechanisms.
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The importance of CTLA-4, Nrpl and Lag3 in promoting Treg function,
and supporting both Treg-APC and Treg-Tcon interactions, highlights the central
role that contact between Treg and target cells plays in mediating Treg
suppression. However, recent work has demonstrated that Treg may also
secrete molecules to dampen inflammation. These secreted factors are involved
in what is termed contact-independent suppression.

Perhaps the most well defined soluble suppressive molecule produced by
Treg is IL-10. IL-10 can actually be produced by a wide array of immune cells®°,
but Treg IL-10 secretion appears be important for preventing inflammation at
mucosal surfaces®°6l, and potentially for preventing autoimmune diseases, as
the progression of type 1 diabetes in mice was associated with loss of IL-10
producing Treg in the pancreas®?. The immunosuppressive effect of IL-10 on
Tcon is twofold. IL-10 can suppress Tcon activation in an indirect manner by
inhibiting APC maturation and inflammatory cytokine production. Alternatively, IL-
10 can act directly on Tcon to inhibit production of inflammatory cytokines such
asIL-2and TNF-U, t hdirecéybegducing Tcon inflammatory signaling®®. The
production of IL-10 by Treg can be induced in at least two ways. Recent work
has identified that engagement of Nrpl or Inducible T-cell costimulator (ICOS) on
Treg can each stimulate IL-10 production under certain inflammatory
conditions*>62, Interestingly, this would suggest that even the production of
soluble suppressive factors is dependent upon contact between Treg and either

target, or accessory cells.
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In addition to IL-10, IL-35 and transforming growth factor beta (TGF-b)
have each been identified as suppressive cytokines secreted by Treg. IL-35
production is induced by Treg activation, and knockout of the IL-35 genes results
in a significant reduction in Treg function in vitro, and an inability to control Tcon
proliferation and autoimmune colitis in vivo®3¢4, As with IL-10, it appears that
Treg-Tcon engagement significantly increases IL-35 output by Treg®, and this
may also be the result of Nrp1 engagement*. Unfortunately, the exact
mechanism by which IL-35 suppresses immune responses has yet to be
elucidated.

TGF-b is a highly pleiotropic cytokine that is produced by a wide array of
cells®®. Among its many functions, TGF-b ¢ k@ immunosuppressive. Treg
express a bound form of TGF-b o n surface,iwhich can then be released
upon activation-induced cleavage®®. Although it remains unresolved as to
whether Treg or DCs are the primary producers of TGF-b in vivo®, it appears
that TGF-b p r o dhydreg nmayhelp to resolve airway inflammation®”.
However, in murine autoimmune models, the contribution of Treg-derived TGF-b
to the resolution of inflammation appears to be less important®®. Therefore, while
the productionof TGF-b by Treg may be funecaini onally i m
inflammatory situations, it appears that TGF-b may have a more context-
dependent role when compared to IL-10 or IL-35. Interestingly, TGF-b has been
shown to restrain inflammation through the induction of peripheral Treg®3, which
are a subset of Treg derived from Tcon. This suggests that TGF-b-mediated

14



suppression may not be due to direct inhibition of Tcon function per se, but rather
due to the subversion of Tcon activation and effector differentiation into a
suppressive Treg phenotype.

In addition to secreting cytokines, Treg have also been reported to
suppress T- and NK cells through preferential utilization of the cytokine IL-25°%72,
The IL-2 receptor can be dimeric,contai ni ng only the b and o9 <ch
containingthe U ( CD 2 5) chaibs’aThedrimeric receptor has the highest
affinity for IL-274. As Treg constitutively express CD25, and therefore the highest
affinity IL-2 receptor at alltimes, Tr eg may be abl e-2tei s&iOve as
under certain inflammatory conditions, thus depriving other cells of this important
survival and growth factor®®70. Not only does IL-2 utilization by Treg serve as a
suppressive mechanism, but IL-2 signaling is key for Treg development, as it
helps to induce and maintain Foxp3 expression’>76. IL-2 is also one of the most
critical cytokines for promoting mature Treg survival and proliferation’’, and
mutations in CD25 have been linked with severe autoimmune disease in
humans, likely due to reduced Treg function and survival”®. Furthermore,
constitutive activation of signal transducer and activator of transcription 5
(STATDY), the critical intracellular transducer of IL-2 receptor signaling, augments
Treg proliferative and suppressive capabilities’®, again demonstrating the
important role that the IL-2 pathway plays in Treg maintenance and function.

Although Treg make up only a small percentage of the CD4+ T-cell pool
under steady-state conditions (~5-10%), their ability to suppress pathogenic
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immune responses has sparked a significant amount of research focusing on
utilizing Treg as therapeutics for autoimmune and inflammatory diseases'?2°, In
fact, one of the first diseases for which Treg infusions were attempted as a

therapeutic was aGVHD.

Regulatory T-cells in aGVHD

A large body of pre-clinical data have demonstrated that the adoptive
transfer of Treg can prevent aGVHD and promote HSC engraftment!8.19.81-83 Thijs
pre-clinical work has spawned a variety of on-going clinical trials assessing the
efficacy of Treg infusions as a means to prevent aGVHD, both in this country
(e.g. NCT01795573, NCT01660607, NCT02423915), and in Europe
(http://www.tregeneration.eu). To date, two Phase | trials have been completed in
the United States, and each showed that Treg infusions can reduce acute GVHD
severity without impairing infectious immunity or tumor recurrence®8. While this
reduction in severity suggests that Treg hold promise as a GVHD therapy, the
inability of Treg to prevent fully GVHD in patients underscores the need to
improve the efficacy of this treatment.

Enhancing the effectiveness of Treg infusions for GVHD could be
achieved in at least two ways. The first option would be to boost the number of
Treg available to suppress alloreactive Tcon. This could be achieved by
increasing the total number of Treg infused in to patients, or by enhancing the

proliferation and survival of Treg after infusion. Increasing the number of infused
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Treg is most likely unrealistic, as producing enough Treg for patients in clinical
trials has already proved to be difficult®48. Augmenting Treg proliferation and
survival in vivo also poses significant challenges, as current approaches can
induce off-target Tcon expansion and, in some cases, dramatically worsen acute
GVHD?&88, Although murine studies have elucidated some potentially promising
new avenues for boosting Treg-specific proliferation®, in vivo Treg expansion
also may not to be a realistic option for acute GVHD patients.

An alternative approach to increasing Treg frequency would be to
augment Treg suppressive potency. This technique would allow for an
enhancement in Treg-mediated GVHD suppression, which would functionally
mimic an increase in Treg numbers, without having to overcome the hurdles
associated with generating more Treg. Recent work has shed light on a potential
method to enhance Treg function: Protein Kinase C-theta (PKC-d) i n RP'bi t i on
PKC-d & serine-threonine kinase that participates in the kinase cascade
initiated by TCR and CD28 co-receptor engagement®?93, TCR/CD28-mediated
activation of phospholipase C-2 results in the production of diacylglycerol (DAG),
a phospholipid that interacts with PKC-d . DAG producPKCaln promot e
migration, as well as auto- and trans-phosphorylation events, all of which result in
a robust increase in PKC-d kinase activity®:°49, In Tcon, TCR/CD28
engagement and DAG production induces PKC-d translocation to the
immunological synapse (1S), where it interacts with CD28 and lymphocyte-
specific protein tyrosine kinase (Lck). At the IS, PKC-d also forms a complex
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with, and activates, CARD-containing MAGUK protein 1 (CARMA-1), B-Cell
CLL/Lymphoma 10 (Bcl-10), and mucosa-associated lymphoid tissue lymphoma
translocation protein 1 (MALT-1). PKC-d-mediated activation of the CARMA-
1/Bcl-10/MALT-1 complex promotes nuclear translocation of the transcription
factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-a B, and
PKC-d itself induces nuclear translocation of the transcription factor Activator
protein 1 (AP-1)°1%6_ NF-a Band AP-1 play key roles in Tcon activation, and, as a
result, PKC-d i n tsiike ABB@7d are now being tested as
immunosuppressive agents in solid organ transplantation®’:%,
AlthoughPKC-d has been thoroughlfgwstudiese st i gat €
have focused on PKC-d i n I spite df this limited body of research, several
striking contrasts between PKC-d movement and function in T
already been elucidated. TCR/CD28 engagement in Treg results in sequestration
of PKC-d to the distal pole (DP) of the cell, away from the IS, where it forms a
dense, punctate structure. Furthermore, instead of promoting function, like in
Tcon,PKC-d acti vity i nnedativaygeguatede@potencyt as
Treg-specific inhibition of PKC-d augmented Treg suppression
colitis in mice®?°1, Given that PKC-d may limit Treg suppression, PKC-d i nhi bi ti o
could be a viable strategy to boost the therapeutic efficacy of Treg infusions.
However, the mechanism(s) by whichPKC-d r egul at es rehaiemg f unct i
unknown, and it is unclear whether the unique localization of PKC-d to the DP,
and the apparent restraint of Treg potency are linked. Understanding better PKC-
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d signaling in Treg may provide additional methods to enhance Treg function,

and reveal novel insights in to Treg biology.

Regulatory T-cells in cGVHD

Compared to aGVHD, little work has been done to assess the therapeutic
potential of Treg adoptive transfer in cGVHD. In fact, there are no published pre-
clinical studies utilizing Treg to treat cGVHD, and to date, only one small (5
patient) clinical trial has been completed in which Treg infusions were used
therapeutically for cGVHD patients®. This lack of therapeutic utilization is
particularly surprising now that it is clear that a reduced ratio of Treg to Tcon
(Treg<Tcon) is associated with the development of cGVHD in allo-HSCT
patients1®, This reduction in Treg likely contributes to cGVHD pathogenesis, as
not only can Treg prevent alloreactive Tcon priming, and therefore cGHVD
induction, but a specialized subset of Treg, T-follicular Regulatory Cells (Tfr), are
able to inhibit GC-reactions?”101.102_Gijven the critical nature of GC-reactions in
cGVHD pathogenesis, reduced Tfr may be particularly important in the
development of cGHVD.

Although Treg adoptive transfers have not been utilized, the recognition of
a reduced Treg to Tcon ratio in cGVHD patients has spurned the investigation of
Treg-expanding therapies in clinical trials. The primary strategy to increase Treg
in cGVHD patients revolves around treatment with low-dose IL-2193104 The
impetus for this therapy was the hypothesis that since Treg constitutively express
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CD25, only Treg (and not Tcon) would be able to respond to limiting doses of IL-
2. However, low-dose IL-2 treatment appears to have some significant
limitations. While low-dose IL-2 increases Treg in some cGVHD patients, it does
not always reverse all symptoms, and long-term dosing is required to maintain
efficacy!%31%4, Furthermore, since Tcon can express CD25 after activation, and
therefore could respond to the low-dose IL-2 in a potentially dangerous way,
immunosuppressive agents are given concurrently with low-dose IL-2 therapy!®®.
As broadly immunosuppressive drugs increase the risk for infections and tumor
recurrence, use of low-dose IL-2 is not necessarily an ideal therapy. In this light,
there is a need to explore further other methods to increase Treg, and perhaps
specifically Tfr, in cGVHD patients. Given the success in aGVHD, one potential

method to increase Treg in cGVHD would be Treg adoptive transfer.
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Figure Legend

Figure 1. The pathophysiology and initiating factors involved in GVHD after
allo-HSCT. Shown are the immune processes and molecules involved in the
development of (A) acute or (B) chronic GVHD after HSCT. (A) Acute GVHD
begins with a conditioning regimen such as chemotherapy combined with total
body irradiation that induces tissue damage. This tissue damage causes the
release of danger signals, such as cytokines and chemokines, which activate
recipient innate immune cells, including antigen presenting cells (APCs). Donor
APCs, which are a component of the stem cell graft, are also activated by this
highly inflammatory milieu. A combination of donor and recipient APCs then
activate donor CD4+ and CD8+ T-cells. Cytokine production and direct cytolysis
of host cells by these T-cells, as well as by host macrophages, neutrophils and
natural killer (NK) cells, causes end-organ damage. The resulting tissue
destruction further amplifies acute GVHD, creating a positive-feedback loop that
can be difficult to stop, even with immunosuppressive drug treatment. (B) Thymic
destruction, either from pre-transplant conditioning or acute GVHD, and chronic
stimulation of donor T-cells contribute to chronic GVHD after HSCT. Thymic
damage alters the selection of T-cells, which can result in the release of
lymphocytes that react to host tissues. Depending upon the antigen, this reaction
to host can be considered allo- or auto-reactive. Once activated, these T-cells
stimulate fibroblast proliferation and macrophage activation, both of which result
in tissue fibrosis. Donor T-cells also contribute to fibroblast activation, and play a
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key role in activating B-cells, which produce antibodies with specificities for host
tissues. All of these events contribute to the highly fibrotic syndrome of chronic

