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Editorial on the Research Topic
Pathogenesis and Therapy of Graft-versus-Host Disease

The therapeutic potential of allogeneic hematopoietic cell transplantation (allo-HCT) for the
treatment of malignant diseases relies on the graft-vs.-leukemia (GVL) or graft- vs.-tumor (GVT)
responses to eradicate residual tumor cells through immunologic mechanisms. Graft- vs.-host
disease (GVHD) is a major cause of transplant-related morbidity and mortality following allo-HCT
(allo-HCT). GVHD is clinically described in two forms: acute (aGVHD) and chronic (cGVHD).
aGVHD is primarily induced by T cells commonly characterized by a type I T-cell response; whereas
c¢GVHD is induced by both T and B cells, similar in nature to that of autoimmune disorders.
Additionally, late acute GVHD, defined as occurring beyond 3 months post-transplant, is associated
with high lethality. Despite advances in patient care and pharmacologic prophylaxis strategies, the
incidence of GVHD, particularly cGVHD, has not greatly declined over time. In fact, effective
treatment options are very limited beyond steroids. Currently, the only FDA-approved agents
for steroid-refractory acute and chronic GVHD are ruxolitinib and ibrutinib, respectively. Even
with these new agents, GVHD mortality and its impact on quality of life remains a major clinical
challenge. Therefore, it is urgently required to further understand GVHD pathogenesis and identify
novel therapeutic targets for the prevention and treatment of this devastating disease as a major
complication of allo-HCT.

Since allo-reactive donor T cells are central to aGVHD pathophysiology, research has focused on
donor T-cell activation, metabolism, co-stimulatory/co-inhibitory signals, differentiation, memory,
and migration. Regulation of T-cell allo-responses via protein kinases, metabolites, non-coding
RNAs, and other post-transcriptional pathways has also gained substantial attention in recent
years. Beyond donor T cells, antigen-presenting cells (APCs) especially dendritic cells (DCs) and
other lymphoid cells including natural killer (NK), NKT and innate cells (ILCs) also contribute
to aGVHD pathogenesis. In addition, microbiota, tissue injury/repair, and thymopoiesis are also
critically involved in aGVHD pathogenesis. The pathophysiology of cGVHD is characterized by
fibrosis with inflammation resulting in organ dysfunction. Immunological mechanisms of cGVHD
involve (i) aberrant conventional T and B cell activation, differentiation and interactions; and
(ii) decreased production and development of regulatory T cells (Tregs). Therefore, cGVHD
research is now moving toward a better understanding of the roles of B-cell signaling, activation,
germinal center formation, and plasma cell differentiation; as well as the roles of T-cell signaling,
activation, and differentiation into T helper and regulatory subsets. In this Research Topic, we
brought together six outstanding original research and 10 state-of-the-art Review articles on the
pathogenesis and therapy of GVHD that cover the following sub-topics:
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IMMUNE CELLS

Significant progress has been made in defining the dichotomous
role of DCs in the development of GVHD. Host-derived DCs are
important to elicit allogeneic T cell responses, whereas certain
donor-types of DCs derived from newly engrafted hematopoietic
stem/progenitor cells (HSPCs) can amplify this GVH reaction. In
contrast, some DCs also play non-redundant roles in mediating
immune tolerance. They induce apoptotic deletion of host-
reactive donor T cells while promoting expansion and function of
Tregs. Yu et al. focused on the opposing side of the immunologic
synapse, and describe how DCs mediate T cell allo-sensitization
or immune tolerance after allo-HCT. In an original research
paper, the Betts Lab identified a new approach to prevent
GVHD that impairs monocyte-derived DC alloactivation of T
cells, yet preserves GVL effect Betts et al. They demonstrated
that Inhibition of XBP-1 splicing reduces migration of human
monocyte-derived DCs, allo-stimulatory potency, and curtails
their ability to produce IL-1P, TGEFP, and p40 cytokines,
suppressing Th1 and Th17 cell priming without interfering with
Treg function or GVL effects by CTL and NK cells.

Original research from the Copsel et al. Lab demonstrates that
BET inhibition prevents GVHD, particularly by supporting the
expansion of highly potent Tregs. Chen and Mayne describe the
limited ability of allospecific CD44M8" central memory T cells
(Tmem) to exert clinical GVHD, owing to functional exhaustion
Huang et al. In addition, Shao et al. characterize how ILCs
influence GVHD after allo-HCT. Altogether, these primary and
review papers delineate the contributions of DCs, Tmems, Tregs,
and ILCs in GVHD pathogenesis.

CYTOKINE NETWORKS

With regard to inflammatory cytokine networks in GVHD
pathophysiology, Piper and Drobyski explore the role of STAT3-
dependent inflammatory cytokines in acute GVHD of the gut.
They also highlight novel translational approaches to target
such cytokines to improve outcomes after allo-HCT. The report
from Bastian et al. focuses on the unique anti- and pro-
inflammatory properties of the IL-12 cytokine family, and how
they impact GVHD onset and severity. Their article features
data from pre-clinical studies and early phase clinical trials
that identify p40 cytokines and receptor signaling elements, as
pathogenic, and thus, candidates for therapeutic intervention.
Further, primary research from Yoshihara et al. identifies how
TNFa opposes stem cell engraftment. Their work suggests
cytokine blockade with etanercept could enhance engraftment
and possibly prevent GVHD after allo-HCT. Though a separate
clinical entity from GVHD, Senyuk et al. demonstrate that
post-transplant hemophagocytic lymphohistiocytosis is similarly
driven by alloreactive T cells and inflammatory macrophages.

CO-STIMULATION AND CO-INHIBITION

Kumar et al. characterize how co-stimulation or co-inhibitory
molecules influence donor T cell allo-activation, including

common co-stimulatory molecules such as CD28, ICOS, CDA40,
CD30, CD27, 0OX40, and 4-1BB and common negative regulators
such as CTLA-4, PD-1, TIM-3, and LAG-3. They discuss how
these co-stimulatory and co-inhibitory pathways are involved
in T-cell function and contribute substantially in GVHD
pathogenesis. They urge that further intensive exploration of
these pathways is needed before these potential therapeutic
targets could become new clinical options to control GVHD
without causing severe side effects. Cassady et al. focus on
how PD-L1 interactions with PD-1 and CD80 that differentially
regulate auto- and allo-immunity. They discuss how these
interactions can separate GVL activity from GVHD in preclinical
animal models and highlight the recent clinical application and
challenges of PD-L1/PD-1 blockade after HCT for augmenting
GVL activity. Original research from the Zhang et al. Lab
characterizes the role of ICOS in chronic GVHD pathogenesis
as well as its critical influence on Treg biology. They demonstrate
that ICOS promotes T- and B-cell activation and differentiation,
which can promote cGVHD development; whereas ICOS is also
critical for the survival and homeostasis of iTregs, which can
suppress cGVHD. Hence, ICOS balances the development of
c¢GVHD and could offer a druggable target to improve clinical
outcomes after allo-HCT.

METABOLISM

Metabolism is an attractive therapeutic target to optimize cancer
immunotherapy and GVHD prevention. T-cell subsets are poised
to distinct metabolic pathways that can determine their function
and differentiation. Because distinct T-cell subsets mediate GVH
vs. GVL response, the dominant metabolic properties of these
distinct subsets might serve as new therapeutic targets that can
be exploited to prevent GVHD without compromising GVL
activity. Tijaro-Ovalle et al. highlight the metabolic features of
malignant hematopoietic cells and discuss the metabolic features
that guide the function of T cells and APCs during processes
involved in GVH and GVL responses. They also provide rationale
for potential therapeutic interventions by targeting metabolic
pathways that guide the differentiation and function of these
immune cells in the context of allo-HCT. Emerging clinical
and pre-clinical evidence indicates that certain micronutrients
may participate in regulating GVHD risk after allo-HCT.
Dietary micronutrients contribute significantly to modulating
various immune responses including cell metabolisms and may
influence the susceptibility to autoimmune and inflammatory
diseases. Chen and Mayne summarize recent advances in
our understanding with respect to the potential role of
micronutrients in the pathogenesis of acute and chronic GVHD,
focusing on vitamins A and D. They reveal the therapeutic
benefits of vitamins A and D in controlling alloreactive T cells.

THE GVL RESPONSE

Separating pathogenic GVHD from beneficial GVL is an area
of substantial interest and research among the field. In a
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comprehensive review, Chang et al. summarize the biology
of GVH and GVL responses in pre-clinical models and
discuss potential novel therapeutic strategies to reduce the
relapse rate after allo-HCT. They also review the approaches,
including optimal donor selection, conditioning regimens, donor
lymphocyte infusion, BCR/ABL-specific CTL, and chimeric
antigen receptor-modified T cells, which have been successfully
used in the clinic to enhance and preserve the GVL without
aggravating GVHD. CTL plays a critical role in mediating
the GVL effect. Du and Cao detail how cytotoxic pathways,
particularly Fas/Fas ligand, perforin/granzyme, and cytokines, in
T cells differentially contribute to GVHD vs. GVL effect.

The collection of articles in “Pathogenesis and Therapy of
Graft-vs.-Host Disease” clearly provides an in depth review of our
current understanding of GVHD pathophysiology. Moreover,
contributions to this collection also present innovative strategies
to prevent acute and chronic GVHD, preserve GVL, and support
tolerizing Tregs or DCs after allo-HCT.
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Allogeneic hematopoietic stem cell transplantation (Allo-HSCT) is the only curative
treatment for multiple hematologic malignancies and non-malignant hematological
diseases. However, graft-vs.-host disease (GVHD), one of the main complications after
allo-HSCT, remains the major reason for morbidity and non-relapse mortality. Emerging
evidence has demonstrated that innate lymphoid cells (ILCs) play a non-redundant role
in the pathophysiology of GVHD. In this review, we will summarize previously published
data regarding the role of ILCs in the pathogenesis of GVHD.

Keywords: innate lymphoid cells, graft-vs.-host disease, NK cells, T cells, hematopoietic stem cell transplantation,
ILCreg

INTRODUCTION

Definition of ILCs
Innate lymphoid cells (ILCs) encompass natural killer cells (NK) and ILC1, ILC2, and ILC3 cells
(1-3). In contrast to T cells, these cells lack rearranged antigen receptors (1-3). It has been
demonstrated that ILCs develop in the fetal liver and adult bone marrow, whereas mature ILCs
are mainly enriched in the GI tract, lungs, liver, and skin (1-3). NK cells, which account for ~15%
of human peripheral blood (PB) lymphocytes, exert cytolytic effects, and secrete IFN-y, granzyme
B, and perforin. In mouse, NK cells are characterized by the expression of natural killer cell
p46-related protein (NKp46; also known as NCR1) receptor, and expressing transcription factors
T-bet and Eomes (4-6) (Figure 1, Table 1). In humans, there are two main subsets of NK cells:
CD3~CD56"8"CD16~ and CD3~CD56%™ CD16+ cells (4-6) (Table 2). ILCs exhibit a cytokine
repertoire that mirrors that of T helper cells. For instance, similar to Thl cells, ILC1 cells can
respond to IL-12 and IL-15 and subsequently secrete effector cytokines, such as IFN-y and TNF-a
(4-6). However, unlike NK cells, ILC1 cells do not display cytolytic effects (15). Murine ILC1 cells
express Nkp46, NK1.1, T-bet, and CD200r1, but without expression of Eomes (16).

In humans, CD1277CD161TCD34™~ c-Kit~ T-bet™ Eomes IFN-y*ILCI cells are enriched in
the tonsils (15-17). Interestingly, Lin~CD127+tCD161tCD117~NKp44~ CRTH2~ ILCI cells have
been found in the PBMCs of healthy individuals and atopic dermatitis (AD) patients (15-18).
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FIGURE 1 | Characteristic of ILCs. ILCs encompass NK, ILC1, ILC2, and ILC3 cells. Murine and human NK cells can secrete IFN-y, granzyme B, and perforin. In
humans, NK cells have two main subsets: CD3~CD569"MCD16~ and CD3~CD569MCD16+ cells. ILC1 cells can respond to IL-12 and IL-15, and subsequently
produce IFN-y and TNF-a. In humans, CD127+CD161+ CD34~ c-Kit~T-bet™ Eomes™ IFN-y* ILC1 cells are enriched in the tonsils. Additionally,
Lin~CD127+CD1611 CD117~ NKp44~CRTH2~ ILC1 cells have been found in the human PBMCs. In mice, ILC2 cells are Lin~CD127+CD25% KLRG1+
GATA3NIN cells which are responsive to IL-2, IL-4, IL-7, IL-25, IL-33, TSLP, and prostaglandin D2, and subsequently produce multiple effector cytokines. In humans,
ILC2 cells express GATA3, CD127, CD161, CD25, ST-2, IL-17A, and CRTH2. Both murine and human ILC3 cells are Lin~CD127+tRORyt™. They are responsive to
IL-1B, IL-6, and IL-23, and produce IL-22, IL-17A, IL-17F, GM-CSF, TNF-a, and LTa1Bo.
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TABLE 1 | Phenotype of murine ILCs.

TABLE 2 | Phenotype of human ILCs.

Marker Mouse Marker Human
NK ILC1 ILC2 ILC3 NK ILC1 ILC2 ILC3
cD3 - ) - 7 - 7) - ) cbta - (6,12 - (6,12 - (5,12 - 5,12)
CD4 - ) - ©) - ©) + 7,9 cD3 N - 5, 12) - 12) - (12)
CD19 - (7) - (7) - (7) - (7) CD4 - (13) + (14) - (13) + (15)
CD25 + (10) + (10) + (7, 10) + (10) CD7 + ND + ) + ©) + 9)
CD45 + (10) + (7, 10) + (7, 10) + (7,10, 11) CD11lc - (5,120 - (5,12) - (5, 12) - (5,12)
CD4%a + (7,100 + (7,100 ND - ND - cD14 - (5,12 - (5,12) - (5,12) - (5,12)
cDe9  +  (10) T (10)  ND - ND - cD16  + (10,15) - (10) - (10) - (10)
cD9o  +  (10) + (10) + (10) + (10) cD19 - (5,12 - (5, 12) - (5, 12) - (5, 12)
cbo4 £ (100 ND - + (100 ND - cD2s £+ (100 + (10) +  (10,14,15) =+ (10)
cD103  +  (10) - (100 ND - ND - cD34 - (5,12 - (5,12 - (5,12 - 5,12)
cD117  —  (10) + (10) + (10) + (10) Ccb4s  + (5,100 + (10) + (10) + (5,10
cDi22  +  (10) + (10) + (10) - (10) CcD49a + (15 =+ (15) ND - ND -
cDi127  +  (10) + 910 + ©10) + (7,910 CcDs6  + (10,15) - 5, 10) - ©,10) + (9,10
cD160  +  (10) + (100 ND - ND - cDe9 +  (10) + 10) ND - + )
CcD294 - (10) ND - + (100 ND - cD94  + (5,100 - (510,12 - (5,10,12) - (5,10, 12)
NKp46  + (7,100 + (7,100 - (10) + (7,10,11)  CD103 =+ (15 +  (9,15) - ©) - ©)
NK11 4+ (7,100 + (7,100 - (10) + (10) co117 + (1) - (10) + (10) + (10)
NKG2D +  (10) ND - - (10) + (10) cD123 - (5,12 - (5,12 - (512 - (512
ND, not determined. cbi27  + (10 + (10) + (510,13 + (5,10
+ positive; — negative; £+ sometimes positive. Cb294 - (12 - (12) + (5, 12) - (12)
TCRap - (120 - (12 - (12) - (12)
TCRys - (12 - 12) - 12) - 12)
NKpd6 +  (10) - (10) - (10) + (10)
ILC2 cells are defined as Lin"CD127TCD25TKLRG1+ NKpdd  + (10 - (10) B (10) 4 (5, 10)
GATA3Me" cells in mice. These cells are responsive to multiple NKp30 +  (10)  + (10) n (10) 4 (10)
cytokines, including IL-2, IL-4, IL-7, IL-25, IL-33, TSLP, and 11 &+ (10 + @10+ (10) N (10)
prostaglandin D2, and subsequently produce Th2-type cytokines,  \qop (10 ND _ ND _ 4 (10)

such as IL4, IL-5, IL-9, IL-13, and amphiregulin (AREG) (1, 13,
19-26). In humans, ILC2 cells express GATA3, CD127, CD161,
CD25, ST-2, IL-17A, and chemo-attractant receptor-homologous
molecule expressed on Th2 lymphocytes (CRTH2) (1, 13, 15).

Both murine and human ILC3 cells are identified as
Lin~CD127TRORyt™ cells (15). Mouse ILC3 cells consists
of three subsets: lymphoid tissue-inducer cells (LTi), LTi-like
CCR6-expressing ILC3 cells and NCR-expressing ILC3 cells
(NCRTILC3) (1, 15). Similar to Th17 cells, they are poised
to respond to the stimulation by IL-1f, IL-6, and IL-23 and
subsequently produce effector cytokines, such as IL-22, IL-17A,
IL-17F, GM-CSE TNF-q, and LTa1B; (1, 15, 27-29).

NK cells are critical players in controlling intracellular
bacterial and tumor surveillance (1, 15, 30). ILC1 cells are
capable of controlling intracellular pathogens, whereas ILC2
cells have the capacity to limit extracellular parasitic worm
infections, promote epithelial repair, and maintain mucosal tissue
homeostasis. Notably, ILC2 cells are associated with chronic
diseases such as pulmonary fibrosis, hepatic fibrosis, and atopic
dermatitis (1, 2, 15, 30). NCRTILC3 cells are the most prevalent
ILC3 subset in the intestine, whereas LTi-like ILC3 cells are
mainly localized in the colon and lymphoid tissues (2, 30-32).
ILC3 cells are key contributors to tissue repair and protect
mucosal barriers against infection by extracellular bacterial and
fungi (1, 2, 30-32).

ND, not determined.
+ positive; — negative; + sometimes positive.

Generation, Transcription, and Plasticity

of ILCs

ILCs originate from common lymphoid progenitors (CLPs),
which subsequently differentiate into two different lineages: the
common helper-like innate lymphocyte progenitors (CHILPs)
and the conventional natural killer cell progenitors (cNKps)
(Figure 2). However, CHILPs are a heterogeneous population
consisting of innate lymphoid cell precursors (ILCPs) and
lymphoid tissue-inducer precursors (LTiPs) (33, 34). CHILPs
are defined as Lin IL-7RTFlt-3~a4f77CD25~ Id2hishpLzF+
cells and can give rise to ILC1, ILC2, ILC3, and LTi cells
but not cNK cells (30, 33, 35). ILCPs are designated as
Lin~CD1271a4B7TPLZF™ cells and can produce all ILC lineages
(33). LTiPs are the precursors of LTi cells and are defined as
Lin~CD1271a4B7 " c-Kit™ RORytTPLZF ™ cells (33). cNKps can
generate cNK cells and are unable to give rise to ILC2 and ILC3
cells. The development of cNK cells requires inhibitor of DNA
binding 2 (Id2) (36-38), nuclear factor interleukin 3 (NFIL3)
(39-42), thymocyte selection-associated high-mobility group box
protein (TOX) (43, 44) and Eomesodermin (Eomes) (45, 46).
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FIGURE 2 | Generation, transcription and plasticity of ILCs. (A) ILCs originate from CLPs, which subsequently differentiate into CHILPs and cNKps. cNKps can
generate cNK cells. The development of cNK cells requires 1d2, NFIL3, TOX, and Eomes. Its functional maturation and bone marrow egress of these cells requires
T-bet. ILC1 cells arise from Id2+PLZF CHILP progenitor cells. The development of ILC2 cells requires 1d2, GATA-3, RORa, TCF-1, BCL11B, and Notch. ILC1 cells
can be converted into NK cells after ectopic expression of Eomes. IL-12 can endow ILC2 cells with ILC1 features by secreting IFN-y, whereas IL-12 and IL-23 can
induce the transition of ILC3 cells into ILC1 cells. The development of ILC2 cells requires 1d2, GATA-3, RORa, TCF-1, BCL11B, and Notch. RUNX3 is necessary for
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However, the functional maturation and bone marrow egress
of these cells requires T-bet (45-48). NFIL3 is involved in the
development of bone marrow-derived NK cells from CLPs under
homeostatic conditions and is necessary for the formation of
splenic and thymic NK cells (39-42). Unlike ¢NK cells, ILCI cells
arise from Id2TPLZF T CHILP progenitor cells (49). Interestingly,
the development of ILC2 cells requires Id2 (36, 37), GATA-
binding protein 3 (GATA-3) (50-52), RORa (53), transcription
factor 1 (TCF-1) (54-56), BCL11B (57, 58), and Notch (59, 60).
GATA-3 is crucial for the secretion of effector cytokines, such as
IL-5 and IL-13, by mature ILC2 cells (50-52, 61). In addition,
Gfil can promote the development of ILC2 cells and control their
responsiveness during infection by Nippostrongylus brasiliensis
and protect against allergen-induced lung inflammation (62).
Runx3 is another key factor in the differentiation of ILC1 and
ILC3 cells. It controls the survival of ILCI cells and is necessary
for the expression of RORyt and AHR in ILC3 cells (7, 63).

ILC3 cells differentiate from Lin~IL-7Ra*Flt3~y4p7™ fetal
liver progenitors and express Id2 and RORyt in mice (1, 37).
The development of murine LTi cells and LTi-like ILC3 cells
requires the expression of RORyt, the aryl hydrocarbon receptor
(AHR), RUNX3 and Notch (1, 2, 37, 64). The AHR seems
to be involved in the expansion of CCR6™/VILC3 cells (65-
68). AHR™/~ mice exhibit a decrease in CCR6~/1°WILC3 cells
without alteration in the CCR6TILC3 population. Furthermore,
T-bet controls the fate and function of CCR6™RORytTILCs.
Postnatal CCR6™RORytTILCs upregulate T-bet, which is
modulated by the commensal microbiota. Tbx21~/~ mice exhibit
normal development of CCR6 RORyt* cells' but they fail to
differentiate into NKp46TRORyt™ ILCs, suggesting that T-bet
is necessary for the differentiation of NKp46TRORyt™ ILCs
in mice (8, 69). Additionally, the IL-1B/IL-1R/MyD88 pathway
controls the production of IL-22 by NKp46TRORytTILCs in
the small intestine (SI) of mice (70). In contrast to mice, both

human Lin~CD34TCD45RATCD117TIL-1RTRORyt™ cells and
stage 2 IL-1RT cells in secondary lymphoid tissues (SLT) can
differentiate into nearly all ILC populations including NK cells
(71). Collectively, these results demonstrate that the development
of ILCs is not dependent on a single “master regulator” but on
a complex network of transcription factors (TFs) (1, 15, 31).
Interestingly, recent studies have focused on the plasticity of
ILCs. For instance, ILC1 cells can be converted into NK cells
after ectopic expression of Eomes (31, 48). IL-12 can endow ILC2
cells with ILC1 features by secreting IFN-y (60, 72), whereas IL-
12 and IL-23 can induce the transition of ILC3 cells into ILC1
cells (60, 73, 74). Furthermore, dermal NCR™ILC3 cells can be
transformed into NCR™ ILC3 cells in the presence of IL-18 and
IL-23 in vitro (42, 75-77).

Localization and Migration of ILCs

NK cells are mainly located in the bone marrow, lymph nodes,
spleen, lungs, and liver, whereas ILC1 cells mainly reside in the
intestinal intraepithelia (IE) (2, 78, 79). ILC2 cells are located
in the lungs and lamina propria of the small intestine (SI)
and skin, whereas ILC3 cells are predominantly located in the
lamina propria, Peyer’s patches and lymphoid follicles of the
small intestine (78, 79).