GVHD.
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Chapter Il: The PKC-d/ Vi ment i n Si gnRes$tiainsgy Compl e x
Regulatory T-cell Function and Metabolic Activity
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Regulatory T-cells (Treg) play a critical role in maintaining immune homeostasis,
as Treg dysregulation or dysfunction contributes to autoimmune disease
induction. Treg adoptive transfer treats autoimmune and inflammatory conditions
in mice. However, in patients, Treg infusions reduce, but do not fully prevent
inflammatory diseases like graft-versus-host disease (GVHD), an alloimmune
reaction that is a primary cause of morbidity and mortality after hematopoietic
stem cell transplantation. Therefore, there is a need to improve the efficacy of
Treg therapies. Here we show that PKC-d and v i me signaling cdmplexm
in activated Treg, and that physical disruption of this complex broadly augments
Treg function in vitro and in vivo. Using an unbiased phosphoproteomic screen,
we identified a novel interaction between PKC-d and v Conlaalt i n .
microscopy confirmed the formation of a PKC-d vimentin complex after Treg
activation. PKC-d i nhi bi t or mentinkrrotkdoermdisrupied thes RKC-
d/ vi ment i whioh ceduped BRKC-d amTdDRC2 signaling, but
increased Treg metabolic fithess, and enhanced Treg-mediated suppression of
GVHD. These functional changes were associated with augmented neuropilin-1
(Nrpl) and Lymphocyte-activation gene-3 (Lag3) expression, and increased
Treg-mediated suppression of conventional T-cell (Tcon) antigen-specific
priming, metabolic activity and effector cytokine production. Our data support a
model in which Treg activation induces the formation of a signaling complex that
negatively regulates Treg function, and that physical disruption of this complex
diminishes inhibitory signaling, and boosts Treg potency.
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Introduction

Regulatory T-cells (Treg) play a critical role in maintaining immune
homeostasis319, Treg dysfunction or deficiency results in an inability to prevent
or control autoimmune and alloimmune reactions, including graft-versus-host
disease (GVHD)#43.107.108 ' GVHD is one of the primary causes of morbidity and
mortality after allogeneic hematopoietic stem cell transplantation (HSCT)?, and
the high incidence of GVHD after HSCT limits the efficacy of this potentially life-
saving therapy!?. However, Treg adoptive transfer can prevent GVHD in mice??,
and recent clinical trials demonstrate that Treg infusions can reduce GVHD
severity in patients®85. While this reduction in severity suggests that Treg
infusions hold promise as a GVHD therapy, the inability of Treg to prevent fully
GVHD in patients underscores the need to improve the efficacy of this treatment.
One potential method to augment the effectiveness of Treg infusions would be to
increase Treg suppressive function.

Evidence suggests that enhancing Treg potency may be achieved through
Protein Kinase C-theta (PKC-d) i n RBAPKC-d i ios athreoaimeikinase
involved in the signaling cascade initiated by T-cell receptor (TCR) and CD28 co-
receptor engagement®3. TCR/CD28 ligand binding triggers PKC-d mi gr ati on an
activation through a series of auto- and trans-phosphorylation events®-°4, In
conventional T-cells (Tcon), PKC-d t ransl|l ocates to the i mmun
(1S), and contributes to Tcon activation by inducing AP-1andNF-e B si ¢ al i ng
Consistent with this, PKC-d inhibitors, such as the competitive inhibitor AEBO71,
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are now being tested for as immunosuppressive drugs®’. In contrast to Tcon,
TCR/CD28 engagement in Treg results in sequestration of PKC-d t o t he di st a
pole (DP) of the cell, away from the IS, and instead of promoting function, PKC-d
activity in Treg appears to negatively regulate Treg suppressive potency®°92,
Furthermore, we previously showed that Treg-specific PKC-d i iidn augments
Treg-mediated suppression of autoimmune colitis in mice®®>, AsPKC-d appears to
restrain Treg function, PKC-d i nhi bi ti on may be a viabl e s
therapeutic efficacy of Treg infusions. However, exactly how PKC-d r egul at e s
Treg function is unknown.

Recent work has demonstrated crosstalk between PKC-d and mécc hani s
target of rapamycin complex (mMTORC) signaling'®11°, This interaction may be
involved in PKC-d-mediated regulation of Treg suppressive potency, as
MTORC1 and mTORC2 play critical roles in modulating Treg metabolism and
function4045111.112 “gpecifically, Treg may preferentially oxidize fatty acids (FA) to
generate ATP, and mTORC1 may promote this process!!3114, However,
unchecked mTORC2 signaling leads to an increase in glycolysis and a reduction
in Treg function*®l,  MTORC2 acti vity cB&inasdb(iKK)jancr ease
kinase activated by the PKC-d  pshhorylation cascade, and PKC-d si gnal i ng
promotes phosphorylation of Foxo1/3a, events mediated by mTORC2110.115.116,
Given the interactions between these pathways, and the potential for direct
regulation of mMTORC2 by PKC-d jt seems possible that PKC-d may atee g u |
Treg function by modulating mTORC2 activity and Treg metabolism.
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Localization of PKC-d to the IS is critical for its activity in Tcon®. In Treg, it
is possible that PKC-d t r a n s tb thePtisiarmimportant factor in the
negative regulation of Treg function that PKC-d mediates. The mechanism by
which PKC-d mi gr at ecellsisnat viell undeiBtood, but it appears that
PKC-d movement may be dr i v e n-relatedcytgskeletal ,
elements!Y’. In addition, PKC-U ,
interacts with the intermediate filament vimentin, which has been shown to play a
role in mediating intracellular trafficking''8119, In this light, it is possible that
vimentin may also be involved in PKC-d t r a n s. Hovevart what role PKC-d
localization, or the interactions between PKC-d  d gytoskeletal proteins, may
have in modulating Treg function is currently unknown.

In this study, we find that PKC-d forms a complex with vimentin after Treg

activation, and that this complex actively promotes signaling that restrains Treg

a PKC isoform ctlpsely

by ac

rel a

metabolism and function. BothPKC-d i nhi bi ti on and vi mentin

disrupted the PKC-d / vi me nt i meducenl mpAREZXsijgnaling, and
increased Treg metabolic activity and suppressive potency. These functional and
metabolic changes were associated with augmented expression of neuropilin-1
(Nrpl) and Lymphocyte-activation gene-3 (Lag3), and increased Treg-mediated
suppression of conventional T-cell (Tcon) antigen-specific priming, metabolic

activity and effector cytokine production.
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Results and Discussion

To explore the mechanism(s) by which PKC-d inhibition increases Treg
potency, we performed an unbiased screen of consensus PKC-d phosphoryl at
sites in activated human Treg pre-treated with either DMSO (vehicle), or the
PKC-d i nhi bi t, asingstaleBwtdpk labeling by amino acids in cell
culture (SILAC)'?° phosphoproteomic analysis. We found significant reductions in
phosphorylation of 68 proteins, including the intermediate filament vimentin
(SuppTable 1). Flow cytometry revealed that vimentin was more highly
expressed in Treg compared to Tcon (SFig.1a). Since PKC-d localizes to the DP
in Treg after activation, we analyzed this structure for vimentin. In stimulated
Treg, PKC-d closely associated with vimentin in the DP complex (Fig.1a, top;
Fig.1b). However, AEBO71 pre-treatment disrupted PKC-d aggr egati on and
reduced PKC-d / v i meo+totalization (Fig.1a, bottom; Fig.1b). siRNA-
mediated knockdown of vimentin produced a nearly identical phenotype
(SFig.1b). Additionally, both AEBO71 and vimentin siRNA reduced activation-
induced PKC-d auto- and trans-phosphorylation (SFig.1c-d, Fig.1c), both of
which are critical for robust PKC-d kinase activity®*. These data indicate that after
Treg activation, PKC-d a n d v dlosedy adsdciate in a complex, and that
signaling in this complex may potentiate PKC-d  a ationi v

To assess the functional consequences of PKC-d vimentin complex
disruption, we analyzed Treg potencyiné c | as s i c-ddpghdentont ac't
suppression assays*°. Both AEB071 pre-treatment and vimentin knockdown
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enhanced Treg suppression in these assays (SFig.le-f, Fig.1d). Importantly,
identical treatment of Tcon with AEBO71 or vimentin siRNA did not induce
suppressive activity in these cells (SFig.1g-h). This | ac kt aif g ditod fef f ect
Tcon suggests that the augmented suppression we observed with Treg was due
to Treg-specific effects, and not contamination of these potentially
immunosuppressive treatments into the assay. As Treg have been tested in
clinical trials for GVHD prevention, we assessed the in vivo function of AEBO71
pre-treated and vimentin knockdown Treg in a fully MHC-disparate GVHD
model*?!, Adoptive transfer of AEBO71 pre-treated or vimentin knockdown Treg
significantly improved recipient survival, GVHD clinical scores, and weights
(Fig.le, SFig.2a-e), indicating enhanced GVHD suppression. These data
demonstrate that disruptingthe PKC-d/ vi ment i n compl ex augment
suppressive potency in vitro and in vivo.
As Treg exert much of their suppressive effect in vivo by inhibiting Tcon
activation'®1963 and secondary lymphoid organs are critical sites for alloreactive
Tcon priming in GVHD"122/ we analyzed splenocytes on D4 post-transplant from
mice given DMSO or AEBO071 pre-treated Treg. We found reduced Tcon
proliferation and numbers in these spleens (SFig.2f-g), findings consistent with
reduced Tcon activation. Direct examination of antigen-specific priming using
multi-photon microscopy, and a GVHD model with host-alloantigen specific
( CD4 + T E U)spedific €CD8* ©T-1) Tcon and polyclonal Treg, showed that
AEBO71 pre-treated Treg reduced antigen-s peci fi ¢ CD4+ TEU cel |
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greater extent than DMSO pre-treated Treg (Fig.1f-g, SFig.3a-b, Supp.Moviel-
6). Treg had modest effects on OT-I T-cells, with no differences between Treg
groups (SFig.3c-f, Supp.Moviel-6). Furthermore, since the gastrointestinal (Gl)
tract is a target tissue for effector Tcon in GVHD, and Gl tract damage is an
indicator of GVHD severity3, we examined Gl tract tissue on D14 after transplant.
Gl tract analysis revealed a significant reduction in GVHD-related damage, fewer
total Tcon, and fewer Tcon producing interferon-o (-b FNand tumor necr o
factor-U ( TONF i n mi ce g i -reated Treg BRG4a-c, Fig.2a-b).
From this, it appears that disrupting the PKC-d / v i meomglek augments Treg
suppression of antigen-specific Tcon priming and effector differentiation.
Although disruptingthe PKC-d / vi ment i n compl ex i ncreas:
in vitro, it was unclear whether improved GVHD outcomes were the result of
augmented function, as altered homing or longevity could also increase GVHD
suppression. However, expression of GI ho-ming mo
C chemokine receptor 9 (CCR9) after activation was unaffected by either
AEBO071 treatment or vimentin knockdown (SFig.4d-e). Furthermore, in GVHD
transplants with AEBO71 pre-treated Treg, there were no differences in Treg
numbers in the spleen or small intestine (Sl), and no alterations in Treg
persistence or localization (SFig.5a-d). This suggests that superior GVHD
inhibition after PKC-d / v i imemglex disruption was the result of increased

Treg function, not changes in homing or longevity.
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To further characterize the effects of disrupting PKC-d/vimentin
interactions on Treg function, we assessed expression of Treg suppressive
molecules by flow cytometry. There were no differences between controls and
AEBO71 pre-treated or vimentin knockdown Treg in expression of the majority of
molecules tested, including Foxp3, CTLA-4 and PD-1, or in the number of
interleukin-10 producing Treg in vivo (SFig.6a-c, not shown). However, both
PKC-d i nhibition and vimentin knoc&down incr
Lag3 (Fig.2c-d, SFig.éd) . Usi ng Ocl assi c aihnwvhiclsLag3isr es si 0|
functionally important®8, we found that antibody blockade of Lag3 significantly
reduced AEBO71 pre-treated Treg suppression (Fig.2e, SFig.6e). Lag3 blockade
also reduced DMSO pre-treated Treg suppression, but to a lesser extent than
with AEBO71 pre-treated Treg (Fig.2e, SFig.6e-f). Consistent with published
data*®, Nrp1 inhibition had no effect in these assays (Fig.2e, SFig.6e), and a
combination of blocking antibodies was similar to Lag3 alone (not shown). To
examine the functional importance of Nrp1, we utilized transwell assays*. Nrp1
blockade significantly reduced AEBO71 pre-treated Treg suppression (Fig.2f),
and reduced DMSO pre-treated Treg suppression, but not as robustly (SFig.6g-
h). Lag3 inhibition had no significant effect (Fig.2F, SFig.6g), consistent with the
current model of Lag3-mediated Treg suppression®®, and a combination of
antibodies was similar to Nrp1 alone (not shown). Together, these data
demonstrate that PKC-d / vi ment in compl ex disruption au

expression, and that these molecules may contribute to increased Treg function.
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Since T-cell metabolism and function are tightly linked2113 we
hypothesized that PKC-d / vi ment i n ¢ o myhicleincreabesdrequ pt i on
function, may also enhance Treg metabolic activity. AEBO71 and vimentin
knockdown each augmented in vitro activated Treg oxidative phosphorylation,
but did not affect glycolysis (Fig.3a-b, SFig.7a-b). In GVHD, AEBO71 or vimentin
siRNA treated Treg in the spleen had augmented expression of nutrient
receptors (SFig.7c-e), and CPT1a, the rate limiting enzyme in FA oxidation!*3,
along with increased FA uptake (Fig.3c-d, SFig.7f), without changes in glycolytic
molecules, mitochondrial membrane potential or mitochondrial mass (SFig.8a-d).
AEBO71 pre-treated Treg in the Sl displayed an identical metabolic phenotype as
splenic Treg (SFig.8e-f). As Tcon also rely on metabolic changes for optimal
activation and effector function, we hypothesized that increased Treg function
and metabolic activity might alter Tcon metabolic fithess in GVHD. Consistent
with this hypothesis, AEBO71 pre-treated Treg reduced Tcon expression of
nutrient receptors and glycolytic molecules in the spleen, and Sl (SFig.9a-c,
Fig.3e). In the SI, CPT1a expression was also reduced (Fig.3f, SFig.9d). Since
alloreactive Tcon preferentially utilize FA for fuel upon effector differentiation?3,
reduced CPT1a expression in the Sl suggests reduced effector Tcon activity, a
finding consistent with our data showing reduced Tcon priming and effector
cytokine production. Together these data demonstrate that PKC-d / vi ment i n
complex disruption increases Treg metabolic activity, and this metabolic

augmentation is associated with reduced Tcon metabolic fitness in vivo.
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Given the critical roles that mMTORC1 and mTORC?2 signaling play in
regulating Treg metabolism, and the link between PKC-d | KK andwemTORC2,
hypothesized that augmented function and metabolism after PKC-d / vi ment i n
complex disruption may be due to altered mMTORC?2 activity. To test this
hypothesis, we analyzed the phosphorylation patterns of molecules downstream
of mMTORC1 (S6, 4E-BP1) and mTORC2 (Akt [Ser473], Foxo3a) by phosphoflow
in activated Treg. We observed significant reductions in phosphorylation of
proteins downstream of mMTORC2 after AEBO71 treatment and vimentin
knockdown (Fig4a-c, SFig.10a), but no differences in phosphorylation of
MTORC1-related molecules, or phosphatidylinositol-3-OH kinase (PI3K)-
mediated phosphorylation of Akt (SFig.10b-d). Direct knockdown of PKC-d wi t h
siRNA also reduced mTORC2 downstream phosphorylation of Akt and Foxo3a,
but had no effect on mTORC1-related molecules (Fig.4d, SFig.10e).
Furthermore, IKK inhibitor treatment also reduced mTORC2-, but not nMTORC1-
mediated phosphorylation events (SFig.10f-g), which, in combination with the
PKC-d si RNA results,-dsuggesi gnahangPKa@y i nde
MTORC?2 activity. Overall, these data confiirmthat PKC-d / vi ment i n compl e

disruption reduces mTORC2 activity.

Concluding Statements
Our data demonstrate thatthe PKC-d / vi ment i n signaling co
negatively regulates Treg metabolism and function. Disrupting PKC-d / vi ment i n
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interactions reduced mTORC2 signaling and augmented Treg metabolic activity,
including increased oxidative phosphorylation, and enhanced expression and
uptake of molecules involved in lipid oxidation. In vivo, PKC-d / v i meomglex n
disruption increased Treg-mediated suppression of Tcon priming, effector
function and metabolic activity, which reduced GVHD mortality and severity.

This work supports a model in which, upon Treg activation, cytoskeletal
elements and kinases form a signaling module that restrains Treg fitness. The
formation of an inhibitory signaling complex after activation suggests that Treg
functional potency may be the net result of a balance between negative and
positive inputs. While Treg require TCR and CD28 signaling for maintenance and
function'?4#125 PD-1 and CTLA-4, two molecules important for Treg
suppression3:126 promote signaling that dampens TCR/CD28-induced mTORC2
and Akt activity'?6.127, Therefore, our finding that disrupting the PKC-d / vi ment i n
complex augments Treg potency and reduces mTORC2/Akt signaling suggests
that the function of this complex may be to oppose pathways that support Treg
suppression, such as PD-1 and CTLA-4. This type of parallel, but oppositional
regulation mimics Tcon, where a balance between co-stimulatory (eg. CD28,
CD40L, ICOS) and co-inhibitory molecules (eg. PD-1, Lag3, CTLA-4) tunes Tcon
activity. As in Tcon, this combination of stimulatory and inhibitory signaling may
allow for fine-tuning of Treg function within different immunological contexts.

Furthermore, our data are in line with work demonstrating that modulating
MTORC1 and mTORC2 activity significantly alters Treg metabolic fithess and
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function40111.114 Disrupting the PKC-d / v i me nt i diminisbechmTORK2
activity in a PKC-d / |-dépendent manner, and this was associated with
significant increases in FA-related metabolic activity. In this setting, reduced
MTORC?2 signaling may favor mTORC1, even without overtly augmenting
MTORCL1 activity, thereby promoting lipid metabolism, and optimal Treg function.

In addition to regulating Treg metabolism, mTORC2 drives
phosphorylation-dependent nuclear exclusion of Foxo3a, a transcription factor
critical for Treg suppression!!é, Foxo3a promotes expression of Lag3*® and,
based on a DECODE database promoter binding site analysis
(http://www.sabiosciences.com/chipgpcrsearch), potentially Nrpl as well,
suggesting that reduced phosphorylation of Foxo3a may be driving increased
Nrpl and Lag3 expression. Importantly, although Nrp1 signaling can reduce
Foxo3a phosphorylation®, the reduction in phospho-Foxo3a we observed
occurred within minutes of Treg activation, whereas increased Nrpl surface
expression only occurred after 48hr. Therefore, reduced Foxo3a phosphorylation
likely accounts for increased Nrpl, not vice-versa.

As Nrpl and Lag3 play roles in suppressing Tcon priming®*®°, augmented
Nrpl and Lag3 expression likely contributed to the increased inhibition of
antigen-specific priming we observed in vivo with AEBO71 pre-treatment. This
decrease in antigen-specific Tcon priming likely drove the reductions in Tcon
metabolic activity, cytokine production and GVHD progression, as priming is
critical for initiating metabolic changes and effector differentiation*'. Together,
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our data suggest that mTORC2 may link the Treg functional enhancements and
metabolic changes we observe after PKC-d/ vi ment i n compl ex di sr
Our discovery of a novel interaction between PKC-d and the intermediate
filament vimentin was not, in and of itself, unprecedented, as interactions
between PKC-Uand vimentin have been documented!8, However, while PKC-U
modulates vimentin remodeling, it does not appear that vimentin affected PKC-U
function!®, Therefore, our finding that vimentin siRNA-mediated disruption of
PKC-d/vimentin interactions reduced PKC-d activity in a nearly identical manner
todirect PKC-d i nhi bi t ithatrthe gimegtip may bescritical for promoting
PKC-d f u n Thisfindimg is in line with a recent abstract showing that in Tcon,
vimentin clusters to the IS after TCR/CD28 activation, just like PKC-d, and t hat
vimentin knockout Tcon become less activated after stimulation and are less able
to cause GVHD?'?8, This functional phenotype is remarkably similar to PKC-d
knockout Tcon'?, In combination, these data demonstrate that vimentin may not
just be critical for maintaining cellular integrity and mediating migration*8130 but
that it may play a critical part in promoting T-cell signaling. This novel role for
vimentin suggests that targeting cytoskeletal proteins may provide new methods
for Treg and Tcon functional manipulations.
Finally, how can a short incubation of Treg with AEBO71, or a relatively
transient siRNA vimentin knockdown, result in such dramatic effects in vivo?
Treg exert much of their suppressive effect in GVHD early in the course of
disease. Treg and Tcon home to secondary lymphoid organs within hours of
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infusion, and Treg unable to home to secondary lymphoid organs cannot
suppress GVHD¥.19, Consistent with this, our multi-photon microscopy data
demonstrated that AEBO71 pre-treatment increased Treg-mediated suppression
of antigen-specific priming early after transplant. Furthermore, we find diminished
metabolic activity and cytokine production in donor Tcon up to 14 days after
transplant. These reductions in metabolic fithess and cytokine secretion are
indicators of reduced Tcon activation and effector function. Therefore, we posit
that augmented inhibition of early events critical to GVHD pathogenesis, such as
alloreactive Tcon priming, by AEBO71 and vimentin siRNA treated Treg
suppresses GVHD development and progression, and account for the reduction
in GVHD-related mortality and severity.

While further analysis is required to characterize additional components of
thePKC-d/ vi mentin complex, we propose a model
cytoskeletal elements and kinases mediates the formation of a signaling module
that negatively regulates pathways critical for Treg function. Therapeutically, our
data suggest that inhibition of negative regulatory signaling complexes may
provide novel methods to augment Treg function and suppression of

inflammatory or autoimmune diseases.
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Materials and Methods

Mice. C57BL/6 (B6; H2P), B6 CD45.1, B6 Thy1.1, and BALB/c (H2% mice were
purchased from Charles River Laboratories. CB6.F1-CD11c-YFP (H2° H2Y), B6
Luciferase-transgenic and B6 Foxp3-GFP mice were bred in our animal colony

under the guidance of in-house veterinary staff. B6 Ovalbumin TCR transgenic

OT-I mice, and B6 ubiquithneGFP TCR transgenic TEU mice
Brian Fife at the University of Minnesota. Mice were housed in a specific

pathogen-free facility and used with the approval of the University of Minnesota

institutional animal care and use committee.

HSCT models and T-cell purification.A C57BL/ 6 YBALB/ ¢ aGVHD
utilized as previously described!®1?1, Briefly, BALB/c recipients were irradiated
with 7.0Gy TBI on Di 1, then injected IV with 107 B6 BM with (or without)

2x108 B6 Tcon alone, or Tcon with 1x108 B6 Treg on DO. Tcon were purified from
spleens by negative selection using biotin-labeled anti-CD19 (1D3), CD11b
(M1/70), CD11c (N418), NK1.1 (PK136), CD49b (DX5) CD25 (PC61.5) and TER-
119 (TER-119), followed by streptavidin RapidSpheres depletion with EasySep
magnet (StemCell Technologies). Treg were purified from lymph nodes and
spleens using negative selection as above (with the addition of anti-CD8 (53-6.7)
and removal of anti-CD25) to enrich CD4+ T-cells. CD4+ T-cells were then
incubated with PE-labeled anti-CD25 (PC61.5, eBioscience), followed by anti-PE

beads (Miltenyi Biotec), and CD25+ cells were selected with magnetic columns
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(Miltenyi Biotec). For 2-photon imaging experiments, CB6.F1-CD11c-YFP
recipient mice were irradiated with 11.0Gy TBI on Di 1, then injected IV with 107
B6 BM and 5x10° B6 polyclonal Treg on DO. On D2, 10 x10® OT-I CD8* T cells
and 1x10°eGF P T E U T-€elsdwere given. OT-I T-cells were labeled with
CellTrace Violet (CTV, Life Technologies) or Cell Tracker Orange (CMTMR, Life

Technologies).