It is generally considered that fetal liver and bone marrow are
the “factories” where ILC subsets are generated (1, 2). However, a
report by Gasteiger et al. have indicated that the vast majority of
ILCs in both lymphoid and non-mymphoid organs are long-lived
tissue-resident under steady state (80). Another elegant study
by Di Santo JP’s lab has proposed a model of “ILC-poiesis” and
provided a mechanism by which tissue ILCs could be replenished
from blood ILCPs in response to steady-state losses and under the
circumstance of infection and inflammation (81-83).

Recently, increasing evidence has indicated that ILC1 and
ILC3 cells can migrate into SLTs, depending on integrins and

Frontiers in Immunology | www.frontiersin.org

n

June 2019 | Volume 10 | Article 1233


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Shao et al.

Role of ILCs in GVHD

chemo-attractant receptors, whereas the migration of ILC2 cells
from hematopoietic sites to target tissues is independent of the
aforementioned receptors.

It has been indicated that the migration of NK cells to LNs
via high endothelial cells (HEVs) might be mediated by CCR7
or CXCR3. The migration of ILC1 and ILC3 cells to SLTs occurs
in a CCR7-dependent manner (84, 85). ILC2 cells, located in
the bone marrow, spleen as well as mesenteric lymph nodes,
constitutively express CCR9 and «4p7, rather than the RA-
dependent homing receptor (79, 84). The migration of LTi-
ILC3 cells to lymphoid follicles and the spleen marginal zone is
regulated by the CXCL13-CXCR5 axis (86). Notably, trafficking
receptor switches play a crucial role in the migration of ILCs. For
instance, activation of spleen ILC3 cells induces upregulation of
CCR9 and 04f7 with concomitant downregulation of CCR7 in
the presence of IL-7 and all-trans retinoic acid (RA) and prompts
the migration of these cells to the intestine (84, 87, 88).

ILCs and GVHD

Allogeneic hematopoietic stem cell transplantation (Allo-HSCT)
is the most powerful therapy for hematologic malignancies and
a majority of non-malignant hematological diseases. One of the
major barriers to the efficacy of allo-HSCT is the occurrence
of GVHD. Radiotherapy/chemotherapy induction regimens
damage epithelia, especially the intestinal mucosa, in recipients,
followed by the translocation of commensal microbiotas from
the GI tract into the peripheral blood. Subsequent activation of
adaptive immunity promotes the occurrence of aGVHD (89-94).

The Role of Donor-Derived ILCs in GVHD

The role of NK cells in the pathogenesis of GVHD seems to
be controversial (95, 96). Early studies indicated that target
organs, such as the skin, liver, and GI tract, in HSCT recipients
with aGVHD were infiltrated with NK cells, suggesting that
NK cells might promote the development of GVHD (97-99).
In accordance, administration of NK cell depleting antibodies
against GM1 or NK1.1 significantly mitigated GVHD in murine
models (100, 101). Cooley et al. have demonstrated that, in
unrelated HSCT, increased production of IFN-y by NK cells has
correlated with more aGVHD, and decreased KIR expression
has associated with inferior survival of patients, suggesting that
NK cells might promote GVHD via secretion of inflammatory
cytokines such as IFN-y and TNF-a (102).

Recently, a first-in-human trial of adoptive transfer of donor-
derived IL-15/4-1BBL -activated NK cells was conducted in
an HLA-matched, T-cell-depleted non-myeloablative peripheral
blood stem cell transplantation (103). In this clinical trial, five
of nine transplant recipients experienced acute GVHD, with
grade 4 GVHD in three patients. Together, the aforementioned
studies seem to support the notion that NK cells promote
GVHD. However, contradictory results were obtained from
other studies where adoptive transfer of donor-derived NK cells
into HSCT recipients can prevent the occurrence of GVHD in
mouse and humans (104-107). In an MHC mismatched murine
model (BALB/c— C57BL6), IL-2-activated donor-derived NK
cells were administered with allogeneic bone marrow cells and
splenocytes (104). Mice receiving pre-activated donor-derived

NK cells significantly delayed the onset of GVHD and prolonged
the survival of mice. Consistently, these mice exhibited no
infiltration of inflammatory cells with normal structure of gut
(104). In accordance, another animal study by Song et al. has
shown that single infusion of IL-12/IL-18- pre-activated donor
NK cells one day 0 after HSCT has mitigated severe or mild
aGVHD, and enhanced GVL effects (108).

In line with animal data, clinical results from a phase 1
clinical trial have shown that the infusion of high doses of
ex vivo-membrane-bound interleukin 21(mbIL-21) expanded
donor-derived NK cells is safe without adverse effects, without
increased GVHD or high mortality (109). Therefore, early
infusion of pre-activated donor-derived NK cells has the
potential of prevention of GVHD. However, it should be
taken into account that different strategy for the activation of
donor-derived NK cells might bring different outcomes. Other
important issues that should be considered are the infusion
timing of NK cells, MHC/HLA matching degree between
donors and recipients as well as the pretreatment strategy
before HSCT.

Interestingly, NK cells can alleviate ¢cGVHD by directly
constraining recipient minor histocompatibility Ag (mHA)-
triggered proliferation of donor-derived CD4™" T cells in a Fas-
dependent manner (110). Evidence from Ruggeri Us report has
indicated that the KIR ligand incompatibility between donor and
recipient might endow donor-derived NK cells to prevent the
occurrence of GVHD, via direct depletion of recipient-derived
antigen-presenting cells (APCs) (107). Clinical investigation on
the early NK cell reconsitution in 82 patients following T cell-
depleted allo-SCT have shown that NK cell number at day 14 after
HSCT was inversely correlated with the incidence of grade II-
IV aGVHD (111). Mechanistically, NK cells at day 14 produced
high levels of IL-10 and showed upregulation of gene transcript
of IL-10 compared with healthy individuals, suggesting that the
regulatory phenotype might enable NK cells to suppress the
development of GVHD (111).

Together, NK cells could prevent GVHD via (1) direct lysing
of activated T cells; (2) indirect inhibition of T cell proliferation
through depleting host APCs; (3) production of suppressive
cytokines, such as IL-10 (Figure 3).

Only one clinical study by Munneke et al. have tried to
elucidate the role of ILCls in GVHD after HSCT (12). In the
study, patients without developing aGVHD diplayed increased
proportions of skin-homing donor-derived ILCls. Notably,
following transplantation, patients with more severe GVHD
exhibited fewer circulating ILC1s in PB, compared with healthy
controls. Mobilization of ILCls seemed to be associated with
increased expression of CD69, CLA, and CCR10 which correlated
with less severe progression of GVHD (12). However, the
functionality of these aforementioned ILC1s was not determined
in this study. Further question is whether skin-homing ILCls
alone can prevent the occurrence of GVHD? As we know,
multiple organs, including GI tract, skin, lung, liver, and mouth,
in recipients are targeted in GVHD, while ILC1s-expressing CLA
and CCR10, which are skin homing markers, might only traffic
to the skin. Therefore, further experiments where direct infusion
of ILCls into recipients with GVHD need to be taken and will
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FIGURE 3 | Role of ILCs in GVHD. NK cells can suppress GVHD via three main mechanisms, including direct lysing of activated T cells, indirect inhibition of T cell
proliferation through depleting host APCs and production of suppressive cytokines, such as IL-10. ILC1 cells might migrate to the skin and alleviate cutaneous GVHD.
Intravenous infusion of donor-derived ILC2 cells into ongoing GVHD mice can reduce the production of Th1 and Th17 cells while increasing the number of MDSCs via
secreting IL-13. ILC3 cells play a protective role in GVHD. Recipient-derived ILC3 cells can alleviate pretreatment regimen-induced Gl tract lesion via secretion of
IL-22. Furthermore, these ILC3 cells can improve thymopoiesis in the hosts after HSCT.
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be beneficial to the understanding of the role of ILCls in the
prevention of GVHD.

It has been shown that ILC2 cells in the lower GI tract
but not in the lung are sensitive to conditioning treatment
and exhibit a limited repopulation ability from donor bone
marrow (112). Remarkably, a single infusion of donor-derived
ILC2 cells at day 7 post-HSCT was shown to remain effective
at reducing the severity and mortality of ongoing aGVHD in
murine model. Intravenously infused ILC2 cells migrated to
the GI tract, produced Th2 cytokines, limited inflammatory
Thl and Th17 cells, and induced myeloid-derived suppressor
cells (MDSCs). IL-13 produced by ILC2 cells seemed to be
involved in this process. Importantly, infusion of donor ILC2
cells did not affect the beneficial graft-vs.-leukemia (GVL) effect
(106). Collectively, these data indicate that intravenously infused
donor-derived ILC2 cells have the capacity to alleviate ongoing
aGVHD without affecting the beneficial GVL effect in murine
models (112). However, several questions still require further
elucidation. For instance, how do intravenously infused donor-
derived ILC2 cells migrate to the GI tract in the context of
GVHD? Why do these cells not migrate to the lungs of recipients?
Furthermore, how do these cells survive during the migration
process? All these questions require further investigation.

The Role of Recipient-Derived ILCs in GVHD

An increasing body of evidence has indicated that ILC3 cells
have the capacity to promote tissue repair. Under homeostatic
circumstances, ILC3 cells can respond to environmental signals
and maintain tissue homeostasis. In contrast, abnormal signals
from infection or tissue damage can activate the ILC3 response

(9, 113, 114). Therefore, in GVHD conditions, induction of
regimen-induced tissue damage might cause a dysregulated
ILC3 response.

In an animal model, a deficiency in recipient-derived
IL-22 was shown to significantly increase the severity and
mortality of GVHD (113). Furthermore, pretransplantation
conditions increased the intestinal expression of IL-22 in
recipients, which was mainly produced by recipient-derived
CD45TCD3 RORyttNKp46~ IL-7Rat CCR6" ILCs. In
accordance, IL-22 deficiency resulted in more severe epithelial
damage during aGVHD and significant loss of intestinal stem
cells. Taken together, these data suggest that loss of tissue-
protective IL-22-producing ILCs in the intestines of recipients
might be a pathological factor responsible for the GI tract lesions
observed in aGVHD (113).

Recent work has shed light on the correlation between
thymopoiesis and GVHD. Mice with GVHD after allo-HSCT
exhibited a loss of intrathymic ILC3s, decreased intrathymic
levels of IL-22 and impaired recovery of thymopoiesis. Not
surprisingly, IL-227/~ mice that underwent transplantation
showed an increased severity of GVHD-associated thymic
injury. IL-22 receptor /= recipient mice that underwent
transplantation displayed increased numbers of cortical and
medullary thymic epithelial cells (TECs). In accordance,
administration of exogenous IL-22 after transplantation
improved thymopoiesis and promoted the development of
new thymus-derived peripheral T cells (115, 116). These
findings encourage researchers to uncover what actually
occurs after loss of ILC3s in the hosts induced by an
induction regimen.
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CONCLUDING REMARKS

Although studies on ILCs have become a focus of research in
recent years, the precise role of ILCs in the pathogenesis of
GVHD remains elusive. Many questions remain to be answered
in the future. For instance, what is the precise role of ILC1
cells in the pathology of GVHD? Can intravenous infusion of
ILC3 cells alleviate ongoing GVHD? Lastly, how do these cells
migrate to the GI tract in recipients after intravenous transfer?
How about the clinical application of ILC2 for the treatment
of GVHD? A recent study identified a cell population-ILCregs
(117). Like Tregs, ILCregs have the suppressive ability to curb
ILCs. Therefore, the question remains whether ILCregs play a
role in the pathogenesis of GVHD? Additionally, what is the
interaction between ILCs and ILCregs at the onset of GVHD?
These questions require further elucidation in future work.
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Allogeneic hematopoietic cell transplantation (allo-HCT) is performed with curative intent
for high- risk blood cancers and bone marrow failure syndromes; yet the development
of acute and chronic graft-vs.-host disease (GVHD) remain preeminent causes of death
and morbidity. The IL-12 family of cytokines is comprised of IL-12, IL-23, IL-27, IL-35,
and IL-39. This family of cytokines is biologically distinct in that they are composed of
functional heterodimers, which bind to cognate heterodimeric receptor chains expressed
on T cells. Of these, IL-12 and IL-23 share a common g cytokine subunit, p40, as well as
a receptor chain: IL-12Rp1. IL-12 and IL-23 have been documented as proinflammatory
mediators of GVHD, responsible for T helper 1 (Th1) differentiation and T helper 17 (Th17)
stabilization, respectively. The role of IL-27 is less defined, seemingly immune suppressive
via IL-10 secretion by Type 1 regulatory (Tr1) cells yet promoting inflammation through
impairing CD4™* T regulatory (Treg) development and/or enhancing Th1 differentiation.
More recently, IL-35 was described as a potent anti-inflammatory agent produced by
regulatory B and T cells. The role of the newest member, IL-39, has been implicated
in proinflammatory B cell responses but has not been explored in the context of
allo-HCT. This review is directed at discussing the current literature relevant to each
IL-12-family cytokine and cognate receptor engagement, as well as the consequential
downstream signaling implications, during GVHD pathogenesis. Additionally, we will
provide an overview of translational strategies targeting the IL-12 family cytokines, their
receptors, and subsequent signal transduction to control GVHD.

Keywords: GVHD, signal transduction, GVT, cytokine receptor, cytokine, IL-12 cytokines, IL-12 family cytokine
receptors, HCT

ALLOGENEIC HEMATOPOIETIC STEM CELL TRANSPLANTATION

Allogeneic hematopoietic cell transplantation (allo-HCT) 1is performed with curative
intent for high-risk blood cancers and bone marrow failure syndromes. The efficacy of
allo-HCT lies in the ability of donor T cells to mediate a potent anti-tumor response
in transplant recipients, known as the graft-vs.-tumor (GVT) effect, coupled with the
benefit derived from pre-transplant conditioning (1, 2). The success of allo-HCT is
compromised by the development of graft-vs.-host-disease (GVHD), a complication
mediated by mature donor T cells present in the graft against normal host tissue. The
incidence of acute GVHD (aGVHD), a significant cause of mortality after allo-HCT, has
been significantly reduced over the past decade. Transplant-related mortality has declined
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with the implementation of reduced intensity conditioning
(RIC) regimens, new GVHD prophylaxis strategies, and the
development of molecular methods aiding in early detection of
viral and fungal infections in concert with modern anti-infectious
agents (3-5). However, aGVHD still affects 20 to 70% of allo-
HCT patients (6). Current clinical regimens for GVHD patients
are primarily based on non-specific immunosuppressants for
prophylaxis and treatment, such as calcineurin inhibitors
or glucocorticosteroids, respectively (7). These broadly-acting
agents fail to induce immune tolerance, increase susceptibility
to opportunistic infections, and compromise GVT activity (8).
Research in the field is focused on reducing GVHD without
compromising the GVT effect. The current consensus on the
initiation of GVHD pathophysiology can be divided into three
primary phases:

1) Host tissue injury caused by conditioning regimens leads
to the release of proinflammatory cytokines. Tissue damage
from pre- transplant conditioning regimens results in a
prolonged (up to 12 weeks post allo-HCT) increase of various
cytokines; these include interleukin 1p (IL-1f), interleukin 6
(IL-6), interleukin 8 (IL-8), interleukin 10 (IL-10), interleukin
12 (IL-12), interleukin 21 (IL-21), interleukin 23 (IL-23),
transforming growth factor B (TGF), and tumor necrosis
factor a (TNFa) (9-11). These cytokines are primarily
produced by activated dendritic cells (DCs) in response to
tissue damage and microbe exposure, in concert with release
of damage associated molecular patterns (DAMPs), including
high mobility group protein Bl (HMGB-1) and adenosine
triphosphate (ATP), as well as pathogen associated molecular
patterns (PAMPs), which include lipopolysaccharide (LPS)
and peptidoglycan. Both DAMPs and PAMPs can activate
APCs, such as DCs and macrophages.

2) Donor T cell activation by activated APCs leads to
differentiation into effector T cells, such as T helper type
1 (Thl) and T helper type 17 (Thl7), both of which
are pathogenic and associated with GVHD severity and
mortality (12).

3) Effector T cell migration and target tissue destruction by
activated donor T cells results in the initiation of GVHD
(12, 13).

A myriad of cytokines, chemokines, receptors, and transcription
factors are associated with T cell activation and associated
inflammation, hence playing a central role in the development
of GVHD. Classically, Th1 cells are believed to play a critical role
in the induction of GVHD; although our group and others have
demonstrated that Th17 cells also contribute (15). By targeting
Th1 and Th17 specific transcription factors, T-box transcription
factor TBX21 (T-bet) and Retinoic acid- related orphan receptor
gamma (RORyt), respectively, it was observed that both Thl
and Th17 subsets contribute to GVHD development; yet either
lineage alone is sufficient to induce GVHD (14, 15). Thus,
both lineages must to be blocked in order to control GVHD.
Efficacy of targeting these T cell differentiation pathways at the
cytokine level are under investigation in clinical trials. Strategies
for protecting/promoting prompt repair of target tissues may also
reduce GVHD severity.

PATHOGENESIS OF ACUTE AND CHRONIC
GVHD

Acute GVHD (aGVHD) is manifested by a strong inflammatory
component resulting from robust donor T cell activation and
expansion. Prior to transplant, conditioning regimens involving
chemotherapy and/or irradiation cause damage to host epithelial
tissues, and subsequent release of danger signals such as
chemokines and cytokines. The inflammatory milieu is then
amplified by an activated innate immune response, consisting
of APCs, natural killer cells (NK cells), neutrophils, and
macrophages (13). Donor CD4 and CD8T cell recognition of
major or minor histocompatibility antigens, directly or indirectly,
by host and donor APCs in conjunction with activation of the
innate immune response creates a “cytokine storm” consisting
of such components as interferon gamma (IFNy), TNFa, IL-
6, IL-12, and IL-23, among others (8, 16). The aforementioned
combination of inflammatory factors culminates in T cell
infiltration and subsequent destruction of host tissues, namely
the skin, lung, liver, and gastrointestinal tract (GI tract) (16-19).

Chronic GVHD (cGVHD) is widely systemic and can affect
essentially any of the major organ systems (8, 20). While
largely undefined, the origin of cGVHD pathogenesis has been
linked to thymic damage caused by conditioning, resulting in
aberrant selection and subsequent release of allo/autoreactive
T cells (21). Older patients receiving RIC have also been
observed with ¢cGVHD, which is potentially due to reduced
thymic reserve/function (22, 23). The activation of these T cells
results in cytokine production and consequential activation of
macrophages and fibroblasts. Chronically stimulated donor T
cells interact with bone marrow-derived B cells and produce
additional factors contributing to fibroblast proliferation and
activation (21, 24). In particular, T follicular helper (Tfh)
cells interact with B cells via CD40L-CD40 to promote B cell
proliferation, differentiation, and antibody isotype switching
(25). These Tfh-B cell interactions subsequently lead to germinal
center formation in which antibody diversification and affinity
maturation occur, ultimately leading to an adaptive immune
response (21, 24, 25). The resultant autoantibody production and
tissue fibrosis lead to end organ damage (26).

THE IL-12 FAMILY OF CYTOKINES AND
THEIR RECEPTORS

The IL-12 family of cytokines can direct the donor immune
response to execute a range of proinflammatory and
immunosuppressive functions that are relevant in GVHD
(Figure 1). They are primarily secreted by cells of myeloid
origin in response to inflammatory stimuli, such as microbial
products or fungal infections (49). While part of the type 1
hematopoietin family of cytokines, IL-12 family members are
unique in that each member is comprised of two different
subunits, or heterodimers, in which either the o or § subunit
is shared among the others (46). The a-subunits include p19
(IL-23/IL-39), IL-27p28 (IL-27), and p35 (IL12/IL-35). The B-
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FIGURE 1 | The IL-12 family: cytokines, receptors, JAK-STAT signaling, influence on CD4 ™ T cell differentiation and subsequent effect on GVHD severity after
allo-HCT (“+” and “~" denote increase or decrease in GVHD severity, respectively. Listed from top to bottom) IL-12 is a heterodimer composed of p35 and p40 (27).
Upon ligation, IL-12 signals through IL-12Rg1 and IL-12RB2, which form the receptor complex for IL-12 (IL-12R), subsequently leading to JAK2-STAT4 signal

transduction and a positive feedback loop for Th1 differentiation (28-31). While its role in Th1 differentiation and IFNy production has been shown to drive GVHD, there
are conflicting reports concerning the specific requirement of IL-12 (32, 33); p35 can also associate with EBI3 to form IL-35, and p40 is the shared subunit with IL-23
(+). IL-23 is a heterodimer composed of p19 and p40 (34). IL-23Ra associates with JAK2 to induce primarily STAT3 phosphorylation but also STAT4 to a lesser
degree (14, 35-37). IL-23 signaling results in stabilization cues for Th17 cells and has also been implicated exacerbation of intestinal GVHD (++) (38-42). IL-27,
composed of p28 and EBI3, ligation to IL-27Ra/gp130 promotes IL-10 production by Tr1 cells via STAT1 at early time points post- BMT and plays a role in hindering
GVHD- induced inflammation (43). However, IL-27 also inhibits Treg generation and may promote Th1 differentiation and function (+/-) (44, 45). IL-35 is composed of
p35 and EBI3. IL-35 can signal through any combination of IL-12Rp2 and gp130 was recently described as a potent immunoregulatory cytokine secreted by both T
and B regulatory cells (46-48). IL-35 has been reported to suppress GVHD development. IL-39 is the most recent addition to the family and is composed of p19 and
EBI3, which signal through STAT3 and STAT1. There are no reports of its function in the context of allo-HCT. *reported to promote GVHD through increased Th1 and

decreased Treg differentiation; via dampen GVHD severity via Tr1 during induction phase.

subunits include p40 (IL-12/IL-23) and Epstein-Barr virus-
induced gene 3 (EBI3) (IL-27/IL-35/IL-39) (50). Further, each
cytokine signals through a distinct heterodimeric receptor that
is associated with its cognate subunits: IL-12R (IL-12RB2/IL-
12RB1), IL-23R (IL-23Ra/IL-12RB1), IL-27R (IL-27Ra/gp130),
IL-39R (IL-23Ra/gp130), and IL-35R (IL-12RB2/gp130) (46, 50).
The functionality of each respective cytokine and receptor
combination ranges from proinflammatory to immune

suppressive in a host of pathological and physiological
conditions. Yet, similar subunits and receptors involved in
proinflammatory functions can also form suppressive complexes,
as in the case of IL-12RB2, involved in IL-12 and IL-35 signaling.
Therefore, deciphering the contributions of each cytokine/
receptor subunit combination is critical to understanding
the immune response as a whole; the context of allo-HCT is
no exception.
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IL-12/IL-12R

Overview of IL-12/IL-12R Signaling

IL-12 consists of p35 and p40, and acts primarily on NK cells and
T cells (23, 27). IL-12RP1 binds to IL-12RB2 to form the receptor
for IL-12 (IL-12R) (27, 51). Upon ligation, IL-12RB1 binds to
Tyrosine kinase 2 (Tyk2) while IL-12RB2 binds to Janus Kinase
2 (JAK2). Tyk2 and JAK2 then phosphorylate tyrosine residues
primarily on signal transducer and activator of transcription 4
(STAT4). Ultimately, the STAT4 complex trans locates to the
nucleus and binds to the IFNy promoter; Jun oncogene (c-Jun)
is also recruited to the IFNy promoter via STAT4 (28, 29, 52),
potentiating IFNy transcription, and Thl differentiation. In a
STAT4 -dependent manner, IL-12 also promotes expression of
Interferon regulatory factor 1 (IRF1) and 4 (IRF4), transcription
factors required for Th1 differentiation (53, 54). Notwithstanding
the contribution of IL-12 to Thl differentiation, IL-12/IL-
12R also promotes T-cell proliferation and adhesion during
activation. It has been reported that IL-12 contributes to
expression of Interleukin 2 receptor a (IL-2Ra) by recruiting
STAT4 and c-Jun to the promoter of IL-2R, thereby enhancing T
cell proliferation (55, 56). IL-12 -induced STAT4 activation also
culminates in P-selectin ligand formation, which augments T cell
adhesion during differentiation (57-60). Furthermore, activation
of IL-12/IL-12R signaling induces both positive and negative
feedback queues which can either strengthen or reduce IL-12
signaling, respectively. For instance, STAT4 activation fosters
transcription of IL-12RB2 and Interleukin 18 receptor 1 (IL-
18R1), which cooperate to amplify IL-12 signaling and Th1 cell
differentiation. While IL-12R signaling can promote proliferation
via STAT5-JAK?2 interactions, evidence exists that STAT5A can
suppress IL-12 -induced Thl cell differentiation through the
induction of Suppressor of cytokine signaling 3 (SOCS3) (35).
However, this report demonstrated that SOCS3 activity inhibits
IL-12 signaling by binding to the STAT4 docking site of the IL-
12RB2 subunit (61, 62). Hence, IL-12 is predominately associated
with Thl differentiation, yet may simultaneously hinder this
effect through mobilization of STAT5A depending on the context
of disease or environment.