In vivo bioluminescence imaging (BLI). In vivo BLI was performed as
previously described?!3!, Briefly, firefly luciferin substrate (0.1 mL; 30 mg/mL;
Promega) was intraperitoneally injected into recipient mice 5 min before imaging.
A Xenogen IVIS imaging system was then used to measure luminescent
guantification. Luminescence was captured for 1 minute and then data were

analyzed and quantified with Living Image 3.0 Software (Calipers).

Multi-photon microscopy. Recipient mice mesenteric and brachial lymph nodes
were immobilized on plastic coverslips and perfused with 37°C RPMI medium
bubbled with 95% Oz and 5% CO2. Samples were excited with a MaiTali
TiSaphire DeepSee HP laser (12 W; Spectra-Physics) at 870 nm, and emission
of 440-480nm (CTV), 5007 520 nm (GFP), 520-560 (YFP) and 560-630 nm
(CMTMR) were collected. A 4-channel Leica TCS MP microscope with a
resonant-scanner containing two NDD- and two HyD- photomultiplier tubes
operating at video rate was used for image capture. Images acquired were 507
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250em below the capsule and 512x512 XY

every 30s for 30min. Image stacks were spectrally unmixed with the LAS AF 3.0
dye separation software module (Lecia Microsystems). Three-dimensional
images, time-lapse movies, and cell tracks were generated and with Imaris 8.2
x64 software (Bitplane), and tracks were verified manually. Tracking data were
analyzed in Microsoft Excel with a custom macro as previously described?*®?,
Confinement ratio per cell was calculated as: distance from origin/total track

displacement.

Intestinal lymphocyte isolation: Lamina propria lymphocytes were isolated
using a modified version of our previously described protocol*?!. In brief, after
surgically removing and flushing the small intestine, tissues were cut
longitudinally, cut in to 2-3cm pieces and then washed twice (10 min at 37°C) in
Ca/Mg free PBS with 5mM EDTA (G Biosciences) and 10mM HEPES (Sigma).
Tissue pieces were then cut in to smaller 2-5mm pieces and treated three times
(20min at 37°C) with 1 mg/ml collagenase D (Roche), 0.151U/mL Dispase
(Sigma) and 0.5mg/mL DNAsel (Roche) in Ca/Mg free PBS with 10% FBS.
Lymphocytes were then purified on a 40%/80% percoll (Sigma) gradient
(2500rpm at 20°C for 20min). Percoll dilutions were made using fully

supplemented RPMI culture media.
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Histopathology. Colon, small intestine, liver, and spleen were harvested on day

14 after transplantation, embedded in Optimal Cutting Temperature (OCT)

compound (Miles), snap frozen, and stored at -80°. Frozen tissue blocks were cut

in 5um thick sections and mounted on microscope slides (Superfrost/Plus).

Tissue sections were then fixed with acetone and stained with hematoxylin and

eosin (Thermo-Fi sher) per manufacturerds instruct.
then examined in a blinded fashion using a semi-quantitative scoring system for

GVHD as previously described*?!,

Immunofluorescence. Immunofluorescence imaging was performed using Treg
activated for 10 minutes on anti-CD3 (10ug/mL, 145-2C11, eBioscience), anti-
CD28 (2.5ug/mL, 37.51, eBioscience) and ICAM (5ug/mL, generated in-house)
coated Ibidi Sticky Slides VI1°4 (Ibidi). Cells were then fixed for 10 minutes in 2%
PFA diluted in PHEM buffer (10mM EGTA, 2mM MgClz, 60mM Pipes, 25mM
HEPES, pH 6.9), and permeabilized for 3 minutes with 0.01% Triton-X100. After
permeabilization, cells were blocked with 5% casein for 1 hour, then incubated
with primary antibodies for 1 hour, followed by incubation with fluorescently
labeled secondary antibodies for 30 minutes. In between staining steps, cells
where washed with 1ml HBSS-HSA. After staining, ProLong Gold Antifade
Mountant with DAPI (Life Technologies) was added to slide chambers. For these
experiments, Treg were stained with the following antibodies: Cy3-conjugated
anti-Vimentin (V9, Sigma), purified PKC-d (C-18, Santa Cruz Biotechnology), and
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biotinylated Foxp3 (FJK-16s). Secondary staining of purified antibodies was
accomplished using donkey anti-goat or anti-rabbit fab2 fragments labeled with
AF488 or AF647 (Jackson ImmunoResearch). Biotin-conjugated primary
antibodies were stained with Cy5-conjugated streptavidin (Jackson
ImmunoResearch). Imaging was performed on a laser scanning confocal Zeiss
LSM-710 with 488, 543, and 633-nm lasers, with a 63x objective 1.4 NA with the
pinhole set to 1 Airy unit. Care was taken to minimize bleed through and

crosstalk. Z stacks were taken at 340 nm intervals.

PKC-d and IKK inhibitor treatment. The PKC-d inhibitor AEBO71 (Selleckchem)
and the IKK inhibitor BAY 11-7082 (Calbiochem) were reconstituted in DMSO
andstoredper manuf act ur eRotreatmemt,teg were tnculbated .
with either 10uM of AEBO71, 10uM of BAY 11-7082, or an equivalent volume of
DMSO, for 30 minutes at 37°C. After incubation, and prior to using Treg for in
vitro and in vivo assays, Treg were washed in warmed fully supplemented RPMI

culture media to remove excess AEBO71, BAY 11-7082, or DMSO.

siRNA treatment. Treg were transfected by electroporation using methods
previously described®. For these experiments, Treg were transfected with either
5uM of mouse Vimentin (GE Dharmacon) or PKC-d ( GE Dhar macon) si R

Non-targeting siRNA (GE Dharmacon) was used as a controls. Electroporation
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was performed using the Mouse T-cell Nucleofector Kit (Lonza) and a

Nucleofector 2b machine (Amaxa) on setting X-001 for mouse CD4+ T-cells.

Mouse T-cell stimulation. For assessment of surface and intracellular
suppressive molecules, Treg were stimulated for 48 hours at 37°C in a 24 well
plate (Corning) with in-house made anti-CD3 (145-2C11) and anti-CD28 (37.51)
coated stimulation beads in the presence of 10001U/mL recombinant human IL-2
(rH IL-2; Proleukin, Novartis). For in vitro assessment of metabolic molecules and
Seahorse metabolic flux analysis assays, Treg were stimulated for 18 hours at
37°C in a 24 well plate with anti-CD3/CD28 stimulation beads in the presence of
10001U/mL rH IL-2. For phosphoflow analysis, Treg were stimulated for 5 or 60
minutes at 37°C in a flat bottom 96-well plate (Corning) coated with 10pug/mL of
anti-CD3 (145-2C11) and anti-CD28 (37.51, eBioscience) antibodies. For
cytokine analysis, cells were incubated for 5 hours at 37°C with 1x eBioscience
Cell Stimulation Cocktail containing Phorbol 12-Myristate 13-Acetate (PMA),
lonomycin, Brefeldin A and Monensin. Treg stimulation beads were made by
coupling equimolar quantities of anti-CD3 (145-2C11) and anti-CD28 (37.51)
mADb to M-450 Tosylactivated Dynabeads (Life Technologies) using an optimized

version of the manufacturerds protocol

Suppression assays and CFSE staining. CD45.1+ CD4+ and CD8+ Tcon were
labeled with 2.5uM carboxyfluorescein diacetate succinimidyl ester (CFSE; Life
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technologies) for 10 minutes at 37°C. Tcons were mixed with DMSO or AEB071
treated Treg at Treg:Tcon ratios of 0:1, 1:1, 1:3, and 1:9 in the presence of
soluble functional grade anti-CD3 antibody (0.25ug/mL; 145-2C11) and T-cell
depleted splenocytes. Each ratio was plated in quadruplicate in a round bottom
96-well plate (Corning). Tcon CFSE dilution was analyzed after 72 hours in
culture. For some assays, blocking antibodies against Nrpl, Lag3 or both were
added to the cultures. Anti-Nrpl (clone 761704, R&D Systems) was used at
25ug/mL and anti-Lag3 (clone C9B7W, eBioscience) was used at 60ug/mL.
Suppression was calculated using the following formula: (%Tcon proliferation w/o
Treg - %Tcon proliferation w/Treg)/%Tcon proliferation w/o Treg.

Transwell assays were performed using a modified version of the
described protocol*®. Briefly, B6 Foxp3-GFP Treg were sorted by
CD4/CD25/GFP positivity, and treated with DMSO or AEBO71. CD4+CD45.1+
Tcon were CFSE labeled as above. A small portion of CD4+CD45.1+ Tcon
(without CFSE) were fixed for 5 minutes at room temperature in 4%
paraformaldehyde solution. Tcon were mixed with anti-CD3/CD28 mAb coated
beads (made in house) at a 1:1 bead:cell ratio and 50,000 Tcon were plated in
the bottom of a transwell (flat bottom) (EMD Millipore). The transwell mesh
inserts (0.4uM pore size) were then placed in the wells. Treg were mixed with
anti-CD3/CD28 mADb coated beads (made in house) at a 2:1 bead:cell ratio.
15,000 Treg and 45,000 fixed CD4+ Tcon were placed on top of the transwell
mesh inserts, above the CFSE labeled Tcon. Each condition was plated in
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guadruplicate. Tcon CFSE dilution was analyzed after 72 hours in culture. For
some assays, blocking antibodies against Nrpl1, Lag3 or both were added to the
cultures. The same clones and concentrations of blocking antibodies were used
as above.

For select in vivo experiments, CD4+ and CD8+ Tcon were labeled with
2.5uM CFSE for 20 minutes at 37°C prior to infusion in to recipients. Some mice
also received DMSO or AEBO71 treated Treg in addition to CFSE labeled Tcon.
Spleens were harvested 72 hours after T-cell infusions, and cells were analyzed

for CFSE dilution.

Metabolic flux analysis. Oxygen consumption rates (OCR) and extracellular

acidification rates (ECAR) were measured using the XF-24 Extracellular Flux

Analyzer (Seahorse Bioscience). OCR and ECAR were measured in XF media

(modified DMEM containing 25mM glucose, 1x GlutaMAX, and 1mM sodium

pyruvate) . OCR was measured under basal condit |
oligomyci n, leM fluorocarbonyl cyanide phe
antimycin. ECAR was measured under basal conditions and in response to

20mM Glucose, 1l&gM ol irdgosyglycose -D@nd 80 mM 2

Flow cytometry. Stained and filtered single-cell suspensions were recorded on a
BD LSRFortessa flow cytometer. FCS3.0 files were analyzed using FlowJo V10
(Treestar Inc.). The following antibodies were purchased from eBioscience or
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Biolegend: anti-CD4 (RM4-5/GK1.5), CD8(53-6.7), CD25 (PC61.5), CD45.1
(A20), CD71 (R17217), CD73 (TY/11.8), CD98 (RL388), Thyl.1 (HIS51), CTLA-4
(UC10-4B9), ICOS (7E.17G9), Neuropilin-1 (3DS304M), Lag3 (C9B7W), Foxp3
(FIK-16s), IFN-0  ( XMG1 . 2)-U @& MEB) Ahf-PKC-d (C-18) antibody
was purchased from Santa Cruz Biotechnologies. Antibodies against Vimentin
(D21H3), phospho-Akt (Ser473) (D9E), phospho-Akt (Thr308) (C31E5E),
phospho-S6 (Ser235/236) (D57.2.2E) and phospho-4E-BP1 (Thr37/46)

(236B4) were purchased from Cell Signaling Technologies. Polyclonal antibodies
against phospho-PKC-d ( S676) and Foxo3a (S253) we
Cruz Biotechnology and Abcam, respectively. Anti-CPT1A (8F6AE9) and anti-
Glutl (EPR3915) antibodies were purchased from Abcam. For all assays, cells
were stained with a Fixable Viability Dye conjugated to either ef780 or ef450
(eBioscience). For some experiments, cells were surface stained and then
stained with Tetramethylrhodamine-methyl ester-perchlorate (TMRM, Life

Technologies), MitoTracker Deep Red (Life Technologies) or BoDipyci-c12

(500/510) (Life Technologies), permanuf act urer 6s protocol s.

intracellular/intranuclear staining were performed utilizing either the eBioscience
Foxp3 staining kit, or the eBioscience | C Fi xation kit per
instructions. For phosphoflow analysis, cells were stained using a modified

version of the eBioscience one-step staining protocol (Protocol B), including a

brief incubation with a Fixable Viability Dye prior to fixation. Compatibility of
phospho-specific antibodies with fixation and permeabilization buffers was
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verified by discussions with the manufacturer prior to use, and subsequently

tested in-house to ensure compatibility.