IL-12 in T Cell Responses and GVHD

IL-12 promotes the differentiation of primed CD4™ T cells
into Th1 cells, which express Tbet, produce IFNy, and play a
critical role in driving GVHD (15, 51). On the other hand,
IL-12 negatively regulates T helper type 2 (Th2) transcription
factors and associated cytokine production (63). As such, IL-
12RB2 expression is absent on Th2 cells but upregulated in Th1;
an increase in Th2 differentiation is associated with reduced acute
GVHD vyet can exacerbate chronic GVHD (64, 65). In addition,
CD40-CD40L interactions between T cells and APCs can fuel
IL-12 production by APCs, which amplify innate immune cell
responses through IFNy production (66). With regards to the
IL-12 cytokine itself, the pool of available data is somewhat
contradictory in the context of aGVHD. IL-12 has been reported
to drive GVHD due to its stimulatory effect on Th1 cells (67, 68).
IL-12 serum levels in aGVHD patients are increased compared to
healthy controls, yet no correlation between higher grade GVHD
(II-IV) and IL-12 has been observed (69) (Table 1). Conversely,

TABLE 1 | Expression levels of IL-12 family cytokines in aGVHD patients.

aGVHD grade 0-1 2-4 References
IL-12 1 t (69)
IL-23 1 14 (40)
IL-27 | | (70)
IL-35 1 W (71

Representative table of IL-12, IL-23, IL-27, and IL-35 levels detected in the serum of
patients with aGVHD. Upward arrows indicate increases compared to healthy donors,
while downward arrows indicate decreases.

exogenous IL-12 administration was suggested to be protective in
GVHD via an IFNy-dependent mechanism (72). Previous studies
observed that a single injection of IL-12 at the time of allo-HCT
stifles GVHD in myeloablative-conditioned recipients (32, 33,
72). The protective or pathogenic role of IL-12 seemingly relies
on the dose and timing IL-12 injection, and irradiation type for
the recipient conditioning regimen in murine BMT models (73).
In NK cells, IL-12 induces cytotoxic events through STAT4 and
subsequent activation of the Perforin 1 (perforin) gene promoter
(74). A recent report a describes IL-12/IL-18 activated donor NK
cells mitigate GVHD but enhance GVT activity (75).

Apart from advocating Th1 responses, IL-12 plays a critical
role in T follicular helper cell (Tth) differentiation and function
through STAT4 and Tbet (76, 77). Consistent with the crucial role
of Tth cells in cGVHD pathogenesis, administration of anti-p40
mAb in recipient mice significantly reduced Tth generation and
scleroderma manifestations of cGVHD after allo-HCT?’. Thus,
targeting one or more of the IL-12 cytokine/receptor subunits
represents a promising therapeutic strategy to reduce cGVHD.

IL-23/IL-23R

Overview of IL-23/IL-23R Signaling

IL-23 consists of pl19 and p40. The IL-23R is a heterodimer
comprised of IL-12RB1 and IL-23Ra. IL-23R associates with
JAK2 and, in a ligand-dependent manner, with STAT3. IL-
23- induced activation of STAT3 leads to direct binding of
phosphorylated STAT3 to IL-17A and IL-17F promoters. STAT3
up-regulates the expression of RORyt, the master transcription
factor of Thl7, which is critical for the expression of two
members of the Interleukin-17 family, IL-17A and IL-17F (78-
80). SOCS3 inhibits JAK2 activity, hence decreasing IL-17A and
IL-17F expression (78).

IL-23 signaling regulates Th17 cells. IL-23 plays an important
role in expanding and maintaining the Th17 cell population,
a T cell subset involved in homeostatic antimicrobial immune
responses as well as in the propagation of many autoimmune
diseases (81). IL-23 is an indispensable factor for promoting
pathogenicity of Thl7 cells, yet is not required for initial
differentiation (82-85). IL-23 has been shown to control Th17
responses through regulating T cell metabolism. TCR stimulation
induces GLUT-1 surface expression and subsequent lactate
production, promoting glucose uptake (86, 87). T cells under
Th17 polarizing conditions undergo a HIF1l-a- dependent
metabolic switch to glycolysis, and data indicates that IL-23 might
contribute to this effect via PKM2 and HIFI-a (88). Notably,
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allogeneic T cells were shown to depend on glycolysis for effector
function during GVHD development, yet a connection to IL-23
and glycolysis has not been demonstrated. HIF1-a induction has
also been associated with IL-23 production in dendritic cells; this
link between HIF1-a and PKM2 has been previously established
in cancer cells (89-91). Therefore, PKM2 may possess more than
one function in addition to its role in glycolysis manifested by
transcriptional activation as a protein kinase (92). Taken together,
IL-23 signaling through PKM2/STAT3 may directly contribute
to the metabolism of Th17 cells and, in concert with IL-6,
could represent an essential factor for lineage commitment (93).
Glucocorticoid-induced protein kinase 1 (SGK1) is critical for
IL-23R expression through deactivating murine Foxol, which
directly represses IL-23R expression (94). SGKI is essential
for the induction of pathogenic Th1l7 cells and implicates
environmental factors, such as a high-salt diet, as triggers to
Th17 development and subsequent tissue inflammation (95).
Lastly, while Blimp-1 IL-23-dependent Blimp-1 enhances Th17
pathogenic factors such as GM-CSF and IFNy, and co-localizes
with RORyt and STAT-3 at II23r, Il17a, and Csf2 enhancer
sites (96).

IL-23 Signaling in Autoimmune Diseases

Studies show IL-23 signaling contributes to the pathogenesis
of various autoimmune diseases. In mice, it was demonstrated
that bacteria-driven innate colitis is associated with an increased
production of IL-17A and IFNy in the colon. Stimulation of
intestinal leukocytes with IL-23 induced the production of IL-17
and IFNy exclusively by innate lymphoid cells expressing IL-
23R, which were demonstrated to accumulate in the inflamed
colon. These results identified a previously unrecognized IL-23-
responsive innate lymphoid population that mediates intestinal
immune pathology and may therefore represent a target in
inflammatory bowel disease (97-99). Intestinal IL-23-responsive
innate cells are also a feature of T cell-dependent models of colitis,
which resembles many of the features seen in intestinal GVHD
with respect to T cell infiltration resulting in inflammation
and gut injury. The transcription factor RORyt controls IL-
23R expression, as it was shown that Rag/Rorc-null mice failed
to develop innate colitis which is dependent on IL-23 (98). In
addition, expression of IL-23 and IL-23R was increased in the
tissues of patients with psoriasis (100). Injection of a neutralizing
monoclonal antibody to IL-23p19 in a xenotransplant mouse
model showed IL-23-dependent inhibition of psoriasis (100).

IL-23 Signaling in GVHD

Our group has demonstrated both Thl and Th17 subsets are
required to induce GVHD (15). Pharmacological inhibition of
IL-23p19 results in reduced GVHD, and recent evidence suggests
that IL-23R drives GVHD pathogenesis (38-41). These studies
show that a CD4TCD11cTIL-23R" T cell population induces
colonic inflammation during GVHD, indicating a key role for
IL-23R expression on donor T cells in mediating damage to
the gut after allo-HCT. Consistently, the gene expression levels
of IL-23 and IL-23R were upregulated in murine colons after
allo-HCT (38). These studies demonstrate that the colon is
specifically protected via IL-23p19 signaling blockade, and that

GVL activity is maintained. In a patient cohort, Liu et al
observed IL-23 mRNA expressions in patients with aGVHD
were significantly higher than those in healthy donors, and IL-
23 and IL-23R expression were positively correlated with IL-
17 expression (101). These studies additionally showed that IL-
23 serum levels were elevated during the onset of aGVHD,
yet decreased during disease remission (Table 1). In aGVHD,
two out of three independent studies in patients found that a
single nucleotide polymorphism (rs11209026) in IL-23R of donor
origin reduced incidence of GVHD; the third study did not
observe any effect (19, 102). Hence, blocking either p19 or p40
reduces aGVHD and IL-23R deficiency in donor T cells results
in abrogated GVHD. These results indicate IL-23 also plays a key
role in GVHD pathogenesis. Albeit, a recent paper demonstrated
genetic inactivation of IL-23R, or the transcription factor RORyt,
within donor T cells similarly ablated Th17 cell formation in vivo
but preserved the T cells’ ability to induce intestinal GVHD in an
indistinguishable manner compared to wild-type controls (103).

Developing New Strategies to Target IL-23R

The crystal structure of IL-23Ra was recently reported (104).
Hence, development of pharmaceutical compounds capable of
specifically binding/inhibiting the IL-23R has been stagnant
since its discovery in 2002. It appears that IL-23 binds IL-
23R with an affinity of 44 nM, while binding IL-12RB1 with an
affinity of 2 wM; nonetheless, the affinity of the IL-23:IL-23R
complex for IL-12RB1 has been described as 25 nM, despite no
apparent interaction of IL-23R with IL-12RP1, implying that
there is a cooperative effect which is likely to be due to a
conformational change of IL-23 upon binding IL-23R, which
is indeed observed crystallographically (104-108). In a recent
publication, hydrogen-deuterium exchange mass spectrometry
(HDX-MS) was used to demonstrate IL-23 binding to the
N-terminal immunoglobulin domain of IL-23R in both the
solid state as well as under more physiologically relevant
conditions. This data allowed specific identification of a binding
epitope using a macrocyclic small molecule against IL-23R for
the first time (106). However, IL-23R antagonism is not a
new concept, as a peptide antagonist was shown to reduce
inflammation in different models of autoimmune disease (109).
The aforementioned data presents exciting new possibilities for
future studies, yet efficacy of such prototype molecules requires
vigorous testing in preclinical models.

Interplay Between IL-12 and IL-23

Recent findings have emphasized the need to develop
therapeutics methods that enable targeting of IL-12 and IL-
23 signaling. Interestingly, not only do the cytokines IL-12 and
IL-23 share the same cytokine subunit, p40, but also the cognate
receptor, IL-12RB1. Thus, these shared motifs provided the
rationale for blocking Thl and Th17 responses simultaneously
through targeting p40/IL-12RB1. However, p40 itself has a
diverse set of functions. For example, p40 has a chemo attractant
role for macrophages mediated by IL-12RB1 alone, which is
dependent on the intracellular domain of IL-12RB1 to signal;
these reports were published with regard to IL-12RP1 signal
transduction in response to a p40 homodimer (110, 111).
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With respect to alloreactive T cells, this p40 homodimer was
demonstrated to have antagonistic activity for CD4™ IFNy
production, yet could amplify IFNy production by CD8* T cells
(112). Hence, targeting p40 in the context of GVHD may result
in enhanced Th1 responses and potentially hinder CD8 mediated
GVT responses (113). IL-12Rf1 promiscuity among the IL-12
family has both assisted in the development of pharmaceuticals to
target both pathways (as in the case of p40), yet also illuminated
their complexity. Thl and Th17 differentiation and stability
converge at IL-12 and IL-23 signaling, respectively, as both
signaling motifs share p40 at the cytokine level and IL-12Rp1 for
downstream signal transmission. Supported by studies done in
mice and men, IL-12 is documented to induce IFNy production
by Th17 cells with respect to cytokines in the milieu, in vivo
and in vitro, respectively (114, 115). This Th1/Th17 subset was
shown in Crohns disease (114).

p40 and GVHD

Targeting p40, a shared subunit of IL-12 and IL-23 cytokines,
consistently mitigates GVHD in clinical and preclinical studies.
Our group and others have demonstrated that neutralization of
the p40, using genetically deficient mice and pharmacological
inhibition, alleviated acute and chronic GVHD in murine models
through reducing Thl and Thl7 differentiation (116, 117).
Recent data from Pidala et al. demonstrates in vivo IL-12/IL-
23p40 neutralization with ustekinumab blocks the Th1/Th17
response and improves overall survival in patients after allo-HCT
(118). Notably, in other models of autoimmunity, in which Th17
is the major mediator of diseases, much of the originally allocated
inflammatory actions of IL-12 have since been shown to be
influenced by IL-23, as many studies prior to IL-23 identification
were conducted via targeting p40 (84, 119). Therefore, future
studies should focus on the biological differences of IL-12 and
IL-23 in order to determine why IL-12 can exacerbate GVHD
in some contexts yet suppress it in others, yet pharmacologically
targeting p40 can be efficacious in reducing GVHD severity in
experimental and clinical settings.

IL-12RB1 Deficiency in Human Diseases

IL-12RP1 was identified in 1994 by Chua et al. as a member
of the hemopoietin receptor superfamily, an amino acid
type I transmembrane protein that resembled the IL-6 signal
transducer, gp130 (120). It was not until 1996 that IL-12RB2
was identified, which subsequently led to the identification of
a high affinity IL-12 receptor complex when IL-12RB1 and IL-
12RB2 were coexpressed (27). Notably, the existing data with
respect to IL-12RB1 in murine models of GVHD is sparse,
although there is an abundance regarding its role in conferring
immunity to mycobacteria and other infections (121-123) in
human. However, given that deficiency of IL-12R1 is relevant
in patients, there are a plethora of case studies documenting
related T cell responses (124). The IL12RB1 promoter, when
deficient of the —265 to —104 region, suggested the existence
of an important regulatory element. Furthermore, the —111A/T
substitution appeared to cause decreased gene transcriptional
activity, such that cells from—111A/A individuals were observed
to have increased IL12R31 mRNA levels compared with those

from—111T allele carriers. Thus, in individuals with the—111T/T
genotype, reduced IL12RB1 expression may lead to augmented
Th2 cytokine production in the skin, and subsequently contribute
to the development of atopic dermatitis and other associated
allergic diseases (125).

Of particular interest is the role of IL-12/IL-12RB1 pathway
in the induction of highly suppressive antigen-specific Thl-like
Tregs from naive Tregs (126). It was recently described that,
in two patients with IL-12RB1 deficiency, features of systemic
autoimmunity, and photosensitivity were observed (127). These
features are similar to transgenic mice deficient for IL-12RB2,
which develop an autoimmune syndrome consisting of anti-DNA
positivity, immunocomplex glomerulonephritis, and multiorgan
lymphoid infiltrates with features of vasculitis. However, IL-
12RPB1 deficient patients displayed substantially less circulating
memory Tfh and memory B cells than healthy controls (77). In
humans, TGFf cooperates with IL-12 and IL-23 for expression
of Tth molecules: CXCR5, ICOS, IL-21, and the transcriptional
regulator Bcl6 (128). Hence, data taken from studies in IL-
12RP1 deficient patients suggests a regulatory role for IL-12,
perhaps derived from Treg function, which may explain the
contradictory results observed in murine models. Albeit, the role
of IL-12 in Tfh/B cell axis seems at baseline consistent among
experimental and clinical studies. While the aforementioned
discrepancies are preliminary in comparison to the mass of
studies documenting proinflammatory roles of IL-12, there is still
much to learn in terms of IL-12 function; especially with respect
to differences vs. IL-23.

IL-27/IL-27R

IL-27 is comprised of IL-27p28 and EBI3, binds to IL-
27Ra/gp130, and is the only member of the family that is
not secreted as a functional dimer (129). In fact, IL-27p28
is also known as IL-30. As such, the biological mechanisms
associated with the role of IL-27 vs. IL-30 in the immune
response are ambiguous, displaying both proinflammatory and
suppressive functions that seem to be dependent on the
disease model. IL-30 was previously reported to antagonize IL-
27-mediated proinflammatory responses (130). Further, IL-30
inhibited activity by IL-6, IL-11, and IL-27 in the absence of EBI3
through gp130 binding (131). These findings support a role for
IL-30 in hindering proinflammatory effects by such cytokines
as IL-6. Yet, a recent report demonstrates that pharmacological
blockade of IL-27p28 alleviates GVHD in mice, and resulted
in augmented Treg responses (45). Consistently, our group
found that IL-27Ra expression promotes T cell pathogenicity
during GVHD induction, and was attributable to augmented
Thl effector function (44). However, a report by Zhang et al.
elegantly demonstrated the function and prevalence of Tr1 early
after allo-BMT; noting a significant role in IL-10 production
which could ameliorate GVHD and which was dependent on
IL-27 (43). Trl cells differentiate in the presence of IL-27 and
are the central cell type implicated in IL-27- related suppressive
activity, producing IFNy, and IL-10 simultaneously. Of note,
experiments performed in the aforementioned report depleted
Tregs in donor grafts before transplantation, and therefore may
be the reason they saw no difference compared to similar models
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used in studies by Belle et al and those by our group. These
studies can be connected in such a way that IL-27 promotes
Trl cells early after BMT and can decrease GVHD independent
of Tregs; yet in later stages IL-27 inhibits iTregs and Th2 cells
and promotes Thl differentiation; this ambiguous pattern is
very similar to that seen in models of autoimmunity. Clinically,
a study by Odile et al. demonstrated that membrane IL-27Ra
existed in a soluble form (sIL-27Ra), functioning as a natural
antagonist of IL-27, in healthy human serum, as well as in the
serum of patients with Crohn’s disease, suggesting that sIL-
27Ra may play an immunoregulatory role in normal as well
as pathological conditions (132). In extended studies by Liu
et al. sIL-27Ra was identified as a potential biomarker for the
development of aGVHD (70). However, IL-27 levels have only
been shown to positively correlate with sIL-27R, which Liu et al.
suggested was protective in GVHD. Higher levels of serum sIL-
27Ra correlated with lower grade aGVHD, however, did not
show any correlation for the prediction of cGVHD (70). In
future investigations, studies should focus on how IL-27 blockade
modulates established GVHD, which is characterized by Thl-
mediated inflammation in the skin, gut, and liver. Additionally,
it remains to be determined whether Treg cells deprived of Tbet
induction by IL-27 will possess the transcriptional machinery
sufficient to infiltrate into active GVHD sites. It will also
be critical to determine the effects of IL-27 blockade on the
GVT effect.

IL-35/IL-35R

IL-35 consists of p35 and EBI3, and functions as a regulatory
cytokine released by CD4"Foxp3™ T regulatory cells (Tregs),
as well as regulatory B cells (Bregs), to suppress inflammation,
and subsequently reduce the severity of autoimmune diseases
(50, 133). Interestingly, IL-35 signaling in Tregs was transduced
via receptor combinations of IL-12RB2/gp130, IL-12RP2/IL-
12RB2, or gpl30/gp130, none of which could be clearly
identified as the high affinity receptor (71). Currently, the
suppressive effect of IL-35 in mouse models of aGVHD have
been established by Zhang et al. (134) and Liu et al. (47).
Importantly, IL-35 levels in the serum of aGVHD patients
was significantly decreased in higher grade GVHD (II-IV)
compared to lower grade (0-I) (47) (Table1). Liu et al. (47)
Collectively, these studies demonstrate that IL-35 is associated
with higher frequencies of Tregs, reduced Thl differentiation,
reduced GVHD when combined with rapamycin, and evidence
indicating maintenance of GVL activity (47, 134). However,
IL-35 within the tumor microenvironment may oppose T cell
responses required for GVT response by inducing effector
exhaustion (135). Given the potential regulatory effects mediated
by IL-35, we speculate the cytokine may be relevant in
controlling ¢cGVHD. Further, a recent publication by Yin
et al. demonstrated that IL-35 administration skewed T cell
differentiation from Th17 to Treg in islet cell transplantation
models (136). IL-35 is clearly immunoregulatory and potentially
useful in GVHD prevention, but a better understanding of
its impact on T cell anti-tumor responses is needed prior to
clinical translation.

IL-39/IL-39R

IL-39 has been proposed to consist of pl19 and EBI3, and
is the most recent addition to the family (137). Wang et al.
published the first report describing the function of an additional
heterodimer that involves p19 complexed with a subunit other
than p40. IL-39 is secreted by activated B cells and was
demonstrated to be significantly elevated in lupus models
compared to other IL-12 members using MRL/Ipr mice (137).
The receptor for IL-39 was determined to be formed by
dimerization of IL-23R and gp130 and signal through STAT1
and 3. While associated with neutrophil differentiation and
expansion, the proinflammatory effects of IL-39 have yet to
be fully defined. In a different report by Ramnath et al. IL-39
was shown to be secreted by keratinocytes and contribute to
wound healing (138). While the function of IL-39 may be context
dependent, these disparate reports indicate that IL-39 may also
act on a broad range of cell types. Hence, further clarification
regarding the general role of IL-39 in immunity is required in
order to determine its effect in GVHD.

INTERPLAY BETWEEN IL-6 AND IL-12
SUPER FAMILIES

While promiscuity among IL-12 cytokine and/or receptor family
is a common theme, the degree of association with glycoprotein
130 (gp130), better known for its role in IL-6 signaling, has
become an intriguing area of research. Gp130 forms the link
between “IL-6R/IL-12R” families, which collectively include
Leukemia Inhibitory Factor Receptor (LIF-R), IL-12Rf1, IL-
12RB2, Granulocyte Colony-Stimulating Factor Receptor (GCSF-
R), and Oncostatin-M Receptor (OSM-R); and serves as a shared
signal-transducing subunit for IL-6, IL-11, Leukemia Inhibitory
Factor (LIF), Oncostatin-M (OSM), Cilliary Neurotrophic Factor
(CNTEF), Cardiotrophin-1 (CT-1), Cardiotrophin-like cytokine
(CLC), and IL-27(139, 140). Importantly, gpl30 is well-
documented for its capacity to transduce signals, especially
for IL-6, a staple cytokine involved in inflammation. The
complex of IL-6 and IL-6R binds to the ubiquitously expressed
receptor subunit gp130, which forms a homodimer and thereby
initiates intracellular signaling via the JAK/STAT and the MAPK
pathways. IL-6R expressing cells can cleave the receptor protein
to generate a soluble IL-6R (sIL-6R), which can still bind IL-6
and can associate with gp130 and induce signaling even on cells,
which do not express IL-6R. This paradigm has been called IL-6
trans-signaling whereas signaling via the membrane bound IL-6R
is referred to as classic signaling (139-141).

TRANSLATIONAL POTENTIAL FOR
TARGETING THE IL-12/IL-12R FAMILY

Targeting IL-12 and IL-23 Cytokines

Regarding clinically translatable approaches targeting the IL-12
family, ustekinumab targets the p40 shared subunit between IL-
23 and IL-12. Ustekinumab added to tacrolimus and rapamycin
was shown to be safe and effective for GVHD prophylaxis
after related or unrelated allo-HCT. In a randomized, blinded,
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placebo-controlled study, ustekinumab significantly improved
overall survival, and CRFS (Conditional Random Fields
Score), a novel composite endpoint including moderate/severe
c¢cGVHD and relapse-free survival (118). Guselkumab and
tildrakizumab, two monoclonal antibodies against p19, approved
for treatment of plaque psoriasis (142, 143). However, these
specific neutralizing antibodies against pl9 have yet to be
evaluated in GVHD patients. While inhibiting JAK2 signal
transduction by IL-12 and IL-23 is a promising strategy, the
question pertaining to how the shared or disparate receptors
contribute to signal transduction and the consequential
effect on T cell differentiation in allo-HCT remains unclear.
The advancement of targeted pharmacological compounds
specific for IL-12 or IL-23 signaling will be required to
adequately dissect these scientific questions appropriately
across species.

Targeting IL-12 Family and Infection

The use of any immunosuppressive agent carries the theoretical
risk of impairing host defense responses to pathogens and/or
decreased tumor surveillance. Relative risks of targeting IL-
12 and/or IL-23 are well-documented with respect to potential
risk of infections. When challenged with Mycobacterium,
Salmonella or Candida, mice lacking IL-12p35, IL-12p19, and
IL-12/23p40 have phenotypes that generally mirror what has
been observed in humans. As mentioned earlier, studies of IL-
12/23p40 and IL-12RP1 deficiencies indicate that human IL-12
and IL-23 are redundant in host defense to many pathogens.
Importantly, allo-HCT recipients treated with ustekinumab
did not experience any increase in opportunistic infections
or reactivation of CMV, EBV, or HHV6 compared to the
placebo arm (118).

DOWNSTREAM SIGNALING BY THE
IL-12/IL-12R FAMILIES AND RELEVANT
TRANSLATIONAL POTENTIAL

Jak2: The Center of IL-12/IL-12R Family
Signaling
Both IL-12R and IL-23R have been demonstrated to signal
via JAK2; JAK2 deficient donor T cells or JAK2 inhibition
with pacritinib were demonstrated to significantly alleviate
GVHD in murine models via spared Treg differentiation
and reductions in Thl and Th17 differentiation in in mouse
and human T cells (144). This is consistent with reports
describing a common reliance on JAK2 by both IL-12
and IL-23. A key difference in downstream signaling is
that IL-12 phosphorylates primarily STAT4, while IL-23
mainly induces STAT3 phosphorylation. Betts et al. reported
that at 20 days post allo-HCT, pSTAT3 was significantly
increased in CD4" T cells among patients who would
later develop aGVHD; a signaling pathway known to
directly drive the transcription of Th1l7 lineage-specific
genes (14).

JAK2 signal transduction is implicated in human autoimmune
syndromes and GVHD. IL-6, IL-12, and IL-23 mediate

inflammation and activate T cells via JAK2 (14, 145-
148). Blocking the IL-6 receptor with the monoclonal
antibody tocilizumab has demonstrated efficacy in a phase
II GVHD prevention trial (149). Tocilizumab, however,
does not fully impair pathogenic Th1/Thl7 responses (150),
which may be attributed to the IL-12 and IL-23 receptor
signaling-induced JAK2 activation to promote Thl and
Th17 differentiation, respectively. Neutralization of these
p40 cytokines prevents GVHD in murine models, and may
have activity in treating patients with steroid refractory
GVHD (151).

JAK2 Inhibition in GVHD

JAK2 inhibition is an alternative approach to suppress IL-
6 and p40 receptor signal transduction and induce durable
tolerance to alloantigens. JAK2 inhibitors are clinically efficacious
in myelofibrosis, a hematological disease often driven by
constitutive JAK2 activation (152). The existing evidence
regarding JAK2 as a therapeutic target for acute GVHD
is primarily supported by observations using ruxolitinib, an
equimolar inhibitor of JAK1 and JAK2 (153-156). Ruxolitinib has
been previously demonstrated as efficacious in treating steroid-
refractory GVHD, and is clearly immunosuppressive. In part,
JAK1 mediates the biologic effects of common gamma chain
cytokines, including IL-2 and IL-15. Ruxolitinib suppresses host-
reactive T cells in mice and humans. Although not observed
in murine transplant studies, ruxolitinib treatment reduces the
quantity of Tregs as well as the beneficial effects of NK cells
in myelofibrosis patients (157-159). Therefore, a JAK2 inhibitor
has the potential to prevent GVHD without conceding JAK1-
mediated functions provided by donor lymphocytes. Further
research determining the differential effects of JAK1 and JAK2
is required to resolve these conundrums.

Given the recent discovery of IL-39 (pl9/EBI3) and its
cognate receptor (IL-23Ra/gp130), the question pertaining to
the individual requirement for each particular cytokine/receptor
complex becomes much more complex. IL-39R was shown to
signal via STAT1/ STAT3 pathways, which overlaps with IL-27
and IL-23 signaling, respectively. The manner by which IL-39R
and IL-23R on T cells may differentially or similarly impact the T
cell response in allo-HCT requires further investigation.

CONCLUSION

The interplay between IL-6/IL-12 family members pertaining to
T cell differentiation requires further investigation in the field
of allo-HCT. Specific neutralizing antibodies against receptor
subunits, such as IL-23Ra, are in development but have yet to
be evaluated in preclinical models. While inhibiting JAK2 signal
transduction by IL-12 and IL-23 is a promising strategy, the
question pertaining to how the shared or disparate receptors
contribute to signal transduction and the consequential effect
on T cell differentiation in allo-HCT remains unclear. The
advancement of targeted pharmacological compounds specific
for IL-12 or IL-23 signaling will be required to adequately dissect
these scientific questions appropriately across species.
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Data from both animal models and humans have demonstrated that effector memory
T cells (Tepm) and central memory T cells (Tew) from unprimed donors have decreased
ability to induce graft-vs-host disease (GVHD). Allospecific Tgy from primed donors do
not mediate GVHD. However, the potential of alloreactive Ty to induce GVHD is not
clear. In this study, we sought to answer this question using a novel GVHD model induced
by T cell receptor (TCR) transgenic OT-Il T cells. Separated from OT-Il mice immunized
with OVA protein 8 weeks earlier, the allospecific CD44"" Ty, were able to mediate
skin graft rejection after transfer to naive mice, yet had dramatically decreased ability to
induce GVHD. We also found that these allospecific CD44"9" Ty, persisted in GVHD
target organs for more than 30 days post-transplantation, while the expansion of these
cells was dramatically decreased during GVHD, suggesting an anergic or exhausted
state. These observations provide insights into how allospecific CD4™ Tgy respond to
alloantigen during GVHD and underscore the fundamental difference of alloresponses
mediated by allospecific Tcy in graft rejection and GVHD settings.

Keywords: alloreactive memory T cells, Tgy, GVHD, skin graft rejection, OT-Il, OVA

INTRODUCTION

Graft-vs.-host disease (GVHD) is a major complication of allogeneic hematopoietic stem cell
transplantation caused by alloreactive donor T cells (1). After bone marrow transplantation, the
alloreactive donor T cells recognize the alloantigens presented by MHC in the recipients, and
initiate the pathogenesis of GVHD. The contribution of different subsets of donor T cells to GVHD
is different (2). T cells can be further separated into naive and memory T cells according to the
expression of the cell-trafficking molecule CD62L and T cells activation molecule CD44. It has
been proven that naive T cells, with the phenotype CD62L1 CD44~, have the strongest ability
to induce vigorous GVHD in MHC-mismatch murine models. On the contrary, the memory T
cells, including effector memory T cells (Tgp;, CD62L™ CD447) and central memory T cells (T,
CD62L"T CD447) from either untreated or allo-antigen primed donors, do not cause GVHD or
cause only minor GVHD after transplantation (3-6). Specifically, we have previously identified a
population of Ty that express high level of CD44 do not induce GVHD (5).
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It has previously been reported that common virus specific
memory T cells including EBV-specific and CMV-specific
memory T cells do not GVHD in humans (7-11). However,
since alloreactive memory T cells can be generated either by
cross-reaction or allospecific memory reaction, it is important
to further understand the biology and pathogenesis of the true
allospecific memory T cells in GVHD. In the previous research,
we used an antigen-specific murine model to study allospecific
Tgm in GVHD (12). By transferring the naive TEa cells into Rag-
17/~ mice following by in vivo priming with splenocytes from
CB6F1 (H2P/I-E* strain), Tgwm cells from the primed animals
maintained the memory function to mediate skin graft rejection,
but did not mediate GVHD when transplanted into lethally
irradiated CB6F1 hosts. However, allospecific Tcy population
could not be generated in this model. To study the potential of
alloreactive TCM to induce GVHD, we utilized a novel GVHD
model induced by T cell receptor (TCR) transgenic OT-II T cells.
Using this model, we were able to generate antigen-specific Tcm
by immunizing donor mice directly and further demonstrated
that these cells mediated secondary skin graft rejection while did
not induce GVHD.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from The Jackson Laboratory
(Bar Harbor, ME). B6.Cg-Tg(TcraTcrb)425Cbn/] (OT-1I) mice
and C57BL/6-Tg(CAG-OVA)916Jen/] (OVA) mice (13) were
purchased from The Jackson Laboratory as breeders, and were
bred and maintained at Duke University in a specific pathogen-
free facility during the study. To enable cell tracing, OT-II mice
were further crossed with GFP' mice and Luciferase™ mice
(a generous gift from Dr. Andreas Beilhack and Dr. Robert
Negrin, Stanford University) to generate OT-IIT Luciferase™
GFPT triple positive mice. For all the strains, both female and
male mice were used in this study. The donor mice were primed
at 6-8 weeks old. The recipient mice were between 7 and 16
weeks old at the time of transplantation. All animal care and
experimental procedures were approved by National Institute
of Health and Duke University Institutional Animal Care and
Use Committee.

Generation of Allospecific T Cells

To generate allospecific OT-II memory T cells in vivo, OT-II mice
between the age of 6-8 weeks were immunized with OVA protein
(Sigma-Aldrich, MO, USA) emulsified in complete Freund’s
adjuvant (Sigma-Aldrich, MO, USA) i.p. at 100 ug/mouse (14).
Mice were then hosted in a pathogen-free facility for 8 weeks
before use.

T-Cell Depletion From Bone Marrow

OVA mice between age 7-16 weeks were used as T-cell depleted
(TCD) bone marrow donors. T cells were depleted from
bone marrow using anti-CD90.2 antibody and complement
as previously published. In brief, bone marrow cells were
flushed out from the long bones of donor mice and strained
through a 70 pm cell strainer (Becton Dickinson labware, NJ,

USA). Cells were then resuspended in cytotoxicity medium,
incubated with anti-CD90.2 monoclonal antibody (clone 30H12;
BD Pharmingen, CA USA) at 4°C for 1 h. The cells were washed
once and then resuspended in cytotoxicity medium containing
1:10 Low-Tox-M Rabbit Complement (Cedarlane, Canada). The
cells were then incubated at 37°C for 60 min and washed twice
before use.

T Cell Separation

OT-II mice primed for 8 weeks were used as T-cell donors.
Purified T cells were separated from splenocytes using mouse
Pan T Cell Isolation Kit II (Miltenyi, Germany). The purified
T cells were then stained with APC-conjugated anti-CD62L
(clone MEL-14), PE-conjugated anti-CD4 (clone CT-CD4),
PerCy5.5-conjugated anti-CD44 (clone IM7) from BD
PharmMingen (CA, USA), and sorted into different T-cell
subsets according to Figure 1 Panel using MoFlo Astrios Cell
Sorter (Backman Coulter, IN, USA). Sorted cells were washed
and counted before use. The purity after sorting was 92-96%
for Tyn, 90~95% for Tgy with 2-3% Tcy contamination, and
86~92% for Ty with 2~9% Tgy contamination and 1-2%
Tx contamination.

Mixed Lymphocyte Reaction (MLR)

The proliferation assay was performed as described previously
(5). Graded numbers of purified OT-II T cells as indicated were
plated in 96-wells, flat-bottomed culture plates with 5 x 10°
irradiated (20Gy) OVA splenocytes in a final volume of 200
pl. After incubation at 37°C in 5% CO, for a specified period
as indicated, cultures were pulsed with *H-thymidine (1nCi
[0.037MBq]/well). Cells were harvested after another 16h of
incubation, and counted in a MicroBeta Trilux liquid scintillation
counter (EG&G Wallac, Turku, Finland). Triplicate cultures were
set up for each cell population tested.

GVHD Model

OVA mice were lethally irradiated (10.5 Gy) using Cs irradiator
and injected with 1 x 107 TCD BM and different numbers
of purified OT-II cells through tail vein. Survival and clinical
scores of GVHD including body weight change, fur ruffling,
skin changes, hunching posture, diarrhea, and activity were
monitored daily. Moribund mice were sacrificed according to
protocol approved by the Duke University Institutional Animal
Care and Use Committee.

Skin Transplantation

The skin transplantation protocol was modified as previously
published (12). In brief, tail skin from OVA mice was removed
from sacrificed donors, cut into ~0.5 x 0.5 cm? pieces, and
kept on swab damped with cold PBS. The C57BL/6 recipient
mice were anesthetized with isoflurane (Halocarbon, GA, USA)
with the right lumbar region shaved and sanitized with iodine
solution followed by alcohol. A graft bed was prepared by
removing an area of skin down to the level of the intrinsic
muscle using fine scissors. The graft was fitted to the prepared
bed, sutured with 5-0 surgical suture, and wrapped with an
adhesive plastic bandage. The bandage was removed 4 days
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FIGURE 1 | Unprimed OT-II T cells reacting to OVA cells. (A) Mixed lymphocyte reaction (MLR) of unprimed OT-II T cells cultured with different doses of OVA
splenocytes, cultured for different days. Three wells each condition. Experiment repeated twice. **P < 0.001 for four titrations. Analyzed using multiple t test. (B)
Titration of unprimed sorted Ty from OT-Il mice and injected into OVA mice to induce GVHD. P < 0.01 for both doses compared to TCD BM. N = 5 each group.
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after surgery. Skin graft survival was assessed everyday by visual
and caliper measuring. Rejection was defined as the first day
when the entire epidermal surface area of the graft was <10%
of original.

Bioluminescent Imaging

Mice were monitored for T-cell tracking once per week after
bone marrow transplantation. For in vivo imaging, mice were
anesthetized with isoflurane and injected intraperitoneally
with 50 mg/kg D-Luciferin (PerkinElmer, CT, USA) 10 min
before imaging with a Xenogen IVIS 100 imaging system
(Xenogen Corporation, Alameda, CA, USA) at maximum
signal intensity using 5min exposure time. Regions of
Interest (ROIs) were drawn using Living Image 2.5 software
(Caliper, MA, USA).

Flow Cytomery Analysis

Single cell suspension of splenocytes were prepared as described
before (5, 12). In brief, organs were removed from the sacrificed
mice, and gently crunched using the gridded end of a syringe
on a 70um cell strainer. Cells were then strained, treated
with red blood cell lysis, washed, and stained with antibodies
for flow cytometry per manufacturer’s protocol. The antibodies
used were as follow: PE anti-mouse Va2 TCR (B20.1), PE/Cy7
anti-mouse CD62L (MEL-14), APC anti-mouse CD4 (RM4-
5), PerCP-Cy5.5™ CD44 (IM7) (all from BD Biosciences, CA,
USA). Flow cytometry was performed using a BD FACSCanto
(BD Biosciences). Data were analyzed with BD FACSDiva™
Software (BD Biosciences).

Statistical Analysis

Statistical analysis was performed using Prism GraphPad
(GraphPad Software, CA, USA) and Excel (Microsoft, WA, USA).
For survival studies, log-rank Mantel-Cox test was used. For
MLR, body weight changes, GVHD score, and bioluminescent
measurement, Student’s ¢ test, multiple t test, and multi-way

ANOVA test were used. Level of significance was set at P < 0.05.
Bar graphs represent mean £ SEM.

RESULTS

Unprimed OT-II T Cells React to OVA Cells
We first tested the reactivity of OT-II T cells again OVA cells
in vitro. Unprimed OT-II Ty were sorted from OT-II mice as
responding cells, and cocultured with 5 x 10° lethally irradiated
OVA splenocytes as stimulators at graded ratio for different time
period from 2 to 5 days. By analyzing the *H-thymidine uptakes,
it is shown that from T cells: OVA splenocytes 1:10 on, OT-
IT unprimed Ty can be efficiently stimulated and proliferated
(Figure 1A. P < 0.01). When we titrated these unprimed Ty into
lethally irradiated OVA mice, we proved that unprimed Ty could
cause lethal GVHD at a low dose of 1,000 cells, and the GVHD
effect was dose dependent (Figure 1B).

Generation of Functional OVA
Antigen-Specific OT-Il Memory T Cells

In order to study the role of antigen-specific central memory
T cells in GVHD, we first generated a T-cell mediated antigen-
specific GVHD model using the OT-II/OVA system as showed
in Figure2A. We first immunized the OT-II donor mice
by injecting emulsified OVA protein intraperitoneally and
housed the mice for 8 weeks to generate OVA-specific
memory OT-II cells. OT-II T cells as identified as CD4"
Va2t cells were sorted into naive (Tx, CD62LT CD44low),
effector memory (Tgy, CD62L7), and central memory
(Tcym, CD62TCD44hish) T cell subsets. Flow cytometry also
confirmed that all the sorted antigen specific cells are GFP™
(Figure 2B).

To verify the immune function of these immunized OT-
II cells, we introduced the secondary skin graft rejection
model. C57BL/6 mice were transferred with 1 x 103 OT-II
Tn, Tcum, or Tgy. On the subsequent day, a 0.5 x 0.5 cm?
piece of tail skin peeled from OVA mice were transplanted
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FIGURE 2 | Generating allospecifc Tgy cells. (A) A schematic for antigen-specific T-cell generation. OT-II transgenic mice were primed with OVA peptide 8 weeks
before transplantation. Primed OT-Il transgenic T cells were sorted into three subsets (T, Topm, Tem) @and transplanted into lethally irradiated OVA mice at the dose of
1 x 108 cells/mouse, along with 1 x 107 T-cell-depleted BM cells. (B) Gating of antigen-specific T cells. Flow cytometry analysis was performed in OT-Il mice at least
8 weeks after priming. All OT-II T cells were GFP positive.

to the right lumbar region of the recipients (Figure 3). By
measuring the area of the live graft daily, we demonstrated
that the graft survival times in mice that received Tgm or Tcm
injections were significantly shorter (P = 0.0002) or trended
to be shorter (P = 0.078) compared to that in Ty recipients
These data are consistent with the previous publications (2,
4, 12) and indicate that the different OT-II subsets sorted
from OVA-immunized OT-II mice were functionally anti-OVA
memory T cells.

Antigen-Specific Tgy and Tcm Do Not

Cause GVHD

After confirming the anti-OVA function of the memory OT-II T
cells, we tested these cells in the OT-II anti-OVA antigen specific
GVHD model by injecting 1 x 10 sorted Tx, Tcm, or Teym
subsets of OT-II T cells from OVA-primed OT-II mice together
with 1 x 107 TCD-BM from OVA mice into lethally irradiated
OVA recipients. The survival, body weight changes, and GVHD
clinical score were monitored daily. Unlike what was observed
in skin rejection model, the mice that received Ty cells had the
earliest death related to GVHD, with all the mice died within
56 days, while mice that received Tgy had 100% survival over
100 days, and mice that received Tcy had 70% survival till 100
days (Figure 4A). As to body weight recovery and GVHD clinical
score, T recipients had the worst performance compared to
mice that received memory T cells. Mice receiving either Tgy
or Tcy had similar recovery status compared to TCD BM mice,
which were the negative controls (Figures 4B,C). Using higher T
cell dose at 1 x 10 for all cell types led to similar conclusion
(Supplemental Figure 1). These result indicate that, although
antigen-specific Ty cells result in some mortality in acute phase,
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FIGURE 3 | Allospecific Ty mediate secondary skin graft rejection. OT-Il T
cells were sorted into three subsets (Ty, Tom, Tem) after 8 weeks priming. 1 x
108 T cells of each subset were transplanted into C57BL/6 female mice which
were transplanted with OVA tail skin graft on the subsequent day. Graft survival
was observed daily. P = 0.0002, Tgp recipients vs. Ty recipients. P = 0.078,
Tom vs. Ty. n = 10 for each group. Data were pooled from two independent
experiments.

neither Tgy nor Teym cause significantly clinical GVHD in the
survivors in long-term follow-up.

To verify this, we further collected the target organs of
GVHD including spleen, liver, small and large intestines, when
sacrificing the mice because of morbidity or at Day 28, and
accessed for histopathological changes (Figure 4D). In the organs
from TCD BM mice, the histological structure of the organs
was clear with cells well aligned. However, in the organs from
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FIGURE 4 | Allospecific gy have decreased ability to induce GVHD. Primed OT-II T cells were sorted into three subsets and transplanted into lethally irradiated OVA
mice at the dose of 1 x 10° along with 1 x 107 TCD BM. Mice survival, body weight, and GVHD scores (body weight, posture, activity, fur, skin integrity, diarrhea)
were monitored daily. n = 9 for each group. Data pooled from two independent experiments. (A) Tgyy and Ty recipients have better survival comparing to Ty
recipients. P < 0.0001, Ty vs. TCD BM. P = 0.065, Ty vs. TCD BM. Estimate hazard ratio between Ty and Ty is 7.4821. (B) Ty and Ty recipients have better
body weight recovery comparing to Ty recipients. P < 0.0001, Ty vs. TCD BM. P = 0.043, Ty vs. TCD BM. P = 0.1136, Tgy vs. TCD BM. (C) Tgyy and Ty
recipients have lower GVHD score comparing to Ty recipients. P < 0.001, Ty vs. TCD BM. P = 0.0937, Tgy vs. TCD BM. P = 0.6324, Tgy vs. TCD BM. P < 0.001,
TN Vs. Tom and Tey. (D) Histology on GVHD target organs. In Ty recipients, GVHD pathological changes can be found in spleen as fibrosis and hypocellularity, in
liver as portal triad lymphocyte infiltration with bile duct injury and cholangitis, in intestines as crype/gland destruction with epithelial cell apoptosis and lymphocyte
infiltration. TCD BM, Tgy, and Tgyy recipients have relatively normal organ morphology.
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Tx mice, significant GVHD histological structure changes were
seen, including the blurred edges between the white pulps and
red pulps in the spleen, portal vein thrombosis and lymphocyte
infiltration in the liver, disruptions of the villi and crypts with
lost of epithelial cells and goblet cells in the small and large
intestines. These pathological changes in the organs were not
presented in the organs from mice received Tgy or Tcym cells.
The histological results further confirmed that although OT-II
antigen-specific memory T cells had the memory function to
reject OVA-expressed skin grafts faster compared to Ty cells,
neither Tgy nor Tey caused histopathological GVHD changes
in the GVHD target organs.

Antigen-Specific Tgy and Tgm Proliferated
Less but Persisted in GVHD Hosts

To understand why antigen-specific memory T cells did not
cause GVHD, we used bioluminescent imaging (BLI) and flow
cytometry to track the antigen-specific T cell expansion in vivo
after BMT. To generate GFP- and luciferase-expressing OT-II
T cells, OT-II mice were crossed with Luciferase-reporter mice,
and further crossed with GFP positive mice. Cells were sorted
as described in Figure 1 and transplanted into irradiated OVA
mice at two different cell doses to enable cell tracing. BLI revealed
that, at both cell doses, Ty recipients had a much higher number
of photon counts compared to either Tgy or Tey recipients,
indicating the robust expansion of Ty after BMT. Tcy recipients
also had a higher T-cell signal on Day 21 compared to Tgym
recipients, but soon declined to a comparable low level after
28 days (Figure 5A). The GFP™ cell number in the peripheral
blood detected by flow cytometry also showed the same trend.
Similar but different to BLI, in the peripheral blood, GFP* OT-
II Tcm cells had the peak around Day 14 and started to decline
afterwards (Figure 5B). Although the mice receiving the lower
dose of T cells did not have detectable significant expansion
peak due to limited cell numbers and technical sensitivity, the
same trend detected in both methods using different cell doses
indicated the robust expansion of Ty, the transient expansion of
Tcwm, and the limited expansion of Tgy in an antigen specific
GVHD model. Since the detected number of Tgy cells were
very limited in both methods, we further confirmed the existence
of the GFP cells in the spleens of Tgy and Tcy recipients 30
days after BMT using flow cytometry (Figure 5C). Although the
limited cell number in the recipients prevented us to further
analyze the cell surface markers for mechanistic studies, the
existence of GFP™ antigen-specific memory T cells inside the
target organs without causing GVHD suggested the exhausted
status of these cells in GVHD model.