Human Treg Culture and SILAC Labeling for Phosphoproteomic Screen.
Naive human Tregs (CD4+CD25"-NCD127-CD45RA+) were sort-purified from 2
peripheral blood apheresis products, stimulated with anti-CD3 loaded artificial
antigen presenting cells, and expanded
(described below) with 3001U/mL rH IL-2. On culture D14, Tregs were re-
stimulated with anti-CD3/CD28 mAb coated beads (Dynabeads Human T-
Expander, Invitrogen). On culture D21, cells were removed from culture and anti-
CD3/CD28 beads were depleted.

After removal from culture, Tregs expanded in heavy or light medium were
incubated at 5x10%/ml at 37°C with DMSO or AEB071 (10uM) for 30 minutes.
After incubation, Tregs were washed with cold media and then incubated with
soluble anti-CD3 mAb (1pg/ml, Miltenyi Biotech) and anti-CD28 mAb (1ug/ml,
BD) on ice, followed by a wash in cold media. Tregs were then pelleted and re-
suspended to 1x107/ml in pre-warmed (37°C) media containing goat anti-mouse
| g G {)Flagid, Jackson Immunologicals) to cross-link the TCR and acutely
activate the cells. After 10 minutes, signaling was quenched with a 10x volume of
ice-cold media. Tregs were centrifuged, washed into a single tube with cold PBS,

centrifuged again. Finally, Treg cell pellets from Heavy and Light media treated
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with DMSO or AEBO071 and snap frozen in a dry ice/ethanol bath prior to
phosphopeptide enrichment and LC-MS analysis.

Heavy/Light SILAC media: SILAC RPMI-1640 (Invitrogen) media was
supplemented with dialyzed FBS (Invitrogen), 10mM L-Glutamine, 1x Non-
Essential Amino Acids, 0.5x Penn/Strep and 0.05mM 2-mercaptoethanol (Gibco).
Heavy media was supplemented with Lys8 and Arg12 (Cambridge Isotopes) and

Light was supplemented with unlabeled Lys and Arg.

Phosphopeptide enrichment for LC-MS

SILAC labeled Tregs cell pellets lysed in urea buffer (8 M Urea, 50mM Tris pH
7.5, 150mM NaCl, 1mM EDTA, 2X complete Protease Inhibitor (Roche), 2x
PhosSTOP (Roche), 1mM chloroacetamide). Solubilized for 10 minutes with
occasional vortexing. Sonicated using a bioruptor (Diagenode) for 3 minutes at
power 4 with a 50% duty cycle. Clarified by centrifuging at 14,000 rpm for 10
minutes. Reduced with 5mM DTT for 45 minutes, acetylated with 10mM
chloroacetamide for 30 minutes, quenched with 5mM DTT for 20 minutes, all
done at room temperature in the dark. The sample was then diluted to 2M Urea
using 50 mM Tris pH 7.5, 150 mM NaCl, 2mM CacCl2 and digested with trypsin
gold (Promega) at 1:50 ratio trypsin to protein for 16 hours at 37°C. Acidified by
the addition of Trifluoric Acid (TFA) to 0.4%, clarified as above, and then desalted
on a 10 mg Sep-Pak C18 column (Waters) and speed vacuumed to dry.
Peptides were fractionated using HILIC chromatography on an Agilent 1100
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HPLC using a TSKgel Amide-80 column (Tosoh, #W00202-89T) using a gradient
of 80% acetonitrile (ACN) with 0.1% TFA, down to 0% ACN with 0.1% TFA over
60 minutes at 0.3ml/minute flow rate with fractions collected every 4 minutes and
then speed vacuumed to dry. Each fraction was reconstituted in 3% TFA 60%
ACN and processed through 1 mM of TiO2 beads (GL Science) packed in house
into a 10ul stage tip with a C8 plug. Enrichment was performed as described?!3,
and eluted phosphopeptides were speed vacuumed to complete dryness then
reconstituted in 6ul of 4% FA 2%ACN prior to LC-MS. All steps were done at 4°C

unless otherwise indicated.

LC-MS and Data Analysis.

A Thermo Scientific EASY-nLC 1000 coupled to a Q Exactive mass spectrometer
(Thermo Fisher Scientific) was used as described'?°. Briefly, a self-packed 75
eml 25 c¢cm phwawsresedl umn (Reprosil C18,
Germany) was used for peptide separation. Peptides were eluted by a gradient of
3130% ACN in 0.1% TFA over 180 min at a flow rate of 250 nL/min at 45°C. The
Q Exactive was operated in data-dependent mode with survey scans acquired at
a resolution of 50,000 at m/z 400 (transient time = 256ms). Up to the top 10 most
abundant precursors from the survey scan were selected with an isolation
window of 1.6 Thomsons and fragmented by higher-energy collisional

dissociation with normalized collision energies of 27. The maximum ion injection
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times for the survey scan and the MS/MS scans were 60ms, respectively, and

the ion target value for both scan modes was set to 1,000,000.

Statistical Analyses. Data are reported as mean values = SEM. Pairs were
compared using unpaired 2-t ai | ed &tests.dDdferenées in animal survival
were analyzed by log-rank test. Significance was defined as p<0.05. All non-LC-
MS statistical analyses were performed using Prism v6 (GraphPad). LC-MS data
was analyzed as described!?. In brief, raw files were processed using MaxQuant
computational proteomics platform (version 1.2.7.0), and analysis included a
significance B test with Benjamini-Hochberg correction using a 0.05% FDR using

Perseus software (version 1.4.1.3).
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Figure Legends

Figure 1. PKC-d / v i meantplexidisruption augments Treg function. (a)

Confocal microscopy of PKC-d and vi menti n sreaieciwitmg 1 n Tr
DMSO (vehicle) or AEBO71,t hen st i mul at eGD3/28anAb. )Y wi t h ar
Quantification of PKC-d a nd v i 4{oealizationnn Teeg from confocal

images as in (a). Quantification analysis performed using 50 cells per group,

pooled from 3 independent experiments. (c¢) Phosphoflow analysis of PKC-d
auto-phosphorylation at Ser676 in Tregs pre-treated with control or vimentin

si RNA, then st i mu-CR32&ndAb.f(d) Percdnbsuppressidn ofa n t i

CD4+ Tcon proliferation by control and vimentin siRNA transfected Tregs in a

classical in vitro Treg suppression assay. 1:11 1:9 indicates Treg:Tcon ratio. (e)

Percent survival of recipient mice given BM (BM), BM+Tcon (BM+T), or

BM+Tcon+Tregs; Tregs pre-treated with DMSO or AEBO71. Data from pooled

from 4 independent experiments; BM, n=25; BM+T, n=29; DMSO, n=29;

AEBO071, n=31. (f, g) Multi-photon analysis of brachial lymph nodes from mice

given BM,eGFP-TEU CD4 + a n-thbeledOTMED8+ alone (BM+T), or

Tcon with polyclonal Tregs (DMSO/AEBQ71). Graphs show (f) velocities and (Q)
confinement ratios for e(800bellshBup). Red | | . Dot =
line=mean. Data from (a, c-d, f-g) show one experiment representative of 4 (a) or

3 (c-d, f-g) independent experiments. n=4 replicates/group for (c-d). n=3

mice/group for (f-g). * p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by

52



unpaired t-tests or log-rank test (survival analysis only). MFI, median fluorescent

intensity. Error bars indicate SEM.

Figure 2. PKC-d / v i meantplexdisruption augments Nrpl and Lag3

expression. (a-b) Analysis of recipient mice given either BM+Tcon (BM+T), or
BM+Tcon+Tregs; Tregs pre-treated with DMSO or AEBO71. Analysis of the total

number of (a) CD4+ and CD8+ Tcon,and (b) LPINF-o + CD4+ and CD8+ Tcc
isolated from recipient small intestine lamina propria (LP) on D14 after transplant.

INF-o analyzed after 5 HamomydnnBuefeldihnAamch wi t h PMA.
Monensin cocktail. (c-d) Analysis of Nrpl and Lag3 expression on donor Tregs in

the spleens of recipient mice on D4 after transplant. Transplant as in (a). (e)

Percent suppression of CD4+ Tcon proliferation by DMSO and AEBO71 pre-

treated Tregs in classical in vitro suppression assays with either Isotype, anti-

Lag3 or anti-Nrpl1 blocking antibodies. Graph shows 1:3 Treg:Tcon ratio. (f)

Percent in vitro transwell suppression of CD4+ Tcon proliferation by DMSO and

AEBO71 pre-treated Tregs. AEBO71 groups given either Isotype, anti-Lag3 or

anti-Nrp1 blocking antibodies. Data show one experiment representative of 3 (a-

e) or 2 (f) independent experiments. n=5 mice/group for (a-d) and n=4

replicates/group for (e-f). * p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by

unpaired t-tests. MFI, median fluorescent intensity. Error bars indicate SEM.
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Figure 3. PKC-d / v i meantplexrdisruption augments Treg metabolic
activity. (a-b) Oxygen consumption rate (OCR) analysis of Tregs stimulated for
18hr with anti-CD3/CD28 mAb. Tregs either (a) pre-treated with DMSO or
AEBO071, or (b) transfected with control or vimentin siRNA, prior to stimulation
and analysis. (c-d) Analysis of CPT1a expression and BoDipyci-c12 uptake on
donor Tregs (c) pre-treated with DMSO or AEBOQ71, or (d) transfected with
control or vimentin siRNA, in recipient mice spleens on D4 after transplant.
Recipient mice were given BM+Tcon+Tregs. (e) Expression of receptors
important for iron (CD71), amino acid (CD98) and glucose (Glutl) uptake and
utilization, or (f) fatty acid oxidation (CPT1a) on CD4+ Tcon isolated from
recipient small intestine LP on D14 after transplant. Recipient mice were given
either BM+Tcon (BM+T), or BM+Tcon+Tregs; Tregs pre-treated with DMSO or
AEBO071. Data show one experiment representative of 3 (a-d) or 2 (e-f)
independent experiments. n=5 mice/group for (c-f) and n=5 replicates/group for
(a-b). * p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by unpaired t-tests. MFlI,

median fluorescent intensity. Error bars indicate SEM.

Figure 4. PKC-d / v i meantplexdisruption reduces mTORC2 signaling.

(a-d) Phosphoflow analysis of mTORC2-downstream molecules in Tregs

stimul ated f or-CB328 mAb. (6 Andlysiw of Akt phasphbrylation

at Serd473 after bpFfoxomphmslphoirghaanadon( after
stimulation in Tregs pre-treated with DMSO or AEBO71. (c) Analysis of Akt
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phosphorylation (Ser473) and Foxo3a phosphorylation in control or vimentin
siRNA transfected Tregs. (d) Analysis of Akt phosphorylation (Ser473) and
Foxo3a phosphorylation in control or PKC-d siRNA transfected Tregs. Data show
one experiment representative of 3 (a-c) or 2 (d) independent experiments. n=5
replicates/group. * p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by unpaired

t-tests. MFI, median fluorescent intensity. Error bars indicate SEM.

Supplementary Table 1. AEBO71 treatment results in reduced
phosphorylation of 68 proteins. Results of liquid chromatographyi mass
spectrometry (LC-MS) analysis of phosphorylation changes at conserved PKC-d
serine and threonine phosphorylation sites in DMSO and AEBO071 treated, SILAC
labeled human Tregs. Column 1 shows the gene name for the proteins analyzed.
Column 2 shows alterations in phosphorylation indicated by the average log2
ratio (AEBO71/DMSO). Negative values indicate reduced phosphorylation in
AEBO071 treated samples compared to DMSO. A total of 68 proteins had reduced
phosphorylation after AEBO71 treatment. Sequence window (column 5) shows
12-14 peptides around the altered serine or threonine phosphorylation site.
Phosphosite (pST) indicates the exact position in the protein sequence where the

phosphorylation change occurred. STD, standard deviation.

Supplementary Figure 1. PKC-d/ vi mentin compl ex disruptio
d activity and aug nneviirb.4a) Analysigof fimemntin t i o n
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expression in purified Tregs and CD4+ Tcon by flow cytometry. (b) Confocal

microscopy of PKC-d and vi ment i n s {reaiechwitmwmentim Tr egs |
si RNA then st i mul-GD3/28dAl. cyPhdsghoflaw anatysiseoh t i
PKC-d auto-phosphorylation at Ser676 in Tregs pre-treated with DMSO or
AEBO71, then st i muCDh3/CE28 mAbo(d) Plogphoflowt h ant i
analysis of PKC-d trans-phosphorylation at Thr538 in Tregs pre-treated with

DMSO or AEBO071, or transfected with control or vimentin SiRNA, then stimulated

f or 506 -GB/€O28 nAb.t(e-f) Percent suppression of Tcon proliferation in

a classical in vitro suppression assay with Tregs (e) pre-treated with DMSO or

AEBO071, or (f) transfected with control or vimentin siRNA. Tcon proliferation

assessed by CFSE dilution. Tcon/Treg stimulated with soluble anti-CD3 mAb and
T-cell-depleted splenocytes. 1:11 1:9 indicates Treg:Tcon ratio. (g-h) Percent in

vitro proliferation of CD8+ Tcon when co-cultured with either (g) DMSO or

AEBO71 pre-treated CD4+/CD8+ Tcon, or with (h) control or vimentin siRNA

treated CD4+/CD8+ Tcon. Treated Tcon were used in place of Tregs in

otherwise normal classical in vitro Treg suppression assay conditions. Data show

one experiment representative of 3 (a-f) or 2 (g-h) independent experiments. n=5
replicates/group for (c-d), n=4 replicates/group for (a, e-h). * p<0.05; ** P<0.01,

*** P<0.0001; **** p<0.00001 by unpaired t-tests. MFI, median fluorescent

intensity. Error bars indicate SEM.
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Supplementary Figure 2. PKC-d/ vi mentin compl ex disruptio

Treg function in vivo. (a-b) Analysis of recipient mice (a) clinical GVHD scores
(O=no disease, 10=severe disease) and (b) weights after receiving BM only,
BM+Tcon (BM+T), or BM+Tcon+Tregs; Tregs pre-treated with DMSO or
AEBO71. Data from pooled from 4 independent experiments; BM, n=25; BM+T,
n=29; DMSO, n=29; AEB071, n=31. (c-e) Recipient mice (c) survival, (d) clinical
GVHD scores and (e) weights, after receiving BM only, BM+T, or
BM+Tcon+Tregs; Tregs transfected with control or vimentin siRNA. (f) Percent
suppression of CD4+ Tcon proliferation in a classical in vitro suppression assay
with Tregs transfected with control or RLTPR siRNA. Tcon proliferation assessed
by CFSE dilution. Tcon/Treg stimulated with soluble anti-CD3 mAb and T-cell-
depleted splenocytes. 1:11 1:9 indicates Treg:Tcon ratio. (g) Flow cytometry
CFSE analysis showing proliferation of splenic donor CD8+ Tcon on D4 after
transplant without Tregs (BM+T, black), with DMSO Tregs (red) or with AEBO71
pre-treated Tregs (blue). (h) Analysis of splenic donor CD4+ and CD8+ Tcon on
D4 after transplant from recipients given BM+T, or BM+Tcon+Tregs; Tregs pre-
treated with DMSO or AEBO71. Data from (c-g) show one experiment
representative of 2 independent experiments. n=6 mice/group for (c-d), n=5
mice/group for (f-g). * p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by

unpaired t-tests or log-rank test (survival analysis only). Error bars indicate SEM.
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Supplementary Figure 3. PKC-d/ vi ment i n ¢ ompihceeased i srupti o
Treg-mediated suppression of Tcon priming. Multi-photon analysis of brachial

(b-) and mesenteric lymph nodes (mLN) from mice given BM, eGFP-TEU CD4 +

and CMTMR-labeled OT-I CD8+ T-cells alone (BM+T), or Tcon with polyclonal

Tregs pre-treated with DMSO or AEBO71. (a) Mean velocities and confinement

ratios for each TEU c el Iconfinementkatibsfordack n vel o
OT-I cell in (b) bLN or (c) mLN. Dots represent single cells (=300 cells/group)

pooled from n=3 mice/group. Red line = data-set mean. Data show one

experiment representative of 3 individual experiments. * p<0.05; ** P<0.01; ***

P<0.0001; **** p<0.00001 by unpaired t-tests. Error bars indicate SEM.

Supplementary Figure4.PKC-d/ vi mentin compl ex disruptio
Treg-mediated suppression of Gl tract GVHD. (a-c) Recipient mice given BM

only, BM+Tcon (BM+T), or BM+Tcon+Tregs; Tregs pre-treated with DMSO or

AEBO071. (a) Histopathology scoring (0=no pathology, 4=severe pathology) from

H&E stained small intestine and colon sections harvested on D14 after

transplant. (b-c) Analysis of the total number of (b) INF-o + CD4+ and CDS8+
Tcon,and (c)INF-o + TNUOF CD4+ and CD8+ Tcon isolated f
intestine lamina propria (LP) on D14 after transplant. Cytokines analyzed after

5hr simulation with PMA/lonomycin, Brefeldin A and Monensin cocktail. (d-e) Gl
homingmolecule U4 b7 and CCR9 e x p-CDSKB23mAb after ant |
activation of (d) DMSO or AEBO71 pre-treatment, or (e) transduction with control
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or vimentin siRNA. Data show one experiment representative of 3 (a), or 2 (b-e)
independent experiments. n=5 mice/group for (a-c) and n=4 replicates/group for
(d-e). * p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by unpaired t-tests.

Error bars indicate SEM.

Supplemental Figure5.PKC-d/ vi ment i n compl ex disruptior
Treg numbers or longevity in vivo. (a-d) Recipient mice were given
BM+Tcon+Tregs; Tregs pre-treated with DMSO or AEBO71. (a) Total number of
splenic donor Tregs on D7 after transplant, and (b) total number of small
intestine LP Tregs isolated from recipient LP on D14 after transplant. (c-d)
Analysis of Treg persistence in vivo using luciferase-transgenic Tregs and
bioluminescent imaging of recipient mice. (c¢) There were no statistical
differences in luminescence between groups at any time-point. (d)
Representative images of bioluminescence of recipients on D7 after transplant.
Data show one experiment representative of 3 independent experiments. n=4
mice/group. * p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by unpaired t-

tests. Error bars indicate SEM.

Supplementary Figure 6. PKC-d vimentin complex disruption increases
Nrpl and Lag3 expression. (a-b) Analysis of Foxp3, CTLA-4, PD-1, ICOS,
CD73 and CD25 MFI on DMSO and AEBOQ71 pre-treated Tregs after anti-
CD3/CD28 mADb. (c) Analysis of the total number of IL-10+ Tregs purified from
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the small intestine LP on D7 after transplant with BM+Tcon+Tregs; Tregs pre-
treated with DMSO or AEBO71. (d) Nrpl and Lag3 expression on splenic donor
Tregs on D4 after transplant with BM+Tcon+Tregs. (e) Percent in vitro
suppression of CD8+ Tcon proliferation by DMSO and AEBO71 pre-treated Tregs
culture with either isotype, anti-Lag3, or anti-Nrp1 blocking antibodies. Graph
shows 1:3 Treg:Tcon ratio. (f) Quantification of the percent reduction in
suppression of CD4+ and CD8+ Tcon with anti-Lag3 treatment in classical
suppression assays. (g) Percent in vitro transwell suppression of CD4+ Tcon
proliferation by DMSO pre-treated Tregs given either isotype, anti-Lag3 or anti-
Nrpl blocking antibodies. (h) Quantification of the percent reduction in transwell
suppression with anti-Nrp1 treatment in transwell suppression assays. Data show
one experiment representative of 3 (a-f) or 2 (g-h) independent experiments. n=4
replicates/experiment for (a-c, e-h) and n=4 mice/group for (d). * p<0.05; **
P<0.01; *** P<0.0001; **** p<0.00001 by unpaired t-tests. Error bars indicate

SEM.

Supplementary Figure 7.PKC-d/ vi mentin compl ex disruptio
Treg metabolic activity. (a-b) Analysis of extracellular acidification rate (ECAR)

in stimulated Tregs (a) pre-treated with DMSO or AEBQ71, or (b) transfected with

control or vimentin siRNA. (c-f) Expression of (c-e) iron (CD71), amino acid

(CD98) uptake molecules, and (f) BoDipyci-ci2 uptake on splenic donor Tregs (c-

d) pre-treated with DMSO or AEBO71, or (e-f) transfected with control or vimentin
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siRNA, on D4 after transplant with BM+Tcon+Tregs. Data show one experiment
representative of 3 (a-e) independent experiments. n=5 replicates/experiment for
(a-b) and n=4 mice/group for (c-f). * p<0.05; ** P<0.01; *** P<0.0001; ****

p<0.00001 by unpaired t-tests. Error bars indicate SEM.

Supplementary Figure 8. PKC-d/ vi mentin compl ex disruptio
Treg metabolic activity in the small intestine. (a-b) Expression of Glutl on
splenic donor Tregs on D4 after transplant with BM+Tcon+Tregs. Tregs pre-
treated with (a) DMSO or AEBO71 (left), or (b) transfected with control or
vimentin siRNA. (c-d) Analysis of (c) Tetramethylrhodamine, Methyl Ester,
Perchlorate (TMRM) and (d) MitoTracker Deep red staining in splenic donor
Tregs on D4 after transplant with BM+Tcon+Tregs. Tregs pre-treated with DMSO
or AEBO71. (e-f) Analysis of CD71, CD981, CPT1a and Glutl expression, as well
as BoDipyci-c12 uptake in Tregs isolated from recipient small intestine LP on D14
after transplant. Data show one experiment representative of 3 (a-d) or 2 (e-f)
independent experiments. n=4 mice/group. * p<0.05; ** P<0.01; *** P<0.0001;

**** n<0.00001 by unpaired t-tests. Error bars indicate SEM.

Supplementary Figure 9. PKC-d/ vi ment in compl ex disruptio
Treg-mediated suppression of Tcon metabolic activity in vivo. (a-b) Analysis
of CD71, CD98 and Glutl expression on donor splenic (a) CD4+ and (b) CD8+

Tcon on D4 after transplant. Recipients given BM+T, or BM+Tcon+Tregs; Tregs
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pre-treated with DMSO or AEBO71. (c) Expression of CD71, CD98 and Glutl on
donor CD8+ Tcon isolated from recipient small intestine LP on D14 after
transplant. (d) CPT1a expression on donor CD8+ Tcon isolated from recipient
small intestine LP on D14 after transplant. Data show one experiment
representative of 3 (a-b) or 2 (c-d) independent experiments. n=4 mice/group. *
p<0.05; ** P<0.01; *** P<0.0001; **** p<0.00001 by unpaired t-tests. Error bars

indicate SEM.

Supplementary Figure 10. PKC-d/ vi mentin compl ex disrupt:.i
MTORC?2 activity. Analysisof S6and4E-BP1 phosphoryl ation afte
stimulation with anti-CD3/28 mAb Tregs (a) pre-treated with DMSO or AEB0O71,

or (b) transfected with control or vimentin siRNA. (c) Analysis of Akt
phosphorylation at Thr 308 after -tlediedst i mul a
Treg. (d-e) Analysis of (d) Akt phosphorylation (Ser473) and Foxo3a

phosphorylation, or (e) S6 and 4E-BP1 in control or PKC-d siRNA transfected

Tregs. (f-g) Analysis of (f) Akt (Ser473), Foxo3a, and (g) S6, 4E-BP1
phosphorylation in Treg stimulated for eit
BP1)withanti-CD3/ 28 mAb, a-raatedwitt8DM&O ar L0uNd of the

IKK inhibitor BAY 11-7082. Data show one experiment representative of 3 (a-c)

or 2 (d-g) independent experiments. n=5 replicates/group. * p<0.05; ** P<0.01,

*** P<0.0001; **** p<0.00001 by unpaired t-tests. MFI, median fluorescent

intensity. Error bars indicate SEM.
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Supplementary Movie 1. T E U C D-deH velbcity and motility in brachial
lymph nodes. B6 eGFP-T E U C D-delis (gfeen) and CMTMR-labeled OT-I
CD8+ T-cells (red) were transferred in to lethally irradiated CB6.F1-CD11c-YFP
mice. Brachial lymph nodes were imaged for 30 minutes with multi-photon

mi croscopy 2 dalyansfer.fTo better visUallze TocElls, YFP

positive antigen presenting cells are not shown.