DISCUSSION

In our study, we successfully utilized the OT-II / OVA system
to generate allo-specific Tgy and Tgy by directly immunizing
donor mice with alloantigens. These Tgyv and Tom were
phenotypically the same as those isolated from polyclonal mice
(5). We further confirmed that Tgy and Tcy separated from
primed OT-II mice were functionally memory T cells because

they rejected second-set skin grafts faster than Ty did. By
transplanting these different subsets of primed T cells into OVA
mice, we proved that OT-II Ty cells mediated the vigorous
GVHD, while Tgy did not cause GVHD in OVA mice. Although
primed OT-II Tcy resulted in some death within the first
3 weeks, the survival rate was still significantly higher than
Tn group, while the body weight recovery, GVHD score, and
histological changes in the target organs were all similar to
Tgm recipients, indicating that Tcy do not cause or cause very
minor GVHD. These results are consistent with the previously
published data demonstrating that alloreactive Tgy and Teym
would not cause GVHD (3-6, 12, 15). Our finding further verified
this conclusion under the antigen-specific condition with no
interference of antigen cross-presentation.

Our study has the important clinical significance in T-cell
therapy in BMT patients. Antigen-specific T cells against host
antigen are believed to be the major players in inducing GVHD.
In our study, we demonstrated that not only antigen-specific
Tgm but also Ty against host antigen do not cause GVHD.
Currently, naive T cells depletion and anti-virus memory T cells
transfusion are under clinical trial for BMT patients to preserve
T-cell anti-infection function while preventing GVHD (11, 16-
20). Similar studies are also under investigation using tumor
specific T cells (21-24). Our study further supports the safety and
feasibility of naive T cell depletion and using virus- and tumor-
specific memory T cells to prevent infections and tumor relapses
for BMT patients without causing GVHD.

One major difference between human and mouse memory T
cells is that human memory T cells may contain true alloantigen
specific T cells while those from normal mice do not. In humans,
alloantigen specific memory T cells are generated when naive T
cells are exposed to alloantigens during transfusion or pregnancy
(25). Even though multiple groups have demonstrated in several
different animal models that memory T cells do not induce
GVHD, (3-6, 15) one major concern when translating these
findings into clinic is that human memory T cells may behave
differently because they contain true alloantigen specific T cells.
The findings from the current study at least partially address
this concern because we demonstrate that even true alloantigen
specific T cells have decreased ability to induce GVHD.

We also further investigate the primed OT-II T cells
proliferation and retention in the organ after transplantation.
By using bioluminescent imaging, we proved that compared to
Ty cells that underwent vigorous proliferation in the first 3
weeks, OT-II Tgy and Tey had very limited proliferation in
the spleens after transplantation. This finding was supported
by Dr. Brede’s research, and further advanced his findings (26).
Compared to Tgy cells, Tcy had a more potent proliferation
in the peripheral blood between Day 10 to Day 21. This may
explain some of the GVHD related death in the first 3 weeks.
When we further traced these cells, we found that even 30 days
after the BMT, in the survivors’ spleens we could still identify
the retention of transplanted Tcy and Tgy cells. This result
confirmed that the antigen specific memory T cells persist in
the hosts after BMT but failed to induce GVHD, suggesting a
potential status of T-cell exhaustion. Due to the limited number
of T cells that we could recover from the recipient mice, we
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FIGURE 5 | Allospecific Ty are exhausted in GVHD model. Luciferase and GFP labeled OT-II T cells were primed and transplanted into OVA mice at two doses (1 x
104, 1 x 103). n = 7 each group. Experiments repeated twice. (A) Significant T-cell proliferation was observed in Ty recipients, but not in Ty and Ty groups using
luciferin tracing. Luciferin tracing were performed on day 7, 11, 14 after transplantation and once every week. (B) GFP labeled OT-Il T cells in peripheral blood were
significantly increased in Ty and Ty groups but not in Tgy group. Peripheral blood was collected from transplanted OVA mice (n = 4) on day 5, 7, 10, 14 after
transplantation and once every week. GFP* cells were counted using flow cytometry. The different pattern of T-cell proliferation between (A) and (B) may be caused
by T-cell distribution in the body. (C) T cells were detectable in GVHD survivors’ organs. ***P < 0.001; ***P < 0.0001, compared with TCD BM.

were unable to completely understand the mechanism by which
alloreactive Tcy could reject skin graft but could not induce
GVHD, and why the existing alloreactive Tcym remained for more
than 30 days but did not induce GVHD. Hypothetically, we
speculate that the fate of antigen-specific memory T cells would
be different in the environment that encounters a small amount
of removable antigens vs. the environment that is surrounded
by a large amount of non-removable antigens. According to the

previous research studying T-cell immunology in viral infections,
(27) memory T cells were the dominant T-cell population in
peripheral blood in acute viral infection when virus titer was low
and the virus could be eliminated. On the contrary, in chronic
viral infection when virus load was high and the virus sustained,
naive T cells were the dominant T cells, and memory T cells
had a limited clonal expansion within the first week compared
to acute infection. These memory T cells were exhausted and
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underwent clonal depletion within 7-21 days (13, 28-31). The
way that we challenged the alloreactive T-cell transplanted mice
with skin graft was very similar to acute viral infection, while
the BMT especially GVHD situation was very similar to chronic
viral infection. This explains why the antigen-specific Tcym could
reject skin graft, but could not induce GVHD later. We speculate
that the long-term existing Ty would get exhausted to a specific
non-removable alloantigen in an GVHD setting.

In the previous studies, different TCR Tg T-cell of a
single specificity models were used to study to alloreactive
GVHD (3). These models include the CD8-mediated major
MHC-mismatched 2C Tg model which is Ld-specific, the
CD4-mediated MHC-mismatched 3BBM74 model which is I-
APM12_specific and D10 model which is I-AP-specific, and the
CD4-mediated miHAg-mismatched TEa model, and the CD4-
mediated TS1 TCR Tg model which recognize the S1 epitope
of HA on the HA104 Tg mice (3, 12, 32-36). In most of
these studies, T cells were immunized and activated in vivo
or in vitro, and transferred and expanded in RAG1™/~ mice.
In these models, T-cell homeostasis is unpreventable, while
the separation of Tcy is hard to achieve due to continually
CD44 expression. In Juchem et al. study, the use of in vitro
immunized TSI cells injecting into HA mice, which was a single-
antigen TCR Tg model, reached similar conclusion about Tgym
with what we have seen in OT-II T-cell OVA host model (3).
However, in the TS1-HA model, the Tcy could not be well
distinguished from the Ty cells due to the continually CD44
expression, and mice receiving Tcy had shown signs of GVHD.
Thinking that the high potent of Ty to cause GVHD, the different
phenomenon of Tcy in TS1-HA model and in our model may
be caused by the very small number of Ty contamination. In
our OT-II-OVA model, due to a clearer separation of Tcm
subsets, we were able to focus on the CD44"8" expression
population, and proved that antigen-specific Tcy did not
cause GVHD.

Based on the previous findings from Strobers group
demonstrating that memory CD4% T cells do not directly
mediate GVT effect by themselves (2), we do not expect OT-II
Tc are able to mediate direct GVT effect because they are CD4 ™
T cells. However, based on our finding that antigen-specific Tcm
was able to reject OVA-expressing skin graft (Figure 3) and the
ability of primed CD4 cells to facilitate tumor killing (37), we
believe it is reasonable to speculate that these antigen specific
Tcp maintain at least indirect GVT activity.

The OT-1I into OVA murine model that we provided is novel
to study the antigen-specific memory T cells in murine GVHD
model. There are two major advantages that contributed to the
study. First, in OT-II mice, the memory T cells can be directly
generated and expanded in vivo, and further sorted into well
differentiated subsets including Ty, Tgm, and Tcm. This enables
the study of single peptide antigen-specific subsets of T cells
generated in a physical condition in vivo. Second, OVA is a
commonly used labeled antigen on various cancer cell lines.
OT-II / OVA GVHD model facilitates the study of the anti-

tumor effect of different antigen-specific T-cell subsets in the
GVHD model.

There are also some limitations and unanswered questions
that need to be aware of. First, the antigen-specific model is
very sensitive to T-cell number. Only 1,000 antigen-specific
Tn cells can cause lethal GVHD, and 1,000 Tcym cells can
partially cause GVHD. The limitation of small number of
cells becomes the obstacle for further cell tracing and cellular
and molecular mechanism study. Secondly, the model is still
preliminary. Further information about the exhaustion markers
and functional assays of the cells injected would be more helpful
to define the status and biological characteristics of the antigen
specific memory T cells in GVHD.

In conclusion, we have established a feasible antigen-specific
TCR Tg GVHD model by immunizing OT-II mice in vivo
to generate memory T cells, and transplanting these T cells
into OVA mice to induce GVHD. We have demonstrated that
antigen-specific Tgy and Toy model do not cause GVHD due to
a decreased proliferation potency after BMT, but can exist in the
hosts’” organs for long possibly due to exhaustion.
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Utilization of the adaptive immune system against malignancies, both by immune-based
therapies to activate T cells in vivo to attack cancer and by T-cell therapies to transfer
effector cytolytic T lymphocytes (CTL) to the cancer patient, represent major novel
therapeutic advancements in oncologic therapy. Allogeneic hematopoietic stem cell
(HSC) transplantation (HSCT) is a form of cell-based therapy, which replaces the
HSC in the patient’s bone marrow but also serves as a T-cell therapy due to the
Graft-vs.-leukemia (GVL) effect mediated by donor T cells transferred with the graft.
Allogeneic HSCT provides one potentially curative option to patients with relapsed or
refractory leukemia but Graft-vs.-Host-Disease (GVHD) is the main cause of non-relapse
mortality and limits the therapeutic benefit of allogeneic HSCT. Metabolism is a common
cellular feature and has a key role in the differentiation and function of T cells during
the immune response. Naive T cells and memory T cells that mediate GVHD and
GVL, respectively, utilize distinct metabolic programs to obtain their immunological and
functional specification. Thus, metabolic targets that mediate immunosuppression might
differentially affect the functional program of GVHD-mediating or GVL-mediating T cells.
Components of the innate immune system that are indispensable for the activation of
alloreactive T cells are also subjected to metabolism-dependent regulation. Metabolic
alterations have also been implicated in the resistance to chemotherapy and survival of
malignant cells such as leukemia and lymphoma, which are targeted by GVL-mediating
T cells. Development of novel approaches to inhibit the activation of GVHD-specific naive
T cell but maintain the function of GVL-specific memory T cells will have a major impact
on the therapeutic benefit of HSCT. Here, we will highlight the importance of metabolism
on the function of GVHD-inducing and GVL-inducing alloreactive T cells as well as on
antigen presenting cells (APC), which are required for presentation of host antigens. We
will also analyze the metabolic alterations involved in the leukemogenesis which could
differentiate leukemia initiating cells from normal HSC, providing potential therapeutic
opportunities. Finally, we will discuss the immuno-metabolic effects of key drugs that
might be repurposed for metabolic management of GVHD without compromising GVL.
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INTRODUCTION

Quiescent immune cells use glucose, amino acids, and lipids
to meet their bioenergetic demands. ATP, the key energy-
transporting molecule, is generated in every cell during the
breakdown of such nutrients by glycolysis and OXPHOS.
Depending on the functional demands, cell metabolism can
be shifted toward anabolic reactions leading to production
of molecules involved in biosynthesis necessary for cell
growth, or toward catabolic reactions leading to breakdown of
macromolecules and the generation of byproducts, which are
subsequently used for energy generation or for construction
of anabolic pathways. A balance of these anabolic and
catabolic processes is mandatory for maintenance of metabolism
homeostasis (1).

Glucose is the most abundant extracellular nutrient and,
although ATP production during glucose catabolism by
glycolysis is significantly lower compared to the ATP generated
by OXPHOS reactions, it is faster and more efficient in increasing
cellular ATP than mitochondrial metabolism. Glycolysis also
supports cell growth because glycolytic intermediates provide
a bridge to multiple biosynthetic pathways, including PPP that
has an important role in building blocks necessary for nucleotide
biosynthesis, rapid generation of metabolic intermediates, and

Abbreviations: ACCI1, acetyl-CoA carboxylase 1; acetyl-CoA, acetyl coenzyme
A; AEBO071, Sotrastaurin; aGVHD, Acute graft-vs.-host-disease; ALL, Acute
lymphoblastic leukemia; AML, Acute myelogenous leukemia; alloHSCT,
Allogeneic hematopoietic stem-cell transplantation; AKT, Protein Kinase B;
AMPK, AMP-activated protein kinase; APC, Antigen-presenting cell; ATP,
Adenosine triphosphate; BEZ235, Dactolisib; BCL-2, B-cell lymphoma 2;
Bz-423, Benzodiazepine (Bz)-423; C75, trans-4-Carboxy-5-octyl-3-methylene-
butyrolactone; c¢GVHD, Chronic graft-vs.-host-disease; CML,
myelogenous leukemia; CoA, Coenzyme A; CPTla, carnitine palmitoyl
transferase; DC, Dendritic cell; ECAR, extracellular acidification rate; F1FO0-
ATPase, F1 portion and a transmembrane FO portion of ATP synthase; FADH,,
Flavin adenine dinucleotide; FAO, Fatty acid oxidation; FAS, Fatty acid synthesis;
FOXP3, Forkhead-Box P3; Glutl, Glucose transporter 1; Glut 3, Glucose
transporter 3; GVL, Graft-vs.-leukemia; GVHD, Graft-vs.-host-disease; HIF-
la, Hypoxia-inducible factor lo; HK2, Hexokinase 2; HSC, hematopoietic
stem cells; HSCT, hematopoietic stem cell transplantation; ICOS, Inducible
T-cell costimulator; IFNy, Interferon vy; IL-1/2/4/6/7/10/13/15, Interleukin
1/2/4/6/7/10/13/15; iTreg, inducible regulatory T cell; KO, knock out; LC-
FA, Long-chain fatty acids; LPS, Lipopolisacharide; LSC, leukemia stem cells;
LDH-A, Lactate dehydrogenase-A; M1, Classically activated macrophage;
M2, Alternatively activated macrophage; MHC, Major Histocompatibility
Complex; MHC-II, Major Histocompatibility Complex type 2; MM, Multiple
myeloma; MRD, Minimal residual disease; MP, Myeloid progenitors; Mct4,
Monocarboxylate transporter 4; mTOR, Mechanistic/mammalian target of
rapamycin; mTORCI1, Mechanistic/mammalian target of rapamycin complex
1; mTORC2, Mechanistic/mammalian target of rapamycin complex 2; Myc,
Myc proto-oncogene; NADH, Nicotinamide adenine dinucleotide; NADPH,
Nicotinamide adenine dinucleotide phosphate; NFAT, Nuclear factor of activated
T cells; NOS, Nitric oxide synthase; OXPHOS, Oxidative phosphorylation;
PFKFB3,  6-phosphofructo-2-kinase/fructose-2,6-biphosphatase ~ 3;  PI3K,
Phosphatidylinositol-4,5-bisphosphate 3-kinase; PKM2, Pyruvate kinase M2;
PPP, Pentose phosphate pathway; ROS, Reactive oxygen species; SREBPs, Sterol
regulatory element-binding proteins; SC-FA, Short-chain fatty acids; SLC7A5,
Solute Carrier Family 7 member 5; TCA cycle, Tricarboxylic acid cycle; TCR, T
cell receptor; Tgpp, T effector cells ; Th, T helper cells; Thl, T helper 1; Th2, T
helper 2; Th17, T helper 17; Tfh, follicular T helper; TLR, Toll-Like Receptor; TKI,
Tyrosine kinase inhibitors; TME, Tumor microenvironment; Tyem, T memory;
TNF o, Tumor necrosis factor o; Treg, Regulatory T cells.

Chronic

cell growth (2, 3). Additionally, glycolysis fuels production
of NADPH, which is mandatory not only for the support of
anabolic pathways but also plays a crucial role in decreasing the
oxidative stress in rapidly proliferating cells and maintaining
the redox state of the cell (4). Pyruvate derived from glucose
in glycolysis can be converted into lactate in the cytoplasm or
into acetyl-CoA in the mitochondria to subsequently enter the
TCA cycle (also known as Krebs cycle). In addition to producing
intermediates that feed multiple biosynthetic pathways, the
oxidative reactions of the TCA cycle generate NADH and
FADH, which are required for the donation of electrons to the
electron-transport chain for OXPHOS.

Rapidly proliferating malignant cells preferentially use glucose
to sustain their rapid growth in the hazardous TME (5). The
preference of cells to ferment glucose to lactic acid, even in
the presence of oxygen that could support OXPHOS, is known
as the Warburg effect (6). Although originally observed in
cancer cells, it is now known that the Warburg effect is used
by most cell types, including immune cells, to generate energy
during times of rapid growth, because using glucose for energy
generation through glycolysis, spares other nutrients for usage in
anabolic reactions.

Metabolic aberration provides a key signature that
differentiates malignant hematopoietic cells from normally
differentiating hematopoietic progenitors that give rise to
committed progenitors and mature myeloid cells (7). As in
other cancer types, the Warburg effect dominates the metabolic
preference of leukemia cells (7, 8), whereas during normal
HSC differentiation glycolysis declines and mitochondrial
metabolism and FAO gradually increases (9) (Figurel). It
has been hypothesized that leukemia cells that are resistant to
treatment and responsible for relapses, have features of “LSC”
that have the ability to reproduce the disease in animal models
(10). These LSC, also known as leukemia initiating cells, appear
to have unique metabolic features that differentiate them not
only from normal HSCs but also from other leukemia cells. These
findings underline the significance of metabolism in leukemia
initiation and relapse.

AlloHSCT provides the only curative therapeutic approach
for aggressive leukemias and lymphomas that are resistant to
chemotherapy and immunotherapy. One of the key benefits of
this therapy comes directly from the T cell-mediated offense
to cancer, a process known as GVL effect (11). Nonetheless, T
lymphocytes can also drive GVHD, the principal cause of non-
relapse mortality among alloHSCT recipients. GVHD results
from the attack of healthy recipient tissue by donor T cells
that recognize host’s alloantigens. Detailed, extensive studies
have identified that T cells involved in GVHD are substantially
different from the ones that mediate GVL (12-14). Specifically,
naive aff TCR-positive T cells appear to be the main mediators
of GVHD upon activation by host antigens (15). Conversely,
Twmem subsets have been found to sustain GVL function (12—
14), suggesting that the immunologic and metabolic mechanisms
implicated in these two effects after allotransplantation are
distinct. Moreover, Treg also play a role in GVHD and GVL as
they have the ability to suppress GVHD without compromising
GVL (16). As a consequence, Tregs have been considered a
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FIGURE 1 | Metabolic changes in healthy (A) and leukemia stem cells (B). Metabolic changes drive stem cell differentiation in healthy subsets and clonal expansion in
leukemia stem cells. Glucose uptake and glycolysis supports pluripotency and self-renewal of HSC, and is associated to the persistent ability of HSC to engage
glycolysis, converting glucose to G-6-P and pyruvate, while sustaining a low ATP state. During differentiation, HSCs engage mitochondrial metabolic programs,
including TCA cycle and FAO. This shift toward more efficient ATP generation is important for maturation and long-term survival. Mutations and aberrant protein
expression related to malignant conversion of HSCs, including upregulation of HIF-1, PISK/Akt/mTOR, and Mcl-1, induce metabolic changes. Leukemia stem cells
support their uncontrolled clonal expansion by significantly increasing glucose uptake and metabolism (thick arrows). Although LSCs are highly dependent on
glycolysis under steady state conditions, they have a high degree of metabolic plasticity and adaptation potential and can utilize autophagy and catabolic pathways
such as OXPHOS and FAQ in the setting of energy stress to support their survival and proliferation. Glutamine addiction is also an important feature common to
malignant hematopoietic cells (thick arrow). Together these changes support extensive self-renewal without differentiation of LSC. Akt, Protein Kinase B; ATP,
Adenosine triphosphate; G-6-P, Glucose-6-phosphate; FAO, Fatty acid oxidation; HIF-1, hypoxia induced factor 1; HSCs, hematopoietic stem cells; Mcl-1, myeloid
cell leukemia 1; MTOR, Mechanistic/mammalian target of rapamycin; PI3K, Phosphatidylinositol-4,5-bisphosphate 3-kinase; TCA, Tricarboxylic acid cycle.
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therapeutic target for the control of GVHD either as a cell-based
immunotherapy (17, 18) or as an in vivo therapeutic target by
using approaches that induce Treg differentiation and expansion
(19, 20).

GVHD is the leading cause of non-relapse mortality after
HSCT because its prevention and treatment remain challenging.
Global immunosuppression is the mainstay of therapy for
GVHD but responses are only partial in most cases. Moreover,
complications of chronic immunosuppression are detrimental
(21, 22). As an alternative, the administration of T cell depleted
donor grafts has been tested, but the high relapse and infection
rates seen in patients who receive these graft variants mostly
guide against the use of this strategy (23). This renders the
discovery of new strategies that can ameliorate GVHD, while
preserving the benefits from GVL effect, a real necessity.

Metabolism is an attractive tentative target for therapeutic
intervention both in cancer immunotherapy and GVHD. T
cell subsets are poised to distinct metabolic pathways that can
determine their function and differentiation (24, 25). Upon
activation, naive T cells rely on glycolytic metabolism to rapidly
meet the bioenergetic needs required for their proliferation, TCR
rearrangement, production of growth factors, and differentiation
to Tgpr. On the contrary, the function of Treg and Tyem
cells depends on enhanced FAO (26, 27). Because distinct T

cell subsets mediate GVHD vs. GVL, the dominant metabolic
properties of these distinct subsets might serve as new therapeutic
targets that can be exploited for prevention or suppression of
GVHD without compromising GVL.

Although in the context of GVHD and GVL, emphasis
has been placed on T cells, the innate immune cells of the
host, particularly macrophages and dendritic cells, have an
indispensable role in the activation of alloreactive T cells (28—
31). Differentiation, proliferation and function of innate immune
cells are also subjected to metabolism-dependent regulation (3).
After allogeneic HSCT, these components of the immune system
function in the context of the engrafted and rapidly expanding
allogeneic HSC, residual leukemia cells potentially remaining
at the state of MRD and rapidly dividing cells in host non-
hematopoietic tissues that are the targets of GVHD, such as
the gut (32, 33).

Based on the above, it is apparent that targeting metabolism
for therapy of GVHD will require thorough understanding
of the unique metabolic properties and programs of the
multiple cellular components involved in GVHD and GVL. In
the following sections we will briefly highlight the metabolic
features of malignant hematopoietic cells and we will discuss
the metabolic features that guide the function of T cells and
APCs during processes involved in GVHD and GVL. We will
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also provide rationale for potential therapeutic interventions by
targeting metabolic pathways that guide the differentiation and
function of these immune cells in the context of alloHSCT.

METABOLISM IN NORMAL AND
MALIGNANT HEMATOPOIETIC CELLS

Metabolic changes drive division and differentiation of HSC
and MP (9). HSCs are predominantly quiescent, in Gy phase,
but divide approximately every 145 days, as a consequence of
a cell-cycle-linked maturation process (34, 35). Their dormancy
is important to sustain adult HSC pluripotency and to prevent
HSC exhaustion (36). In order to maintain this state, HSCs
utilize aerobic glycolysis and suppress oxidative phosphorylation,
thereby maintaining an environment of low ROS (37). HSCs
respond rapidly to stimuli to either maintain themselves via
self-renewal by sustaining glycolytic metabolism and symmetric
division or give rise to committed progenitors, by shifting their
metabolism toward mitochondrial metabolism and activation of
TCA cycle or FAO and asymmetric division (9) (Figure 1A).
This is supported by the observation that depleting the
mitochondrial oxidative phosphatase PTPMT1 blocks the entry
into the cell cycle and differentiation of HSC (38). Maturation
from a pluripotent state to a committed progenitor state
also requires precise epigenetic modifications (39). Defects in
DNA methyltransferases Dnmt3a and Dnmt3b that regulate
such epigenetic effects are associated with impaired stem cell
differentiation, leading to leukemia-inducing events (40).

Similarly to other malignant cell types, anabolic metabolism
is the signature of malignant hematopoietic cells including
AML, MM, and ALL (7, 41-43). This is mediated by
upregulation of glucose transporters and increase of glucose
uptake and glycolysis. Such changes are induced by molecular
aberrations and inappropriate activation of signaling pathways
such as PI3K/Akt/mTOR, enhanced pro-survival mechanisms,
and hypoxia (5). Normal and malignant hematopoietic cells also
highly depend on the use of glutamine. This is related to the
expression of myc, which is proportional to HSC multipotency,
cell-maintenance, and self-renewal (44). Upregulation of c-myc
in high-grade lymphomas increases glutaminolysis and leads
to glutamine dependence and addiction of malignant cells to
support their biosynthesis pathways. Anaplerosis via glutamine
usage in the TCA cycle may be a c-myc-mediated mechanism
critical for survival and growth of malignant hematopoietic cells
(45). An additional important anabolic pathway in malignant
hematopoietic cells is fatty acid synthesis. Non-Hodgkin B-
cell lymphoma cells are particularly sensitive to C-75, a fatty
acid synthase inhibitor, supporting the premise that rapidly
proliferative lymphoma cells are not only dependent on aerobic
glycolysis but on other anabolic pathways for their growth and
proliferation (46).

LSCs, which are responsible for survival and persistence of
leukemia, are more dependent on aerobic glycolysis (Figure 1B)
and display higher expression of the glycolysis enzymes PKM2
and LDH-A compared to normal HSCs. In turn, combined
inhibition of PKM2 and LDH-A leads to eradication of LSCs

(7). LSCs also rely on catabolic pathways for the production of
energy and can utilize fatty acids for FAO in order to escape
the detrimental effects of chemotherapy and maintain their
survival under conditions of stress (47). Deletion of AMPK, an
important sensor of energetic stress that maintains metabolic
homeostasis by activating catabolic metabolism and autophagy,
synergizes with metabolic stress caused by nutrient restriction
in LSCs and profoundly suppresses leukemogenesis (48). In
CML, autophagy acts as a possible mechanism of survival and
resistance of leukemia to TKI treatment (49). Under these
conditions, inhibition of mitochondrial OXPHOS can eradicate
TKI-resistant CML LSCs (50). Thus, although LSCs are highly
dependent on glycolysis under steady state conditions, they have
a high degree of metabolic plasticity and adaptation potential and
can utilize catabolic pathways in the setting of energy stress to
support their survival and proliferation. The clinical relevance
of the increased metabolic plasticity that is pivotal in LSCs
is supported by the observation that BCL-2 blockage, which
reduces OXPHOS, selectively eliminates this quiescent leukemia
subset (51).

Our knowledge regarding the metabolic features of leukemia
cells in relapsed or resistant disease in patients who undergo
allogeneic HSCT is limited because relevant studies are currently
missing. As mentioned above, relapsed or resistant leukemia
cells display features of LSC, which are highly depend on
glycolysis but also have the metabolic plasticity to adopt
other metabolic programs for energy generation, including
mitochondrial metabolism, FAO and autophagy. Thus, although
therapeutic approaches to target glycolytic metabolism to inhibit
activation of GVHD-mediating Tgpp cells are expected to
suppress or eradicate MRD, it is possible that plasticity and
metabolic adaptation will allow LSC to survive by shifting their
metabolic preferences. Focused studies are required to address
this issue.

IMMUNO-METABOLIC REPROGRAMING
AND HEMATOPOIETIC STEM CELL
TRANSPLANTATION

Role of Metabolism in T Cell Differentiation
and Relevance to Alloreactive T Cell

Function

Resting T cells rely on mitochondrial respiratory capacity and
OXPHOS for their metabolism and bioenergetic demands. Upon
activation, they demand higher energetic supply, met mostly
by the engagement of glycolytic pathway and mitochondrial
OXPHOS (52). Similar to cancer cells, activated T cells
predominantly depend on glycolysis for energy production and
generation of biosynthetic intermediates while sparing other
nutrients for anabolic reactions. Glycolysis has a key role in the
differentiation of T effector cells. Conversely, glucose deprivation
impairs the ability of CD8% T cells to express IFN-y gene,
a signature of their differentiation into the effector state (53).
Extracellular glucose that T cells uptake during the effector phase,
supports fatty acid de novo synthesis and these newly synthesized
lipids form the fuel used after the transition and differentiation
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of Tgrr to Tyem cells (27). Environmental cues that promote
Twmewm cell differentiation, such as IL-15, promote mitochondrial
biogenesis and the expression of Cptla, which allows entry of
long chain fatty acids to the mitochondria and functions as
the rate limiting enzyme for FAO. These immune-metabolic
properties are associated with longevity and survival in high-
stress environments (54). In contrast, pathologically activated
lymphocytes, such as those in autoimmune diseases, activate
mitochondrial metabolism but utilize glucose for OXPHOS (55).

Metabolic pathways are also linked to the functional
differentiation and polarization of T cell subsets. Thl, Th2,
Th17 and Tfh preferentially undergo glycolysis by increasing
the expression of Glutl and by activating the PI3K/Akt/mTOR
pathway (26). mTOR plays a role as a cell nutrient sensor and is a
crucial regulator of T cell metabolism (56) by activating anabolic
reactions including glycolysis, but also fatty acid metabolism,
by targeting SREBPs (57). Through these coordinated effects,
mTORCI leads to Thl and Thl7 differentiation along with
regulation of T cell priming and generation of iTregs, while
mTORC?2 drives differentiation to Th2 (58). Although Th17 cells
are known to depend on glycolysis (59), inhibiting ACC1, a
key mediator for de novo fatty acid synthesis, impairs Th17
development in both human and mouse models, favoring
the formation of anti-inflammatory Foxp3™ Tregs (60). The
significance of these complex effects mediated by mTOR on
pathways that regulate glycolysis and fatty acid metabolism
are also supported by the implications induced on T cell
differentiation and function by AMPK signaling (61) which
negatively regulates mTOR-mediated glycolytic metabolism (62).
AMPK promotes FAO by multiple mechanisms, including the
direct regulation of key lipid metabolizing enzymes, the negative
regulation of the mTOR and the intracellular transport of fatty
acids (63-65). These coordinated processes, leading to lipid
synthesis and utilization, provide two key properties of Tyem
cells, namely longevity and immune quiescence (66).

It is therefore apparent that mTOR actively influences the
differentiation of all T cell subsets that are involved in GVHD,
including Th1, Th2, Th17 and Tth cells. Thl, Th2 and Th17
have essential roles in the induction of aGVHD, while Tth cells
are pathogenic in cGVHD (67). Intriguingly, Tregs and Tmem
cells, which appear to be protective from GVHD, also depend
on mTOR for their differentiation and function (68, 69). Due
to their overall inhibitory effect on T effector cell function,
mTOR antagonists such as sirolimus are routinely used for the
prophylaxis or treatment of GVHD in alloHSCT recipients (70).
The addition of RGI-2001, a synthetic CD1 ligand that expands
Tregs in vivo, to sirolimus results in a greater decrease in GVHD
rates, as compared to the ones achieved by either compound
alone (71).

Although these results indicate that mTOR antagonists
support the activation and differentiation of Treg in vivo, the
mechanistic role of mTOR in Treg biology remains controversial.
The absence of mTORC1 signaling during T cell differentiation
has been associated with lack of Th1/Th2 polarization and
enhanced conversion to Treg phenotype (58). Surprisingly,
conditional targeting of mTORC1 in Treg cells by deletion of
the mTORC1 partner, Raptor, resulted in impaired fatty acid

and cholesterol synthesis, leading to defective Treg generation
and function (72). Conversely, the absence of mMTORC?2 signaling
by deletion of the mTORC2 partner, Rictor, potentiated the
generation of short-lived effector and memory precursor CD8* T
cells (73). The combined administration of the mTOR inhibitor,
Rapamycin, and IL-2 not only preserved but also promoted
Treg expansion and increased the donor CD4" CD25% Foxp3™
Tregs, resulting in decreased aGVHD-related mortality (74).
This implies that Treg differentiation and function is positively
regulated by mTOR inhibition and mTOR-independent IL-
2-mediated signaling. Conversely, cyclosporin, which inhibits
IL-2 production by targeting NFAT signaling, compromised
Treg proliferation in vivo (68). In light of their specific
effects on Treg differentiation and expansion, the mechanisms
of these immunosuppressive agents in the prevention and
treatment of GVHD should be revisited and their Treg-
dependent immunoregulatory effects should be considered when
these compounds are used for the prevention or treatment
of GVHD.

Metabolism of Alloactivated
GVHD-Mediating T Cells

After HSCT, naive donor T cells are directed to the recipient
secondary lymphoid tissues, where they become activated
by recipient’s alloantigens (32, 33).When this happens, an
increase in glycolysis and OXPHOS is induced (75-77). Overall,
glycolysis escalates, becoming the principal source of energy
for GVHD-causing T cells that under these conditions convert
to T effector cells (75). For this mechanism to be eflicient,
carbohydrate catabolism mediators are also highly upregulated.
These metabolic changes alter the functional profile of GVHD-
mediating T cells, which are no longer naive, but undergo
differentiation to T effectors, simultaneously with metabolic
reprogramming and proliferation in response to alloantigen-
mediated stimulation (75) (Figure 2). In comparison to mice
that received syngeneic BMT, mice undergoing allogeneic
transplant displayed higher ECAR, accumulation of glycolytic
intermediates, increased levels of LDH-A, Mct4, Glutl and Glut3
mRNA, along with higher glucose-6-phosphate levels, all of
which imply higher glycolytic activity (75). Consistent with the
key role of glycolysis in regulating alloreactive Tgpr function,
similarly to Tggr of different specificity, overexpression of Glutl
results in superior T cell survival (78).

Glutamine metabolism is also a central component of
T cell metabolic reprogramming during activation. T helper
cell responses are supported by the upregulation of the
glutamine/leucine transporter Slc7a5, and Slc7a5 null cells are
unable to complete metabolic reprogramming and fail to undergo
differentiation and clonal expansion (79). The role of glutamine
in Tgpp differentiation is supported by the observations that
glutamine availability in the culture media increases IL-2 receptor
expression, lymphocyte proliferation and cytokine production
(79). Thus, glutamine is another critical source of energy and
macromolecule production in activated T cells and might be
involved in the development of alloreactive T cell responses and
GVHD during alloHSCT (Figure 2).
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GVHD-mediating alloactivated T naive cells after exposure to host antigens, which differentiate them to their effector phenotype and increase the expression of Glut1
receptor. Glycolytic reactions also provide a bridge for macromolecule synthesis, redox balance and cell growth, by producing intermediate metabolites that favor PPP.
The generation of pyruvate from glucose yields lactate in the cytoplasm or acetyl-CoA, which enters the TCA cycle in the mitochondria. In alloactivated
GVHD-mediating T cells, expression of glucose, amino acid, and fatty acid transporters increase leading to enhanced entry of these compounds (thick arrows). The
PIBK/Akt/mTOR pathway favors glycolysis and suppresses FAO. mTOR also potentiates PPP in these cells. GVHD-mediating T cells also use amino-acids, especially
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subset involved in mediating GVL function, FAQ is the dominant energy source and mitochondrial metabolism is significantly enhanced, leading to OXPHOS reactions
in the ETC, where higher amounts of ATP are produced, thereby providing sustained energy for cell survival. T regulatory cells are protective against GVHD, by
inhibiting predominantly alloactivated GVHD-mediating T cells but inhibit GVL-mediating T memory cells to a lesser extent thereby preserving GVL. Treg cells share
metabolic features with GVL cells, as they use FAO as their preferred energy source. mTOR regulation appears to have a distinct effect on Treg cells, as it is necessary
for optimizing FAQO that leads to adequate Treg differentiation and function. ADP, Adenosine diphosphate; ATP, Adenosine triphosphate; Akt, Protein Kinase B; ETC,
Electron transport chain; FAD, Flavin adenine dinucleotide (oxidized state); FADH2, Flavin adenine dinucleotide (reduced state); G-6-P, Glucose-6-phosphate; G6PDH,
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Although mitochondrial metabolism has a role in the function
of alloactivated T cells (76, 77, 80), it was also observed that
regulators of fatty acid uptake and FAO are significantly reduced
after autologous or allogeneic HSCT, compared to resting T cells.
This correlated with metabolic reprogramming of alloreactive T

cells to favor glycolytic metabolism and glutaminolysis as the
key pathways for energy generation (75). FAO seems to increase
in GVHD Tggr cells only after the fifth cell division, around 3
days post BMT (76), suggesting that these metabolic pathways
might have distinct roles during the life of alloreactive Tggr cells
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in vivo. Nevertheless, most experimental evidence indicates that
enhanced FAO is critical for Tyem (27) and Treg cell activity
(26, 72) and for this reason it would be protective against GVHD
(12, 15, 16, 19). Thus, the precise role of FAO in alloreactive T
cell function and the details of its regulation in GVHD remain
to be determined.

Studies have indicated that administration of metformin,
which activates AMPK thereby promoting FAO, might attenuate
GVHD by supporting the differentiation of Treg and altering
the balance between Th17 and Treg cells (81). This observation
potentially provides an opportunity to repurpose metformin
for the prevention or treatment of GVHD. However, two
important issues should be taken into consideration: First, AMPK
does not exclusively affect the function of Treg because Tggr
cells from AMPK KO mice display impaired differentiation
and metabolic fitness, and impaired glutamine-dependent
mitochondrial metabolism that allows Tgpr metabolic plasticity
and survival under low-glucose conditions (61); Second, in
addition to activating AMPK, metformin can inhibit complex I
of the electron transport chain (ETC) (82) which may impact
the metabolism and function of all T cell subsets independently
of AMPK. Thus, glycolysis, FAO and AMPK remain attractive
metabolic targets to explore for therapeutic immunomodulation
of alloreactive T cells by individual or combinatorial approaches.

Microbiota in T Cell Metabolism and GVHD
The investigation of the role of microbiota in host immunity in
health and disease is a highly active topic with major biological
relevance. Commensal bacteria are closely related to the host’s
nutritional status and the function of the immune system.
Our understanding about their role in disease pathogenesis is
rapidly expanding. It is now well-known that the development,
differentiation and polarization of T lymphocytes is affected
by gut microbes (83, 84). Commensal microbe-derived SC-FA,
butyrate and propionate, can promote the differentiation of Treg
cells (85). In mice, Clostridia strains can induce CD4*Foxp3™
Treg differentiation by producing SC-FA (86). Tregs induced
by these microbiota can also induce IL-10 and ICOS, affect
the intestinal immune function, and prevent colitis and allergic
diarrhea (86). Conversely, segmented filamentous bacteria in
mice and Bifidobacterium adolescentis in humans, promote
Th17 differentiation, enhance Th17 cell survival (87, 88) and
exacerbate autoimmune arthritis (88). The latter reinforces the
importance of understanding the harmful impact of symbiont-
driven T helper cells in the context of inflammatory conditions.
Not unexpectedly, SC-FA can influence the development
of GVHD (89). SC-FA regulate both Tgpr and Treg cells
accumulation by increasing histone H3 acetylation in the locus of
Foxp3 and activating the mTOR pathway (90, 91). Consequently,
Butyrate restoration in intestinal epithelial cells, implemented
to overcome the reduction caused by the inflammatory cascade
seen in alloHSCT, promotes histone acetylation and correlates
with lower GVHD clinical scores (92). These findings indicate
that microbial-derived metabolic products have a potential use in
GVHD, probably due their impact on T cell subset differentiation
and survival.

Metabolism of Leukemia-Activated GVL

Effector Cells

In mice, GVL effect is driven by CD4" effector Typm that
require cognate interaction with MHC-II and leukemia antigens
(12). Although mouse models do not fully recapitulate human
Tmem life-long repertoire and CD4/CD8 ratio, it should be
noted that the infusion of CD4" Tygym to recipients of T
cell-depleted human allografts effectively enhanced GVL and
immune reconstitution without increasing GVHD (93). This
observation provided an important insight on the potential
use of sorted T cell populations to promote GVL, instead
of administering unfractionated donor lymphocyte infusions,
which are associated with GVHD (94). The therapeutic efficacy
of this approach was explored by implementing selective
depletion of T naive cells from allografts given to high-risk
leukemia patients. This modification of the allografts resulted
in comparable rates of aGVHD but significantly improved
responsiveness of aGVHD to steroid treatment. In addition,
these patients had decreased ¢cGVHD rates and improved
immune reconstitution characterized by rapid T cell recovery
and transfer of protective anti-viral immunity (93). Thus,
selective utilization of donor Tygm cells might be the most
preferred approach to preserve immunity while decreasing
GVHD-mediated morbidity.

The reason for the differential action of T naive and
Tmem cells after allogeneic HSCT, has been hypothesized to
rely on their differential responses. Unlike T naive cells, T
effector memory alloreactive cells cannot expand or sustain
high magnitude responses and while they are less likely to
induce cGVHD, they are sufficient to mediate GVL function
(12, 15). Moreover, cytokine production by memory T cells is
also suboptimal, compared to naive T cells that rapidly increase
aGVHD-associated cytokines TNF-a, IL-1, IL-6, and IFN-y or
the cGVHD-associated cytokine IL-17 (95). Because T naive cells
that convert to effectors and T memory cells engage different
metabolic pathways to meet their energetic demands, the distinct
nature of GVL-specific and GVHD-specific alloreactive T cell
populations might provide an excellent opportunity to introduce
selective metabolism-targeting therapies, to optimize GVL and
prevent the development of GVHD. Moreover, the differentiation
of Treg cells that have the ability to suppress GVHD but
not GVL (16, 17) are also supported by metabolic pathways
similar to those engaged by Tmem cells such as oxidative
metabolism and FAO (26, 54). This metabolic program of
TmeMm cells is supported by utilization of LC-FA for FAO (54).
Although the mitochondrial transporter of LC-FAs, Cptla, is
involved in this mechanism (54), subsequent studies discovered
that pharmacologic inhibition or genetic ablation of Cptla
did not affect the generation of Tyvem (96), suggesting that
T cells may metabolize short-chain fatty acid, in the absence
of Cptla activity. Further, in Cptla KO T cells, the use the
Cptla inhibitor, etomoxir, used in concentrations significantly
higher than those required to inhibit Cptla, suppressed the
generation of Tregs in vitro, suggesting an a Cptla-independent
action (96). Thus, differentiation of Tyem and Treg depends
on FAO that is regulated by CPT1a-dependent and independent
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mechanisms. FAO might be a tentative therapeutic target to
induce Tygm and Treg differentiation in order to prevent GVHD
and preserve GVL.

Metabolism of Antigen Presenting Cells

and Relevance to Allogeneic-HSCT

The role of APCs, both from host and donor, in the setting of
GVHD and GVL is a growing research focus during the past
few years, given the recent understanding of their key role in
both processes in alloHSCT (33, 97, 98). Recipient APCs are also
important mediators of graft rejection, due to their potential to
activate graft-infiltrating T cells (99). Today, it is well-known that
the activation of the innate arm of the immune system is essential
for the unfolding of GVHD, as APCs mediate T-cell priming and
imprinting to GVHD target organs after transplantation (30, 98).
Professional APCs, comprised DCs, B cells and macrophages, are
capable of processing and presenting antigens to T cells through
MHC proteins, promoting the formation of the immunological
synapse that allows development of adaptive immune responses
(98). During HSCT, host bone marrow APCs are mostly ablated
by the conditioning regimen (100). Under these circumstances,
skin macrophages and, to a lesser extent, dendritic cells engage
in most of the antigen-presenting activities, mainly due to their
resistance to myeloablative regimens (101, 102). Host and donor
APCs have different roles in the development of GVHD. Host
APCs seem to be involved in the induction of aGVHD, while
donor macrophages contribute to cGVHD by cross-priming
alloactivated CD8" T cells (98, 103, 104). Replacing host APCs
with donor APCs reverses T cell activation, as it decreases the
interaction between GVHD-related host APCs and donor CD8"
T cells (28). Additionally, depletion of host liver and spleen-
resident APCs results in decreased recruitment of allogeneic
CD8™ T cells, thereby suppressing hepatic aGVHD but not skin
involvement (29). Paradoxically, host APCs also take part in
GVL function, whereas donor APCs only have a limited role in
this process (105).

APCs activate different metabolic pathways, depending on
the engagement of specific accessory surface receptors, cytokine
stimulation and other microenvironmental cues. DCs increase
their glycolytic activity upon their TLR activation as a means to
produce enough pyruvate that can activate TCA cycle reactions
and OXPHOS (3, 106). IFN-y-mediated signals can direct
macrophages into the classic M1 proinflammatory phenotype, in
which glucose uptake via GLUT1 mediated influx predominates.
LPS expressed on the outer membrane of gram-negative bacteria,
after interacting with TLR4 on M1 macrophages, induces
glycolysis, leading to lactate accumulation and production of
TCA cycle metabolites, particularly succinate, which induces the
IL1-p production and inflammation (107). Conversely, IL-10,
IL-4, and IL-13, induce the alternative anti-inflammatory M2
phenotype, which relies mostly on mitochondrial respiration and
instead of inducing tissue inflammation, promotes resolution of
inflammation, tissue remodeling, and repair (108-110).

These extensive studies indicate that the metabolic profile of
M1 macrophages has similarities to that exhibited by activated
effector-like T cells (such as those inducing GVHD), while

the metabolic phenotype of M2 macrophages parallels that
of memory-like T cells (such as those inducing GVL). Thus,
concomitant metabolic reprogramming of APCs and T cells
will have an important role in the net outcome of GVHD
and GVL and these outcomes might vary dependent on the
metabolic polarization of one or both these immune populations.
For instance, the preferential engagement of APCs and T cells
in glycolytic metabolism will allow immune cells to sustain
inflammatory GVHD-mediating functions by promoting the
generation of GVHD-inducing M1 macrophages and effector-
like T cells. Conversely, the metabolic shift of these cell
populations toward oxidative phosphorylation might selectively
promote the differentiation of GVL-inducing memory-like T
cells while supporting M2 differentiation and resolution of
inflammation thereby preventing or suppressing GVHD. Indeed,
inhibition of FAO by etomoxir suppressed M2 polarization
of macrophages (111) and Tymgm cell differentiation in a
Cptla dependent and independent manner (96). It should be
noted that immune cell polarization in vivo is not an all or
nothing event but rather a continuum that leads to an immune
signature depending on the dominating metabolic balance,
thereby providing an opportunity for therapeutic intervention
through implementation of subtle metabolic changes that will
influence both APCs and T cells. Future studies are needed to
investigate whether targeting glycolytic metabolism will have a
similar simultaneous effect to suppress both M1 macrophage
polarization and generation of alloreactive T effector cells that
mediate GVHD.