Suppl ementary Movie 2. DMSO treaetlled Treg i

motility and velocity compared to when no Treg are present (in brachial
lymph nodes). B6 eGFP-T E U C D-delts (gfeen), CMTMR-labeled OT-l CD8+
T-cells (red), and unstained WT DMSO pre-treated Treg were transferred in to

lethally irradiated CB6.F1-CD11c-YFP mice. Brachial lymph nodes were imaged

for 30 minuteswithmult-p hot on mi cr oscopy -RtrasfaryT® aft er

better visualize T-cells, YFP positive antigen presenting cells are not shown.

Suppl ementary Movie 3. AEBO0O71 tredlted
motility and velocity compared to DMSO treated Treg (in brachial lymph
nodes). B6 eGFP-T E U C D-delis (gfeen), CMTMR-labeled OT-1 CD8+ T-cells
(red), and unstained WT AEBO71 pre-treated Treg were transferred in to lethally
irradiated CB6.F1-CD11c-YFP mice. Brachial lymph nodes were imaged for 30
minutes with multi-p hot on mi cr oscopy -RtramkferyTe better t e r

visualize T-cells, YFP positive antigen presenting cells are not shown.
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Suppl ement ary MoV i-ell wlocityradmod@iiRyir meEenteric
lymph nodes. B6 eGFP-TEU C D 4cells {[green) and CMTMR-labeled OT-I
CD8+ T-cells (red) were transferred in to lethally irradiated CB6.F1-CD11c-YFP
mice. Mesenteric lymph nodes were imaged for 30 minutes with multi-photon

mi croscopy 2 dalyansfer.fTeo better visUallze TocElls, YFP

positive antigen presenting cells are not shown.

Suppl ementary Movie 5. DMSO treaetlled Treg i
motility and velocity compared to when no Treg are present (in mesenteric

lymph nodes). B6 eGFP-T E U C D-delts (gfeen), CMTMR-labeled OT-l CD8+

T-cells (red), and unstained WT DMSO pre-treated Treg were transferred in to

lethally irradiated CB6.F1-CD11c-YFP mice. Mesenteric lymph nodes were
imaged for 30 minutes with multi-cp hot on mi croscopy -2 days aft
transfer. To better visualize T-cells, YFP positive antigen presenting cells are not

shown.

Suppl ementary Movie 6. AEBO0O71 tredlted Treg
motility and velocity compared to DMSO treated Treg (in mesenteric lymph

nodes). B6 eGFP-T E U C D-delis (gfeen), CMTMR-labeled OT-1 CD8+ T-cells

(red), and unstained WT AEBO71 pre-treated Treg were transferred in to lethally

irradiated CB6.F1-CD11c-YFP mice. Mesenteric lymph nodes were imaged for
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30 minuteswithmulticp hot on mi cr oscopy -RtramsfaryT® aft er TIE

better visualize T-cells, YFP positive antigen presenting cells are not shown.
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Supp Table 1

Average Log2 Average Log2
Gene Ratio Gene Ratio
names (AEB/DMSO) STD pST  Sequence window names (AEB/DMSO) STD pST  Sequence window
ABI1 -24 025 232 SPGRTASLNQRPR LRCH4 -2.8 026 432 GAPRKDSLLEPGL
ABI1 -3.3 046 223 SPARLGSQHSPGR MAP3K2 34 064 514 LOTICLSGTGMEKS
ABI3 -24 013 170 GTLSRKSIKAPAT MAP3K3 26 013 386 RNVPTKSPSAPIN
AHNAK -23 042 4903 AKLSGPSLKMPSL MAPJKS -24 026 550 QERSKPSFHAPEP
ANXAZ -25 027 B PPSAYGSVKAYTN MLLTS -25 020 215 SFTRTISNPEVVM
ARAP2 -3.0 062 281 VSRPSRSFLLRHR MYO1E -20 025 980 YPHAPGSOQRSNOK
ATADS -17 022 566 KLSRKTSIPVKDI NOB1 -21 003 325 PRGLRYSLPTPEG
BAZ1B -2.0 053 347 HLKKSLSGSPLKV PTPN1 -25 055 378 SRVVGGSLRGAQA
cDa -18 005 440 QIKRLLSEKKTCO PTPN11 -23 043 595 LMOQQOKSFR_____
cha -22 073 433 ROAERMSQIKRLL RBM39 -25 064 117 KIGLPHSIKLSRR
CHD4 <17 o004 303 KLGGFGSKRKRSS RLTPR -21 046 1226 |IGVSRGSGGAEGK
CIAPIN1 -24 026 177 SROLKLSITKKSS RPP38 -24 0.10 12 QAPGRGSLRKTRP
CNNM3 -22 00z as7 VKRKPASLMAPLK RUFY1 -34 017 165 GLEVEEKSFIGONK
DBNL -18 013 291 FLOKQLTQPETHF SAMSN1 -23 019 142 KEMRAISWTMEKKK
DDX3X -3.6 023 S0 FFSDRGSGSRGRF SCAF4 -19 003 1004 ERFGRRSFGNRVE
DDX5 -23 026 30 SRAGPLSGKKFGN SEC22B -25 035 177 NNLSSLSKKYRQD
DENNDIC -20 011 4380 VLOQRGGSLRAPAL SHC1 -15 009 139 EWTRHGSFVNKPT
DENNDAC -25 031 948 LRNKRSSLYGIAK SHKBP1 -17 009 662 RRRGGGSFVERCQ
EDF1 -3.3 049 53 GONKQHSITKENTA SIX -29 035 3 KIFKLGSEKKKKQ
EHBP1L1 -19 016 1273 PPRAHGSFSHVRD SMGS5 -23 013 457 REFSRLSCLRRRR
EIF4B -2.8 006 283 GRRAFGSGYRRDD 5P100 -19 0.06 59 LSTFRESFKKRVI
EIF4H -2.6 015 21 FGGGRGSRGSAGG SPN -3.7 040 291 TGALVLSRGGKRN
ENSA -1.7 0.16 43 LKAKYPSLGOKPG SPN51 -24 034 563 VPORGRSTRVPVA
EPB41 -18 066 709 EWDKRLSTHSPFR 5TK10 -2.6 023 i3 RRILRLSTFEKRK
FAMG3A -16 021 489 MRTRVLSLOGRGA STXS -2.6 0.09 9 PREKRYGSKNTDOQG
GMIP -1.7 003 907 TSVPRGSLRGRGP TBC1D9B -17 011 275 RPHRNISALKRDL
HIST1HI1E -3.0 031 104 GTGASGSFKLNKK TPD5212 -21 052 161 LGDMRNSATFKSF
HMGB1 -22 052 53 ERWKTMSAKEKGK TUBGCP3 -29 031 896 EPRLRVSLGTRGR
IFI16 4.6 049 95 VKGPALSRKRKKE UBEZM -28 021 6 _MIKLFSLKQOKK
IL16 -3.0 012 795 PAWFRQSLKGLRN UFDIL -34 006 335 FSGEGQSLRKKGR
INPPSD -1.9 005 1085 PAPRLRSFTCSSS UVRAG -21 004 689 LNENVSSFRRPRR
IRF2 -3.4 015 119 PLSERPSKKGKKP vimM -138 0.07 25 GTASRPSSSRSYV
KCNAB2 -2.2 0.19 1 GSPARLSLRQTGS WIPF1 -19 023 276 PVGNRPSIHREAV
LNPEP -14 0.00 91 SSGLRNSATGYRQ WIPF1 -18 004 234 TALGGGSIROSPL
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Chapter lll: Therapeutic Regulatory T-Cell Adoptive Transfer Ameliorates

Established Murine Chronic GVHD in a CXCR5 Dependent Manner

Originally published by the American Society of Hematology in the journal Blood.
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Chronic graft-versus-host disease (cGVHD) is a major complication of allogeneic
hematopoietic stem cell transplantation. In cGVHD, alloreactive T-cells and
germinal center (GC) B-cells often participate in GC-reactions to produce
pathogenic antibodies. While regulatory T-cells (Treg) can inhibit GC-reactions,
Treg numbers are reduced in cGVHD, contributing to cGVHD pathogenesis.
Here, we explored two means to increase Treg in cGVHD: IL-2/mAb complexes
and donor Treg infusions. IL-2/mAb complexes given over 1 month were
efficacious in expanding Treg and treating established cGVHD in a multi-organ
system disease mouse model characterized by GC-reactions, antibody
deposition and lung dysfunction. In an acute GVHD (aGVHD) model, IL-2/mAb
complexes given for only four days resulted in rapid mortality, indicating IL-2/mAb
complexes can drive conventional T-cell (Tcon)-mediated injury. In contrast, Treg
infusions, which uniformly suppress aGVHD, increased Treg frequency and were
effective in preventing the onset of, and treating, established cGVHD. Efficacy
was dependent upon CXCR5-sufficient Treg homing to, and inhibiting, GC-
reactions. These studies indicate that the infusion of Treg, especially ones
enriched for GC homing, may be desirable for cGVHD therapy. While IL-2/mAb
complexes can be efficacious in cGVHD, a cautious approach needs to be taken

in settings in which aGVHD elements, and associated Tcon, are present.
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Introduction

Chronic graft-versus-host disease (cGVHD) is the primary cause of long-
term morbidity and mortality after allogeneic HSCT®. The Germinal Center (GC)-
reaction between T-follicular helper cells (Tfh) and GC B-cells plays a critical role
in cGVHD pathogenesis, and inhibition of this reaction significantly reduces
cGHVD in mouse models#?7. A specialized subset of CD4+Foxp3+Regulatory
Cells (Treg), T-follicular Regulatory Cells (Tfr), migrate to lymphoid follicles
where they help quell GC-reactions!?2, However, Treg frequency is reduced in
cGVHD patients!®, and this may contribute to cGVHD pathogenesis?’1%t, Low-
dose IL-2 therapy increases Treg in some cGVHD patients, but does not always
reverse all symptoms, and long-term dosing is required to maintain efficacy93104,

IL-2 complexed with the JES6-1 clone of anti-IL-2 antibody (IL-2/mAb
complexes) has a longer in vivo half-life compared with IL-2 alone’. These
complexes preferentially bind to CD25" cells, which results in Treg expansion in
a variety of disease models’#134135 As a result, IL-2/mAb complexes may be
superior to IL-2 for Treg expansion in cGVHD. Treg infusions also increase Treg
numbers, and, unlike IL-2-based therapies, only a single dose may be
required*?8°, Prophylactic Treg infusions appear to reduce acute GVHD
(aGVHD)®4, but the efficacy of therapeutic Treg infusions in cGVHD has not yet
been fully assessed®. In this study we analyzed the therapeutic efficacy of IL-

2/mAb complexes and Treg infusions for preventing and treating cGVHD.
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Materials and Methods

Mice and transplantation. C57BL/6 (B6) (Charles River), B10.BR and B6-

CXCR5 (Jackson Laboratory) mice were housed in a pathogen-free facility and

used with Institutional Animal Care Committee approval. B6 YB1 0. BR ( ¢ GVHD)

and B6YBALB/c¢c (aGVHD) model s, incbudi
were utilized as described?3136.137 For cGVHD, cyclophosphamide-treated (120
mg/kg/D, D-3/-2), irradiated (8.3Gy,D-1) recipients received B6 BM+0.75x10°
conventional T-cells (Tcon) on DO, +0.5x108 Treg on DO or D28. For aGVHD,
irradiated (7Gy,D-1) BALB/c recipients were given B6 BM+2x10° Tcon+1x10°
Treg on DO. Tcon and Treg purified as described*3®. IL-2(0.5ug)/JES6-1 anti-1L-2
mAb(25ug) complexes were injected intraperitoneally DO-3 (aGVHD) or D28-56

(CGVHD).

cGVHD analyses. Flow cytometry for Tth, Tfr, and GC B-cells,
immunofluorescence and histopathology scoring were performed as
described?313%, Pulmonary function tests assessing cGVHD-associated

bronchiolitis obliterans syndrome, were performed as described?3.