THERAPEUTIC RELEVANCE OF
METABOLISM IN ALLOGENEIC
HEMATOPOIETIC STEM CELL
TRANSPLANTATION

The  central goal of  post-transplant  therapeutic
immunomodulation is the prevention or treatment of GVHD,
without diminishing GVL activity. As outlined in the previous
sections, the distinct metabolic pathways in these processes
point to potential new therapeutic targets. Although FAO and
glutamine metabolism might have a role in the activation of
GVHD-inducing alloreactive T cells, elegant work has provided
evidence that glycolysis is the dominant metabolic pathway
of alloactivated donor T cells and inhibition of glycolysis
by targeting HK-2 or the rate-limiting PFKFB3 prevents
alloreactivity in vivo and attenuates GVHD in HSCT recipient
mice (75). Blocking PFKFB3 in cancer cells also downregulates
glucose influx, thereby interfering with tumor growth and
disease progression (112). Thus, targeting PFKB3 might control
GVHD while suppressing metabolic activity and growth of
residual leukemia cells. Other means of reducing glycolytic
activity also translate into amelioration of GVHD severity. The
role of glucose metabolism in GVHD is also supported by the
observation that Glutl transporter-deficient murine CD4"
effector T cells are unable to expand and induce GVHD in
vivo, while, in this context, Treg population increases, showing
independence from Glutl (113). Notably, inhibiting glycolysis
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by using 2-deoxyglucose, not only diminished the expansion
of Tgpr cells but enhanced the differentiation of CD8% TyeMm
cells (114). Similarly, IL-15-driven overexpression of Cptla
induced Tympm cell production and supported their survival
(54). Such modifications in the abundance of T cell subsets
by targeting glycolysis might selectively prevent GVHD while
preserving GVL.

Targeting PI3K/AKT/mTOR pathway has been explored in
the context of alloHSCT, because this pathway is central to the
activation, expansion and differentiation of Tgpr, TymeMm, and
Treg cells. Inhibition of PI3K/AKT/mTOR with BEZ235, a dual
PI3K/mTOR inhibitor, resulted in decreased T cell activation and
diminished GVHD grade (115). Importantly, using rapamycin,
an mTORCI1 inhibitor, enforced FAO and increased Tmem
cell differentiation (116). Because rapamycin also promotes the
differentiation of Treg (69), such approach might selectively
suppress GVHD and promote GVL by inducing Tyem and Treg.
Thus, rapamycin might be repurposed and used not simply as
an immunosuppressant but also as an immunomodulator to alter
metabolism-driven differentiation of T cell subsets in recipients
of alloHSCT.

Utilization of mitochondrial F1F0-ATPase inhibitor, Bz-423,
promotes apoptosis of alloactivated cells, thereby reducing
GVHD rates and improving survival without impairing immune
reconstitution (77). The Cptla inhibitor, etomoxir, was also
reported to decrease GVHD severity in mice after day 30 post-
transplant, without impairing immune reconstitution (76). As
mentioned above, etomoxir, used in concentrations significantly
higher than those required to inhibit Cptla, suppressed the
generation of Tregs in vitro, suggesting a Cptla-independent
action (96). Such Cptla-independent effect of etomoxir was also
observed in bone marrow derived macrophages from Cptl/2
KO mice, in which etomoxir retained the ability to disrupt IL-
4-mediated M2 macrophage polarization possibly by causing
depletion of intracellular coA (111). Thus, the combined effects of
such metabolism-targeting compounds might have implications
in the components of the innate and adoptive immune system
resulting in clinical effects on GVHD, GVL and immune
reconstitution that are driven by the altered function of more
than one immune population or by previously unidentified
selective effects on a certain immune cell population. This is
also supported by the observation that AEB071, an inhibitor of
protein kinase C-6 that preferentially halts Treg differentiation
and activation, preserves graft survival and GVL but prevents
IFN-y production and GVHD by enhancing the function of
Treg (117).

Together, the results of targeting studies in various mouse
models (54, 75, 77, 113, 115-117) are of direct clinical relevance
and indicate that therapeutic targeting of selective components of
signaling and metabolic pathways might have distinct outcomes
on T cell differentiation and distinct clinical implications in the
prevention and treatment of GVHD and GVL. Because possibly
distinct metabolic mechanisms dominate during different phases
of alloreactive T cell lifespan, it will be critical to determine the
metabolic signatures of alloreactive GVHD- and GVL-specific T
cells during various times after alloHSCT. Such knowledge will
allow the design of proper therapeutic combinatorial therapies

to selectively induce the desired metabolism-driven immune
cell differentiation.

A major challenge when targeting metabolism for therapy of
GVHD, will be to preserve the metabolic properties of pathogen-
specific Tgpr cells, which are mandatory for their function
under conditions of stress and response to pathogens. Future
work is required to identify and dissect the potential metabolic
differences of pathogen-specific vs. host antigen-specific T cells
that induce GVHD. Identifying pathways that dominate in
each of these populations during their lifespan will allow the
development of experimental approaches and clinical trials to
implement and evaluate metabolic interventions in these distinct
Tggr cell populations in parallel to studies dissecting the effects of
such approaches on GVHD vs. GVL.

CONCLUDING REMARKS

Metabolism is a rapidly growing subject in immunology
and malignant hematology. LSC that survive under intensive
chemotherapy are responsible for MRD and relapse. These LSC
use both anabolic and catabolic pathways, depending on the
environmental cues. Our knowledge regarding the metabolic
features of leukemia cells in relapsed or resistant disease in
patients who undergo allogeneic HSCT is limited because
relevant studies are currently missing. Based on current data,
relapsed or resistant leukemia cells display features of LSC,
which are highly dependent on glycolysis, but also have the
metabolic plasticity to adopt other metabolic programs for
energy generation, including mitochondrial metabolism, FAO
and autophagy. Thus, although therapeutic approaches to target
glycolytic metabolism employed to suppress GVHD-mediating
Tgrr cells are expected to suppress or eradicate leukemia cells,
it is possible that the high degree of plasticity and metabolic
adaptation of LSC may provide them the means to survive by
shifting their metabolic preferences. Identifying LSC dominant
pathways upfront and modulating them by metabolism-targeting
interventions, together with chemotherapy, will be highly
beneficial because will eradicate LSC, thereby minimizing the risk
for relapse. It is particularly intriguing and hopeful to attempt
achieving this objective, together with selective metabolism-
driven differentiation of immune cell subsets, with the goal to
minimize GVHD and enhance GVL after allogeneic HSCT.
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Graft vs. host disease (GVHD) is the major non-relapse complication associated
with allogeneic hematopoietic stem cell transplantation (HSCT). Damage to the
gastrointestinal (Gl) tract from acute GVHD is a particularly serious event that can result
in significant morbidity and mortality. Proinflammatory cytokines play a critical role in
the pathophysiology of intestinal GVHD, in part by activating donor T cell populations
which subsequently induce tissue damage. In this review, we summarize pre-clinical data
derived from experimental murine models that have examined the role of inflammatory
cytokine pathways that play critical roles in the pathophysiology of GVHD of the Gl tract.
Specific areas of focus are on STAT 3-dependent cytokines (e.g., IL-6, IL-23, and IL-21),
and members of the IL-1 cytokine family, both of which have been shown to induce
pathological damage within the GI tract during this disease. We also review established
and ongoing efforts to translate these pre-clinical findings into the clinic in an effort to
reduce morbidity and mortality due to this complication.

Keywords: graft vs. host disease, inflammatory cytokines, allogeneic hematopoietic stem cell transplantation,
gastrointestinal tract, mouse models

GRAFT vs. HOST DISEASE

Graft-vs.-host disease (GVHD) is the major complication that occurs after allogeneic hematopoietic
stem cell transplantation (HSCT) and is the leading cause of transplant-related mortality (1, 2).
Mature T cells, which are present in the donor stem cell graft, are instrumental in the development
of GVHD in HSCT recipients (1, 2). These pathogenic T cells are activated and clonally expand in
response to recognition of a cognate recipient-derived peptide on an antigen presenting cell (APC),
mounting an adaptive immune response against healthy recipient tissues. Current evidence in the
literature suggests that two phases of antigen presentation occur (3). GVHD is initiated by recipient
hematopoietic and non-hematopoietic APCs by a process termed direct alloantigen presentation
(4, 5). Following the elimination of recipient-derived APCs post-transplantation, donor-derived
APCs sustain GVHD by presenting recipient-derived peptides through the indirect pathway (6-9).
Studies have revealed that the most important donor-derived APCs in this process are classical
dendritic cells (7, 9).

GVHD has been divided into two phases, termed acute and chronic, which are distinguishable
based on the timing of onset as well as unique clinical and pathological manifestations
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(10-12). During the acute phase, which is responsible for
significant mortality (13), GVHD targets a restricted set of organs
including the skin, gastrointestinal (GI) tract, lung, and liver
(1, 2, 4). Compelling data in experimental models have shown
that the GI tract plays a primary role in the propagation of this
disease (14, 15). Damage to the gastrointestinal mucosa from
the conditioning regimen results in the release of damage- and
pathogen-associated molecular patterns (DAMPs and PAMPs)
(16, 17), which activate cells of the innate immune system
through the ligation of pattern recognition receptors (PRRs)
(2). This ultimately leads to the generation of clonally-expanded
alloreactive T cells which mediate further damage, creating
an inflammatory cascade (18). From a clinical perspective,
involvement of the GI tract is a major cause of morbidity
and can result in significant complications including protracted
diarrhea, requirement for parenteral nutrition, and infectious
complications due to translocation of bacteria across a damaged
mucosal barrier (19). Given the pivotal role that the GI
tract plays in acute GVHD biology, strategies designed to
reduce inflammation in this target organ have the potential to
significantly decrease morbidity and mortality associated with
this disease.

STAT3 SIGNALING IN GVHD OF THE Gl
TRACT

During the formation of an immune response, the transduction
of signals from the T cell receptor, costimulatory ligands, and
cytokines into the nucleus is required for the differentiation of
naive T cells into effector lineages. During GVHD, these effector
alloreactive cells are then able to secrete inflammatory cytokines
and acquire cytotoxic capability, leading to tissue damage. Signal
transducer and activator of transcription (STAT) proteins are
responsible for much of these gene expression changes as a
result of signaling through cytokine receptors. Upon ligation
of a cytokine to its receptor, Janus kinases (JAKs) bind to
the cytoplasmic domain of the receptor and become active,
phosphorylating the appropriate STAT proteins, which then
dimerize and translocate to the nucleus where they execute their
function in driving transcriptional changes (20). Of these STAT
proteins, STAT3 is particularly important in T cell pathogenicity
during GVHD (21). In fact, treatment with a small molecule
that inhibits STAT3 phosphorylation (22) or transplantation with
STAT3-deficient T cells (21) significantly reduced GVHD-related
mortality and pathological damage within the colon, providing
support for the premise that STAT3-depednent cytokines play
a prominent role in the induction of inflammation within this
tissue site. Abrogation of STAT3 signaling was associated with
a reduction in donor effector T cells with a corresponding
increase in the number of regulatory T cells (Tregs). These
results suggested that the STAT3 signaling pathway plays a
critical role in balancing the effector and regulatory arms of the
immune system within the context of GVHD. This basic premise
has been confirmed in vitro using human cells where small
molecule inhibition of STAT3 signaling suppressed alloreactive
T cell proliferation while enhancing expansion of induced Tregs

(iTregs) (23). In addition, CD4" T cell STAT3 activation has
been associated with an increase in T 17 cells and corresponding
pathological damage within the GI tract in patients (23).

In contrast to the proinflammatory nature of STAT3 signaling
in alloreactive T cells, expression of STAT3 in recipient
myeloid cells was found to exacerbate GVHD (24). Notably,
this analysis was limited to LysM-expressing cells, which are
predominantly of the macrophage/monocyte lineage. While
this study did not explore a mechanism for why STAT3
signaling in recipient myeloid cells elicits a paradoxical anti-
inflammatory effect, the authors did note an increase in the
number of donor CD4" and CD8" T cells in the spleen and
an elevation in serum IFN-y and IL-17 in LysM-Cre STAT3%/~
recipients compared to WT recipients, suggesting that this
subset of recipient myeloid cells might indirectly regulate donor
T cell responses. Interestingly, deficiency in donor myeloid
cells had no impact on overall GVHD severity (24). Thus,
the proinflammatory effects of STAT3 signaling appear to be
mediated through T cells and not myeloid cell populations.
The potential clinical significance of these observations derives
from the fact that a number of the inflammatory cytokines
that have been implicated in the pathophysiology of GVHD,
specifically within the gastrointestinal tract, use STAT3 as part of
their signaling pathway, and therefore are amenable to blockade
with appropriate and specific antibodies. The STAT-dependent
cytokines which have been most critically examined with respect
to GVHD within the GI tract are IL-6, IL-23, and IL-21.

INTERLEUKIN 6

IL-6 is a proinflammatory cytokine that is crucial in initiating
a Tyl7 immune response. In the presence of IL-6 and TGF-
B, naive T cells are able to differentiate into cells of the Ty17
lineage, whereas in the absence of this cytokine, these same
cells are directed to become Tregs (25, 26). Specifically, TGF-
pB-induced Foxp3 is able to inhibit the transcriptional activation
of RORyt which prevents the differentiation of Ty17 cells from
naive CD4™" T cells (27). Thus, IL-6 appears to have a pivotal role
in facilitating inflammatory responses by the immune system.
In experimental murine studies, IL-6 and soluble IL-6R levels
have both been shown to be increased in the gastrointestinal
tract during GVHD (28). Moreover, blockade of IL-6 signaling
by the administration of an antibody that binds to the IL-6
receptor significantly reduces GVHD-associated mortality and,
specifically, pathologic damage within the colon (28-30). In one
study (28), this was attributed to a significant increase in the
absolute number of Tregs that was due to augmentation of both
thymic-dependent and thymic-independent Treg production.
Notably, when GVHD protection was dependent solely upon
the ability to generate iTregs, blockade of IL-6 signaling resulted
in a reduction in GVHD severity only within the colon (30).
These results support the premise that IL-6 has an important
role in mediating GVH responses within this tissue site, and
that inhibition of this signaling pathway serves to recalibrate
the effector and regulatory arms of the immune system in the
GI tract. It should be noted that augmented Treg reconstitution
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has not been observed in all studies (29), although this may
be due, in part, to a more abbreviated anti-IL-6R antibody
administration schedule that did not provide sufficient IL-6
blockade to positively affect Treg regeneration. The requirement
for more protracted anti-IL-6R antibody administration to
observe robust Treg reconstitution is supported by findings in a
murine sclerodermatous chronic GVHD model (31).

The potential efficacy of IL-6 blockade for the treatment and
prevention of GVHD has also been examined in humans. This is
due to the availability of tocilizumab which is a humanized anti-
IL-6R antibody that has been FDA-approved for the treatment
of patients with rheumatoid and juvenile arthritis (32, 33).
Off label use of tocilizumab has therefore been possible in
HSCT patients. Initial studies using tocilizumab have been in
patients with steroid refractory (SR) GVHD. A total of three
studies comprising 31 patients have reported results on the
use of tocilizumab for the therapy of SR acute GVHD (34—
36). In nearly all patients (i.e. 30/31), treatment was instituted
for disease involving the lower GI tract. In two of the three
studies, response rates (PR and CR) were quite similar (67 and
69%, respectively). In a third trial, however, responses were
observed in only 44% of patients and were short-lived. One
potential explanation for the discrepancy in these results is that
the majority of patients in this latter trial had concurrent liver
GVHD, and tocilizumab has not been shown in any study to
have any efficacy for the treatment of disease in the liver. The
reasons for this are not entirely clear, although the fact that one
of the primary side effects of tocilizumab is transaminitis suggests
that this agent may induce some degree of liver inflammation
which could be deleterious in the setting of concurrent
liver GVHD.

Inhibition of IL-6 has also been examined for the prevention
of acute GVHD in allogeneic HSCT patients. The first report
was by Kennedy et al. (37) who treated 48 patients (median
age 48) with a single dose of tocilizumab on the day prior to
transplantation in addition to standard immune suppression
consisting of tacrolimus and methotrexate. The primary end
point of the study was grade 2-4 acute GVHD at day
100. Conditioning was with either total body irradiation and
cyclophosphamide (myeloablative) or fludarabine and melphalan
(reduced intensity) and patients were transplanted with stem cell
grafts from either HLA-matched sibling or matched unrelated
donors. The incidence of grades II-IV and III-IV acute GVHD
at day 100 was 12 and 3%, respectively, which was lower than
historical controls, although this was not a randomized trial
nor were the patients demographically matched to a historical
or contemporaneous cohort. Of note, GVHD in the GI tract
occurred in only 8% of patients and it was not specified as to
whether this involved the lower or upper GI tract. Therefore,
it is possible that the incidence of lower tract GI GVHD
was even lower which is noteworthy given studies that have
shown that upper GI tract GVHD is generally responsive to
modest doses of steroids and does not impact overall survival
(38, 39). Immune reconstitution was also preserved in these
patients which suggested that blockade of IL-6 signaling did
not deleteriously impact overall immunity (37). Flow cytometric
and gene expression analysis of both monocytes and CD41 T

cells of patients treated with Tocilizmab revealed that there was
a reduction in STAT3 phosphoyrylation and an attenuation in
expression of STAT3-driven genes (37), demonstrating that IL-
6 is a prominent inducer of this signaling cascade in human
patients during GVHD.

A more recent study (40) also administered tocilizumab in
addition to tacrolimus and methotrexate for the prevention
of GVHD in an older aged population (median age 66)
who underwent reduced intensity or myeloablative stem
cell transplantation. All patients received busulfan-based
conditioning which distinguished this trial from the previous
publication. The tocilizumab administration schedule, however,
was identical to that employed in the study of Kennedy et al. The
cumulative incidences of grades II-IV and III-IV acute graft vs.
host disease were 14 and 3% at day 100 which was similar to that
observed in the prior trial. Importantly, we observed that there
were no cases of GVHD of the lower gastrointestinal tract within
the first 100 days. To provide additional context to these results,
the authors obtained a control population from the database
of the Center for International Blood and Marrow Transplant
Research consisting of patients who were demographically
matched for age, performance status, conditioning regimen,
disease, and donor type, but who had received only tacrolimus
and methotrexate for GVHD prophylaxis. This analysis revealed
a lower cumulative incidence of grades II-IV acute graft vs. host
disease (17 vs. 45%) and a significant increase in grades II-IV
acute graft vs. host disease-free survival at 6 months (69 vs. 42%)
in patients who were treated with tocilizumab, tacrolimus, and
methotrexate. Collectively, these studies provided evidence that
inhibition of IL-6 signaling had efficacy for the prevention of
GVHD in the GI tract in allogeneic HSCT patients.

INTERLEUKIN 23

IL-23 is a member of the IL-12 family, signals through STAT3,
and is secreted by DCs, as well as other APCs such as
macrophages and monocytes (41). This cytokine shares a p40
subunit with IL-12, but also contains an IL-23-specific p19
component. The pl9/p40 complex binds to a heterodimer
of IL-12RB1, which is shared with the IL-12 receptor and
a unique IL-23 receptor subunit that together is present on
memory/activated T cells, DCs and macrophages (42). Early
studies demonstrated that IL-23 plays a critical role in disorders
such as experimental allergic encephalomyelitis (EAE) (43),
collagen-induced arthritis (44), and inflammatory bowel disease
(45) implicating this cytokine as a pivotal mediator in the
pathogenesis of inflammatory disorders and autoimmunity. Pre-
clinical murine BMT studies have demonstrated that IL-23
has a selective role in the promotion of inflammation within
the colon during acute GVHD. In addition, this cytokine also
functions as a critical mediator linking mucosal injury and LPS
translocation that occurs as a consequence of the conditioning
regimen to subsequent proinflammatory cytokine production
and GVHD-associated pathological damage (46, 47). In these
murine models, transplantation of IL-23-deficient marrow grafts
or the administration of a p19-specific antibody resulted in
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a significant amelioration in the severity of acute GVHD.
This was shown to be due to the preferential reduction in
colonic GVHD-induced pathology, accompanied by a decrease
in proinflammatory cytokine production within this target
organ. Donor, as opposed to host, APC production of IL-23
was demonstrated to be crucial for inducing GVHD-associated
inflammation in the colon. These findings established that IL-
23 has a novel organ-specific role in GVHD biology within the
context of a broader systemic inflammatory disorder. Further
mechanistic studies revealed that the proinflammatory effects
of IL-23 were mediated at least in part by IFN-y, not IL-17,
and that an intact upstream LPS/TLR4 signaling pathway was
required for IL-23-mediated colonic inflammation. Moreover,
blockade of this pathway did not abrogate the graft vs. leukemia
effect when tested in both acute and chronic models of
leukemia (46).

More recent studies have shown that blockade of the IL-
23 receptor using either genetic or antibody-based approaches
similarly protect mice from lethal GVHD and pathological
damage in the colon (47). In the course of these studies, a
unique colitogenic CD4™ T cell population was identified that
constitutively expresses the B2 integrin CDI1lc, has a biased
central memory phenotype, possesses innate-like properties
by gene expression analysis, and has augmented expression
of the gut-homing molecules, a4p7 and CCR9. Adoptive
transfer of these cells resulted in increased overall mortality,
proinflammatory cytokine production, and pathology specifically
in the colon. The pathogenicity of these cells was critically
dependent upon co-expression of the IL-23 receptor. The fact
that these CD4™ T cells possess an innate-like transcriptional
signature suggests that they are positioned at the interface of
the innate and adaptive immune systems where they are able to
mediate early inflammatory events during GI tract GVHD.

There are currently two pl9-specific antibodies (i.e.,
guselkumab and tildrakinumab) that have received FDA
approval for the therapy of psoriasis (48, 49). However,
specific blockade of the IL-23 signaling pathway has not been
examined for the prevention or treatment of GVHD in humans.
Ustekunimab which binds to the p40 subunit and thereby inhibits
both IL-12 and IL-23 has been administered to patients for the
prevention of GVHD in a randomized, placebo-controlled study
(50). The results of this trial showed that patients treated with
Ustekunimab had no difference in the incidence of grades 2-4
acute or chronic GVHD, and there was no specific protective
effect on the severity of GVHD within the GI tract. Interestingly,
despite the lack of effect on GVHD, there was a significant
reduction in transplant-related mortality which translated to
an improvement in survival. However, since the trial was not
powered to assess these clinical outcomes and therefore were
not the primary endpoints of the trial, the significance of these
findings is not entirely clear.

INTERLEUKIN 21

IL-21 is produced by CD4" T cells, CD8' T cells, and NKT
cells, while the receptor for IL-21 is expressed on T cells, B cells,

NK cells, dendritic cells macrophages, and epithelial cells (51).
The role of IL-21 in the biology of GVHD has been examined
in a number of murine transplantation models (52-55). A
common finding in all of these studies has been that blockade
of IL-21 signaling by either antibody-based strategies or genetic
approaches is able to significantly reduce the severity of GVHD.
In some instances, this was shown to be due to an increase in
the reconstitution of Tregs accompanied by a commensurate
reduction in the expansion of donor effector T cells, suggesting
that blockade of IL-21 signaling recalibrates the effector and
regulatory arms of the immune system, similar to IL-6 blockade.
Notably, several studies have confirmed that blockade of IL-21
signaling results in decreased pathological damage specifically
within the GI tract (52-55). More recently, tissue from the GI
tract of patients with active GVHD also revealed increased IL-21
expression in mononuclear cells in the colon when comparted to
samples obtained from patients with no GVHD (56), suggesting
that IL-21 may play a role in gastrointestinal GVHD in humans
as well. As of yet, however, there have been no trials examining
whether blockade of IL-21 signaling is able to reduce the severity
of GVHD in humans.