Results and Discussion

IL-2/mAb complexes reduce cGVHD but worsen aGVHD: Consistent with
patient datal®®14° cGVHD mice have significantly fewer Treg and Tfr, and more

Tth compared with no cGVHD [bone marrow (BM) only] recipients (Figure 1A-C).
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Daily therapeutic dosing of IL-2/mAb complexes (D28-56) increased Treg and Tfr
levels (Figure 1A-B), reduced Tfh (Figure 1C), tissue pathology scores (Figure
1D-E) and ameliorated cGVHD-associated bronchiolitis-obliterans syndrome
(BOS) lung dysfunction?® (Figure 1F-H). Survival range was 90-100% (90% IL-
2/mAb complex group), and neither survival nor weights differed among groups
(not shown). These data suggest that therapeutic injections of IL-2/mAb
complexes can expand Treg, including Tfr, and reverse established cGVHD.

As some cGVHD patients can have aGVHD overlap syndrome!#!, we next
assessed the efficacy of IL-2/mAb complexes in aGVHD. A four-day course (DO-
3) of IL-2/mAb complexes accelerated mortality when given alone, and when
given in combination with otherwise highly effective Treg infusions (Figure 11).
IL-2/mAb complexes also increased severity of disease, as indicated by rapid
recipient weight loss and increases in clinical GVHD scores from D3-7 in mice
given IL-2/mAb complexes alone, and D13-17 when given with Treg (Figure 1J-
K). This exacerbation of aGVHD severity was due to expansion of CD25"CD4+
and CD8+Tcon (Figure 1L-M). Therefore, while IL-2/mAb complexes may be
effective in some cGVHD patients, they may not be ideal for cGVHD patients with
aGVHD overlap, as IL-2/mAb complexes may expand CD25" Tcon and

overwhelm Treg expansion and GVHD suppression.

Treg adoptive transfer reverses established cGVHD: Since some, but not all,
cGVHD patients may respond well to IL-2/mAb complexes, we tested Treg
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infusions in cGVHD. Treg infusions were given either therapeutically (D28), or
prophylactically (D0). A single infusion with wild-type (WT) Treg on D28 or DO
significantly reduced cGVHD-associated BOS (Figure 2A-C), and increased
Treg frequency, including Tfr (Figure 2D). Tfh and GC B-cell frequency, GC size,
and tissue pathology scores were also significantly reduced in mice given WT
Treg (Figure 2E-J). Survival range was 85-100%, and neither survival nor

weights differed among groups (not shown).

Donor Treg depend upon CXCRS5 for therapeutic efficacy: Given the
importance of the GC-reaction in cGVHD pathogenesis??, the finding that both
therapeutic and prophylactic Treg infusions increased Tfr, and reduced Tfh, GC
B-cells, and GC size, suggests that Treg may ameliorate or prevent cGVHD
through GC-reaction inhibition. The chemokine receptor CXCR5 is required for
Treg to home to GCs and inhibit B-cell responses'#?. To determine whether
homing to the GC was required for therapeutic or prophylactic Treg efficacy, we
compared CXCR5 knockout (CXCR5KO) with WT Treg. We hypothesized that
CXCR5KO Treg may be less effective than WT. However, like WT, CXCR5KO
Treg given prophylactically were able to prevent cGVHD-associated lung
dysfunction (Figure 2A-C), increase Tfr, and reduce Tfh, GC B-cells, GC size
and tissue pathology scores (Figure 2D-J). In contrast, CXCR5KO Treg given
therapeutically had no effect on lung function, Tth or GC B-cells, and minimal
effect on GC size or tissue pathology scores (Figure 2A-C, E-J). This lack of
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efficacy correlated with an absence of Tfr niche restoration, as Tfr levels were
similar to cGVHD mice (Figure 2D). These data indicate that Treg can suppress
alloreactive T-cell responses required for cGVHD generation prior to the
establishment of GC-reactions, but once GCs are formed, Treg must home to the

GC to interrupt the pathogenic process of producing antibody-secreting cells.

Summary and conclusions: Our data indicate that both therapeutic Treg
infusions and IL-2/mAb complexes can increase Treg and treat established
cGVHD. The therapeutic efficacy of Treg infusions and IL-2/mAb complexes may
be driven by Treg-mediated inhibition of the GC-reaction. Future Treg-modifying
therapies in cGVHD may be augmented by targeting Treg homing to the GC,
especially in patients with confirmed auto- or alloantibodies*3. Importantly,
whereas Treg infusions may be useful for all cGVHD patients, including those
with aGVHD overlap syndrome, IL-2/mAb complexes may need to be used with
more caution. Even though IL-2/mAb complexes have the capacity to expand
Treg in cGVHD, our data suggest that they also have the potential to expand
activated CD25" Tcon and thus, may best be reserved for cGVHD patients with
no aGVHD overlap. Alternatively, lower doses or different dosing schedules of IL-
2/mAb complexes could result in less Tcon expansion, which could increase the
therapeutic index for cGVHD patients, including those with aGVHD overlap.
Regardless, Treg infusions could prove to be advantageous over IL-2-

based therapies, because IL-2-based approaches require long-term treatment to
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maintain efficacy, whereas Treg might require more limited dosing. Considering
that Treg from a single autologous Treg infusion have been shown to persist at
least 1 year in type-1 diabetes patients®, it is possible that a single Treg dose
would be sufficient. However, the half-life of infused Treg in cGVHD is unknown,
and long-term Treg survival may be limited by concurrent use of
immunosuppressive agents that minimize IL-2 bioavailability. Therefore, it may
be worthwhile in future studies to explore infusions of either non-enriched or
CXCR5-enriched Treg combined with low-dose IL-2, or other approaches that
deliver IL-2 to drive Treg, but not Tcon, proliferation. Alternatively, Treg and IL-2-
based treatments could be given sequentially in cGVHD patients, including those
with aGVHD overlap, treating first with Treg, to ensure dampening of any
aGVHD-like components, followed by IL-2-based therapies as a novel, potentially

efficacious approach.
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Figure Legends

Figure 1. IL-2/mAb complexes treat cGVHD but exacerbate aGVHD. (A-F):
B10.BR mice were transplanted with either T-cell depleted (TCD) B6 BM (BM
Only), or B6 TCD BM with purified B6 Tcon to establish cGVHD. Mice given BM
with Tcon were treated with 200uL of PBS (cGVHD), or with 200uL of IL-2/mAb
complexes (0.5ug IL-2/25ug JES6-1 anti-IL-2 mADb) in PBS from D28-56 after
transplant. (A) Total number of splenic Treg were measured on D56 after
transplant, and found to be significantly higher in mice given IL-2/mAb complexes
vs. cGVHD mice. (B-C) Frequency of Tfr (CD4+Foxp3+PD1hiCXCR5hi) and Tfh
(CD4+Foxp3-PD1hiCXCRb5hi) out of total splenic CD4+ T-cells were measured
by flow cytometry on D56 after transplant. (B) Tfr were found in a higher
frequency, but (C) Tfh at a lower frequency in mice given IL-2/mAb complexes.
(D-E) Histopathology scoring of the (D) liver and (E) lung based on H&E stained
cryopreserved sections of organs harvested on D56 after transplant. Scores
show reduced pathology in mice given IL-2/mAb complexes vs. cGVHD. (F-H)
Pulmonary function tests (PFTs) assessing (F) airway resistance, (G) total lung
elastance, and (H) total lung compliance were performed on D56 after transplant.
PFTs demonstrate partial reversal of PFTs characteristic of cGVHD-associated
bronchiolitis obliterans syndrome in mice given IL-2/mAb complexes. A-F show
representative data from 2 independent experiments; n=8-10
mice/group/experiment. Bar graphs show mean +SEM. Multiple comparisons
made usingone-way ANOVA wi t h-test 8igndicarice:. *, p<0.85t **,
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P<0.01; *** P<0.001; *** p<0.0001. (I-M): BALB/c mice were transplanted with
B6 BM (BM Only), BM with purified B6 Tcon (aGVHD), or BM, Tcon and B6 Treg
(Treg) on DO. Groups were given 200uL of PBS or 200puL of IL-2/mAb complexes
(0.5ug IL-2/25ug JES6-1 anti-IL-2 mADb) in PBS from DO0-3 after transplant. (1)
Survival of recipient mice shows increased mortality rate in groups given IL-
2/mAb complexes: aGVHD vs. aGVHD/IL-2 complex (*); Treg vs. Treg/IL-2
complex, (***); aGVHD/IL-2 complex vs Treg/IL-2 complex, (*); aGVHD vs Treg,
(**). (J) Recipient body weights show sharp declines for aGVHD/IL-2 complex
group from D3-7, and Treg/IL-2 complex group from D13-17. Comparisons on
graph: D7 - aGVHD vs aGVHD/IL-2 complex (***); D17 - Treg vs Treg/IL-2
complex (***); D17-38 - Treg vs aGVHD. (K) Clinical GVHD scores show sharp
increases for aGVHD/IL-2 complex group from D4-7, and for Treg/IL-2 complex
group from D11-14. Comparisons on graph: D7 - aGVHD vs aGVHD/IL-2
complex (****); D17 - Treg vs Treg/IL-2 complex (****); D14-39 - Treg vs aGVHD.
(L-M) Flow cytometry analysis of splenic T-cells on D5 after transplant revealed a
higher (L) frequency and greater (M) numbers of CD25hiCD4+Foxp3- and
CD25hiCD8+Tcon in mice given IL-2 mAb complexes, compared to untreated
groups. Survival differences analyzed by log-rank test. Bar graphs show mean
+SEM. Multiple comparisons made usingone-way ANOVA with- Tukey6s
test. I-M show representative data from 3 independent experiments; n=5-8
mice/group/experiment. Significance: *, p<0.05; **, P<0.01; ***, P< 0.001; ****,
p<0.0001.
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Figure 2. Treg infusions treat cGVHD in a CXCR5 dependent manner.
B10.BR mice were transplanted with either T-cell depleted (TCD) B6 BM (BM
Only), or TCD B6 BM with purified B6 Tcon (cGVHD) as in FiglA-F. Some
groups of mice given BM and Tcon were also given either WT or CXCR5KO Treg
on DO (prophylactic) or D28 (therapeutic). (A-C): PFTs assessing (A) airway
resistance, (B) total lung elastance, and (C) total lung compliance were
performed on D56 after transplant. PFTs demonstrate reversal of PFTs
characteristic of cGVHD-associated bronchiolitis obliterans syndrome in all mice
given WT Treg, and CXCR5KO Treg on DO, but not mice given CXCR5KO Treg
on D28. (D-F): Frequency of (D) Tfr and (E) Tfh out of total splenic CD4+ T-cells,
along with frequency of (F) Germinal Center (GC) B-cells (CD19+GL7hiFAShi)
out of total splenic B-cells were measured by flow cytometry on D56 after
transplant. (D) Tfr frequency was found to be higher, but (E) Tth and (F) GC B-
cell frequency lower in mice given WT Treg and CXCR5KO Treg on DO, but not
mice given CXCR5KO Treg on D28. (G) Representative images of frozen spleen
tissues stained with Cy3-peanut agglutinin (red) to delineate GCs. (H)
Quantification of GC area from frozen spleen tissues stained with Cy3-peanut
agglutinin as in (G) from 5 spleens/group. WT CXCR5KO Treg given on DO
reduce GC area to levels near that of BM only mice. CXCR5KO Treg given on
D28 reduce GC area slightly, but not significantly, compared with cGVHD mice,
and do not decrease GC area to the same degree as WT Treg. (I) Histopathology

scoring of the liver based on H&E stained cryopreserved sections of organs
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harvested on D56 after transplant. Scores are not significantly different between

mice given CXCR5KO Treg on D28 and cGVHD mice. (J) Histopathology scoring

of lung based on H&E staining as in (I). Scores are not significantly different
between mice given CXCR5KO Treg on D28 and cGVHD mice. A-J show
representative data from 2 independent experiments; n=5-8
mice/group/experiment. Bar graphs show mean £SEM. Multiple comparisons
made using one-way ANOVAwi t h T u k-test.&ignifipaocs: t*, p<0.05; **

P<0.01; ***, P<0.001; ****, p<0.0001.
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