INTERLEUKIN 1 FAMILY MEMBERS

Interleukin-1 (IL-1) was one of the first cytokines described
and was named for the soluble product of macrophages during
inflammation (57). Since then, IL-1 has been discovered to be not
a single gene product but a family of cytokines (58), collectively
referred to as the “IL-1 superfamily” (59, 60). Most of the genes in
the IL-1 family are clustered together on the same chromosome,
likely attributable to a gene duplication event that is evident in
their similarity in sequence, structure, and function (61). IL-1
family cytokines direct a host of events in the immune system
ranging from acute inflammatory processes initiated by the cells
of the innate immune system (57), to T cell differentiation (62),
to the regulation of inflammation (63, 64). In this section, we
will focus on the “classical” IL-1 cytokines (IL-1a and IL-1p) as
well as the IL-1 receptor antagonist (IL-1RA), which binds the
IL-1 receptor and blocks binding of other ligands but elicits no
signaling itself (64). Furthermore, we will discuss new insights
into the role of IL-33, another IL-1 family member, and its
cognate receptor ST2 in mediating inflammation in the GI tract
during GVHD.

INTERLEUKIN 1

A role for the IL-1 family in the biology of GVHD was first
postulated in 1991 when increased levels of IL-la mRNA was
detected in the skin of GVHD recipients in an MHC-matched,
minor antigen mismatched murine transplant model (65). In
addition, the administration of a recombinant human IL-1Ra was
found to significantly increase survival in transplant recipients
(66), supporting a role for this cytokine in the pathophysiology of
this disease. Subsequent studies yielded more conflicting results,
raising the issue as to whether this observed variability might,
to some extent, be model-specific (66, 67). These preclinical
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studies, however, did lay the foundation for human trials
testing the efficacy of IL-1 blockade which were conducted in
patients with steroid-refractory GVHD. In a phase I/II trial,
which involved a 7 day continuous infusion of recombinant
IL-1Ra, 10 out of 16 patients had an overall reduction in
GVHD grade, including 8 out of 11 patients with GI-tract
involvement who showed improvement (68). In another phase
I/IT trial using a recombinant IL-1 decoy receptor, eight of 14
patients had an overall reduction in GVHD grade, with 2 of
6 patients with GI tract involvement showing organ-specific
improvement (69). The largest clinical trial examining anti-IL-
1-directed therapy was conducted nearly a decade after the
initial observation in murine models (70). This was a double-
blind, placebo-controlled trial involving 186 patients in which
the study arm consisted of treatment with an IL-1 receptor
antagonist for GVHD prophylaxis. The primary endpoints of this
study were event-free survival, overall survival, and incidence of
GVHD. Unfortunately, patients that received IL-1Ra treatment
had no improvement in any of these outcome measures. Notably,
recombinant IL-1Ra was administered in the peritransplant
period, with IL-1Ra levels in the serum returning to baseline by
day 14 (70), before most patients develop acute GVHD. Whether
this administration schedule may have been responsible for the
lack of any perceived effect is not clear and the ability of IL-
1 blockade to prevent GVHD within the GI tract in humans
remains unproven.

INFLAMMASOME SIGNALING

With the discovery of the inflammasome (71) there has been
renewed interest in the role of IL-1 cytokines in gastrointestinal
GVHD. This is due to the fact that the GI tract is a source
of innate immune activating pathogen- and damage-associated
molecular patterns (15), some of which can cause activation
and assembly of the inflammasome. In the case of one
particular NLRP3, the ligation of TLR4 by lipopolysaccharide
(LPS) causes the up regulation of inflammasome substrates
and components such as pro-IL-1f and NLRP3 (72), as well
as the deubiquitination and stabilization of NLRP3 (73). As
a complementary step, the ligation of the purinergic receptor
P2X7 by ATP provides the second step in inflammasome
activation, ultimately leading to the assembly of NLRP3
with ASC, cleavage of pro-caspase-1, and caspase-1-mediated
conversion of pro-IL-1p to its secreted and biologically active
form (73).

Jankovic and colleagues provided the first evidence that the
NLRP3 inflammasome is important in the pathophysiology
of gastrointestinal GVHD (74). This report showed that in a
MHC-mismatched murine model, pretransplant but not post-
transplant treatment of mice with an IL-1 receptor antagonist
or an IL-1P blocking antibody prevented GVHD. Furthermore,
they showed that the NLRP3 inflammasome was required for
production of IL-1 in the GI tract and corresponding lethality
post-transplant. Biopsies from patients with GVHD had a
higher proportion of cleaved (active) caspase-1 staining cells by
immunohistochemistry compared to biopsies from transplant

patients without GVHD. PBMCs isolated from patients with
GVHD produced more IL-1f than those from BMT patients
without GVHD and healthy controls. These results provide
strong evidence that the NLRP3 inflammasome/IL-1p pathway is
involved in the pathogenesis of gastrointestinal GVHD and that
further investigation into these pathophysiological mechanisms
is warranted to determine whether this will have potential
therapeutic implications. In this regard, it is noteworthy that
transplantation of microRNA (mir)-155-deficient dendritic cells
has also been shown to cause less GVHD in the GI tract due to
defective inflammasome activation (75). This observation could
potentially be exploited clinically using antagomir administration
to inhibit mir-155.

INTERLEUKIN 33/ST2 AXIS

One of the more recently identified pathways in GVHD biology
is the IL-33/ST2 axis. IL-33 is a member of the IL-1 superfamily
that has been identified as an alarmin and is released during cell
injury and necrosis to initiate the immune response (76). IL-33
is produced primarily by a variety of non-hematopoietic cells
which include endothelial cells, fibroblasts, and epithelial cells in
the intestines and bronchi. Within the GI tract, in particular, IL-
33 is expressed by a-SMA™ subepithelial myelofibroblasts which
have also been termed pericryptal fibroblasts (77). Release of
IL-33 leads to binding to its membrane receptor, ST2, which is
expressed on a large number of immune cells (i.e., T2 cells,
regulatory T cells, type 2 innate lymphoid cells, macrophages,
and granulocyte populations) (78). Notably, a soluble form of the
receptor, sST2, lacks transmembrane and cytoplasmic domains
and serves as a decoy receptor to IL-33, hampering the ability of
this cytokine to elicit and effect in target cells (76).

In preclinical studies, IL-33 and sST2 have both been shown
to be increased in the blood of mice during GVHD (79, 80). IL-
33 is specifically increased in the GI tract where it is produced
by non-hematopoietic cells in both murine models and patients
with stage IV acute GVHD (79). The mechanism by which
the IL-33/ST2 axis manipulates GVHD is complex. Transplant
recipients that are deficient for IL-33 are protected from GVHD
and administration of IL-33 in the early post transplantation
period (days 3-7 post-transplant) was shown to exacerbate this
disease (79), suggesting a proinflammatory role. Post-transplant
IL-33 administration was associated with reduced survival,
higher serum TNF-a, and an increased number of infiltrating
intestinal donor T cells (79). Of note, post-transplantation
blockade of IL-33 with an sST2-Fc receptor fusion protein
also attenuated GVHD. In contrast, peri-transplant IL-33
administration (days —10 to +4) attenuated disease (81). This
reduction in GVHD severity was associated with an increase in
recipient mST2* regulatory T cells, a cell population that is able
to survive after total body irradiation. A reduction in GVHD was
also observed in mice that received peritranspant sST2 blockade,
which potentiates the effects of IL-33 due to an inhibition of
its decoy receptor (80). Notably, sST2 blockade did not affect
expression of mST2 on specific lymphocyte populations, such
as T2 cells and regulatory T cells (80). These data indicate a
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paradoxical role for IL-33/ST2 signaling in GVHD, whereby early
treatment of IL-33 downregulates inflammation in the GI tract,
whereas administration of IL-33 is proinflammatory once disease
has been established. Thus, the pro or anti-inflammatory effects
of IL-33 in GVHD appear to be highly schedule dependent. While
the reasons for this are still not completely clear, this disparity
could be due to differences in cell populations which populate the
gastrointestinal tract at various stages post-transplantation. For
example, recipient Tregs of which there is an ST2" subset which
can be expanded with peritransplant IL-33 treatment are present
early post-transplantation and can suppress GVHD (81). In fact,
the depletion of Tregs during peritransplant IL-33 administration
results in the loss of protection against GVHD (81). Conversely,
1L-33 signaling appears to act primarily on ST2" conventional T
cells later post-transplantation resulting in an exacerbation of the
disease (79). The temporal effects of IL-33 in these models may
also be, to some extent, dose-dependent, as mice which received
IL-33 peritransplant and were protected from GVHD received
more than twice the dose over a much longer treatment window
(81) than those that received posttransplant IL-33 (79).

In allogeneic HSCT patients, ST2 has emerged as a powerful
biomarker that is predictive for GVHD severity in patients.
Specifically, biomarker panels obtained early post transplantation
which incorporated ST2 have been shown in several studies to
be predictive for increased non-relapse-related mortality (82-
84). In addition, in one of these studies (83), severe GI tract
GVHD was also significantly greater in those patients who were
in the cohort with highest levels of ST2. ST2 has also emerged
as a critical component of a biomarker panel that has been
shown to be predictive for response or lack thereof in steroid
refractory acute GVHD (85). This disease carries a particularly
high mortality which is typically attributable to disease involving
the GI tract which is often the proximate cause of death. To
date, there have been no clinical studies which have attempted
to interrupt signaling through the IL-33/ST2 pathway in order
to reduce inflammation. However, recent efforts to develop small
molecule inhibitors that interfere with this pathway has shown
promise in murine studies where there has been a reduction in
sST2 plasma levels, reduced GVHD, and improved survival (86).
Thus, these data provide hope that targeting of this pathway may
soon be clinically feasible.

OTHER CYTOKINES

Granulocyte-Macrophage Colony
Stimulating Factor (GM-CSF)

GM-CSF was originally characterized and designated as a
hematopoietic growth factor which could promote myelopoiesis
in the bone marrow. However, more recent studies have
demonstrated that GM-CSF is largely redundant in the
development of the hematopoietic system as mice deficient in
either the cytokine or its receptor have only limited defects in
steady-state myelopoiesis (87, 88). Rather, GM-CSF has been
implicated as a key signaling molecule which is able to activate
the innate immune system in autoimmune and proinflammatory
syndromes such as experimental autoimmune encephalomyelitis

(EAE) and rheumatoid arthritis (89). In EAE, for example,
GM-CSF is required for the induction of autoimmunity (90,
91) and serves as a conduit between CD4t T cells and
CCR2" macrophages (92). In the latter cell population, GM-
CSF institutes a proinflammatory transcriptional program which
facilitates pathological damage within the central nervous system
(92). Recently, a role for GM-CSF in GVHD has been posited
by Ulrich et al. who described a population of BATF-dependent
IL-7RM T cells that produce GM-CSFE (93). In this report,
which primarily focused on inflammation in the gastrointestinal
tract, GM-CSF~/~ T cells induced less GVHD in the colon
as evidenced by reduced colonoscopy and clinical scores, as
well as increased overall survival. This finding was replicated
in a MHC-mismatched and haploidentical transplant models
by Tughes et al. (94). Interestingly, GVHD was attenuated
when GM-CSF receptor deficient bone marrow donors were
used, suggesting that the proinflammatory effects of GM-CSF
are at least in part mediated through donor myeloid cells.
However, a mechanism or specific target myeloid populations
for GM-CSF signaling were not definitively established. Thus,
further studies are needed to elucidate the full role of
this proinflammatory cytokine. Given that mavrilimumab
(95), an anti-GM-CSF receptor alpha monoclonal antibody,
and MORI103 (96), a humanized anti-GM-CSF antibody, are
currently in clinical trials for the treatment of rheumatoid
arthritis and multiple sclerosis, respectively, GM-CSF could
represent a new target for the prevention of GVHD in the
GI tract.

Interferon-Gamma (IFN-y)

Donor T cells with a Ty 1 cytokine phenotype have an important
role in the pathophysiology of GVHD (1, 2). The signature
cytokine of these cells, IFN-y, has also been demonstrated to
induce pathological damage in the GI tract during GVHD.
However, inhibition of IFN-y signaling has divergent effects
on GVHD target organs in pre-clinical murine models.
Specifically, these studies have shown that mice transplanted
with IFN-y deficient grafts have reduced pathology in the GI
tract (14, 97), but rapidly develop an idiopathic pneumonia
syndrome (IPS)-like disease early post-transplantation resulting
in increased mortality (97-99). The protective effect of IFN-vy is
mediated through host non-hematopoietic cells, likely the lung
parenchyma itself (97, 99), which inhibit the production of IL-
6 by signaling through the IFN-yR (99). In contrast, IFN-yR
signaling in T cells appears to be proinflammatory. A reduction in
GVHD severity was observed when recipients were transplanted
with IFN-yR-deficient T cells (97, 100). Additionally, reduced
pathological damage occurred in the GI tract of these recipients
without a commensurate increase in tissue damage in the
lung (100). This was attributable to reduced expression of the
chemokine receptor, CXCR3, which altered trafficking into this
tissue site. To date, likely due to the divergent effects observed
with inhibition of IFN-y signaling in these pre-clinical models,
there have been no clinical studies targeting this pathway to
ameliorate GVHD in the GI tract.
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CONCLUSIONS

The GI tract is the target organ which induces the most profound
morbidity in patients who develop GVHD after allogeneic HSCT,
and is responsible for much of the mortality associated with
this disease. Inflammatory cytokines have been shown to play a
pivotal role in this process and serve to amplify the pathogenic
effects of alloreactive donor T cells. Ongoing research, primarily
in murine models, has identified a number cytokines (IL-6, IL-
21, IL-23, IL-1, IL-33, GM-CSF) and cytokine pathways (e.g.,
STATS3 signaling dependent, inflammasome-mediated) that are
operative in the pathophysiology of GVHD of the GI tract.
Notably, many of these cytokines or specific pathways can be
targeted with existing, clinically available antibodies or small
molecules designed to inhibit their activity in human transplant
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Satoshi Yoshihara, Yuying Li"?, Jinxing Xia', Nichole Danzl', Megan Sykes' and
Yong-Guang Yang "%

" Columbia Center for Translational Immunology, Department of Medicine, Vagelos College of Physicians and Surgeons,
Columbia University, New York, NY, United States, ? Institute of Translational Medicine, First Hospital of Jilin University,
Changchun, China

Hemophagocytic lymphohistiocytosis (HLH) has recently been increasingly reported as
an important complication after stem cell transplantation, in line with the increase in
the number of HLA-mismatched transplantation. Although previous clinical studies have
shown an elevation of inflammatory cytokines in patients with HLH after hematopoietic
stem cell transplantation, as well as those after viral infection or autoimmune disease,
the disease pathogenesis remains poorly understood. Here we explored this issue
in humanized mice with functional human lymphohematopoietic systems, which were
constructed by transplantation of human CD347" cells alone, or along with human fetal
thymus into NOD/SCID/yc~/~ (NSG) or NSG mice carrying human SCF/GM-CSF/IL-3
transgenes (SGMB3). In comparison with humanized NSG (huNSG) mice, huSGM3
mice had higher human myeloid reconstitution and aggressive expansion of human
CD4*™ memory T cells, particularly in the absence of human thymus. Although all
huNSG mice appeared healthy throughout the observation period of over 20 weeks,
huSGM3 mice developed fatal disease characterized by severe human T cell and
macrophage infiltrations to systemic organs. HUSGMS3 mice also showed severe anemia
and thrombocytopenia with hypoplastic bone marrow, but increased reticulocyte counts
in blood. In addition, huSGM3 mice showed a significant elevation in human inflammatory
cytokines including IL-6, IL-18, IFN-a, and TNF-y, faithfully reproducing HLH in clinical
situations. Our study suggests that posttransplant HLH is triggered by alloresponses (or
xenoresponses in our model), driven by myeloid cytokines, and exacerbated by vicious
cycles of T-cell and macrophage activation.

Keywords: allogeneic SCT, hypercytokinemia, inflammation, immune
lymphohistiocytosis (HLH), graft-vs.-host disease, posttransplant complication

activation, hemophagocytic
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A Model of Posttransplant HLH

INTRODUCTION

Hemophagocytic lymphohistiocytosis (HLH), also known as
hemophagocytic syndrome (HPS) or macrophage activation
syndrome (MAS), is a disease triggered by hypercytokinemia (1).
Although the most frequent trigger for HLH is viral infection,
other immune activated conditions including autoimmune
diseases and malignant lymphoma also serve as a trigger.
Allogeneic transplantation may also induce inflammatory
cytokine production as a consequence of tissue damages
following preconditioning regimen and allogeneic immune
responses. Indeed, HLH after allogeneic hematopoietic stem cell
transplantation (allo-HSCT) has been increasingly reported (2-
4). As well known, graft-vs.-host disease (GVHD) is also triggered
by cytokine storm (5). While mechanisms of GVHD have
been extensively examined, the pathogenesis of HLH remains
poorly understood.

To explore this issue, we utilized humanized (hu) mice
with functional human hematopoietic and lymphoid systems.
Previous studies have shown that hu-mouse models serve
as a highly useful tool to study human hematopoiesis,
immune function, and various diseases (6). However, human
myeloid reconstitution remains relatively poor in these hu-
mice, presumably due to the lack of or insufficient cross-
reactivity between mouse and human cytokines (7). To solve
this problem, various strategies have been examined to express
human myeloid cytokines in humanized mice (8-10). Besides
the expression of human cytokines in the immunodeficient mice,
there are considerable variations in the protocols used for the
generation of hu-mice with a human immune system. The
variations arise from human stem cell source (fetal, cord blood,
or adult), age of mice (neonatal or adult), and the use of human
thymus graft (11). We have previously shown that NSG mice
receiving fetal thymic grafts and partially-matched allogeneic
adult CD34™ cells show robust T-cell reconstitution, providing
a new model for individualized analysis of human immune
responses (12).

In this study we generated humanized mice by transplantation
of human CD34" cells either alone or combined with fetal
thymic tissue into adult NSG or transgenic NSG mice expressing
human stem cell factor (SCF), GM-CSF and IL-3 (referred to as
SGM3 mice). We show that humanized SGM3 (huSGM3), but
not huNSG, mice developed lethal HLH, regardless of whether
or not human thymus was transplanted. Moreover, huSGM3
mice showed aberrant expansion of human T cells developing
in the native mouse thymus, presumably reflecting poor negative
selection of human thymocytes in the mouse thymus.

METHODS

Animals and Human Tissues

NOD.Cg-Prkdcscid 2rg™Wil/Szg (NOD/SCID/yc™/~
or NSG) and NOD.Cg-Prkdc*d  1l2rg™Wil  Tg(CMV-
IL3,CSF2,KITLG)1Eav/MloySz] (NSG-SGM3 or SGM3) mice
were purchased from The Jackson Laboratory and were housed
in a specific pathogen-free microisolator environment. Human
fetal liver and thymus tissues of gestational age of 17-21 weeks

were obtained from Advanced Bioscience Resource. Human
CD347 fetal liver cells (FLCs), isolated by a magnetic-activated
cell sorter separation system using anti-CD34 microbeads
(Miltenyi Biotec), and thymus tissues were cryopreserved in
liquid nitrogen until use. Protocols involving the use of human
tissues and animals were approved by the Institutional Review
Board and the Institutional Animal Care and Use Committee of
Columbia University (New York, NY), and all of the experiments
were performed in accordance with the protocols.

Humanized Mouse Preparation

Female NSG or SGM3 mice at the age of 10-11 weeks were
conditioned with sublethal (1.2 Gy) total body irradiation using a
RS2000 X-ray irradiator (Rad Source Technologies) and received
human CD34% FLCs (7 x 10*/mouse, intravenously) alone, or
along with a human fetal thymic tissue fragment measuring
approximately 1 mm?® (under the recipient kidney capsule)
from the same fetal donor, as previously described (13-15).
Humanized mice were monitored daily, body weight was checked
weekly, and peripheral blood was collected from the retro-orbital
sinus every 2-3 weeks starting 4 weeks after transplantation.
RBC lysis using BD Pharm Lyse (BD Biosciences) was performed
for leukocyte chimerism analysis, mononuclear cell purification
by density gradient centrifugation (400 x g for 30min at
room temperature) with Histopaque 1077 (Sigma-Aldrich) was
performed for human lymphocyte analysis, and whole blood
was used for RBC chimerism analysis. Humanized mice were
sacrificed when they became moribund and complete necropsy
was performed.

Isolation of Leukocytes From Organs in the

Sacrificed Humanized Mice

Liver, spleen, lungs, and lymph nodes were minced and digested
by Liberase TM (Roche) for 15min at 37°C. Digested liver
and lung cells were purified for mononuclear cells by density
gradient centrifugation (400 x g for 30 min at room temperature)
with Histopaque 1077 (Sigma-Aldrich). Digested spleen cells
received RBC lysis by ACK lysing buffer (Lonza). Human thymus
graft and mouse thymus were strained with a 40 pm nylon cell
strainer (Falcon) to obtain a single cell suspension. The bone
marrow (BM) cells, which were obtained from tibia and femur,
received RBC lysis. Number of the cells were counted using
a hemocytometer.

Flow Cytometry

Flow cytometry was performed with LSR II (BD Biosciences)
using various combinations of the following mAbs: anti-human
CD45 (2D1), CD19 (HIB 19), CD3 (UCHT1), CD4 (RPA-T4),
CD8 (SK1), CD33 (WM53), CCR7 (G043H7), CD45RA (HI100),
CD31 (WM59), CD127 (A019D5), CD25 (M-A251), CD235a
(HI264); anti-mouse CD45 (30-F11), and TER119 (TER-119);
and isotype control mAbs (purchased from BD Biosciences
PharMingen or Biolegend). Intracellular FoxP3 staining was
performed with FoxP3 Staining Kit (Biolegend) according to the
manufacturer’s instructions.
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FIGURE 1 | Body weight, survival and human blood cell reconstitution in huNSG and huSGM3 mice with or without human thymus. NSG or SGM3 mice were
transplanted with human CD34+ cells alone or along with human fetal thymus tissue (n = 4 per group). (A) Body weight changes in the indicated groups of
humanized mice between 14 and 20 weeks after transplantation. Body weight at 14 weeks was used as baseline value. (B) Survival of humanized mice after
transplantation. (C) Levels (%) of human CD457 cell chimerism in WBCs at the indicated time points after transplantation. (D-E) Kinetics of the frequencies of human
CD33%1 myeloid (D) and CD3™ T cells (E) within human CD45% cells. For (A,C-E), repeated measures analysis of variance was used to determine main effects
(P < 0.05) between groups. All of the panels had main effects, and post-hoc Bonferroni was used to compare groups at each time point. For p < 0.05 for post-hoc
test are indicated as *, #, $, or & for group comparisons indicated in the legend. Error bars represent SEMs.

Cytologic and Histologic Analysis and

Immunohistochemical Staining

Leukocytes isolated from organs underwent cytospin and
Wright-Giemsa staining by conventional methods. Tissue
samples underwent H&E staining and Prussian blue staining
by conventional methods. Immunohistochemical staining was
performed using rabbit anti-human CD3 antibody (SP7, Thermo
Scientific) and mouse anti-human CD68 antibody (KP1, DAKO)
as primary antibodies and appropriate secondary antibodies were
used for detection.

Quantification of WBC, Hemoglobin,

Platelets, and Reticulocytes
Quantification of WBC, hemoglobin, platelets, and reticulocytes
was performed using VetHemaChemRX (Oxford Science).

Quantification of Cytokines in Plasma
Quantification of cytokines in cryopreserved plasma was
performed by Luminex multiplex assay using ProcartaPlex®
Multiplex Immunoassay Panels according to the manufacturer’s
instructions (eBioscience).

Statistical Analyses

Statistical analysis was conducted using the Student’s ¢-test, one-
way ANOVA with Bonferroni’s post-hoc multiple comparison
test, two-way ANOVA, or log-rank test. A P-value of less than
or equal to 0.05 was considered significant in all analyses herein.

RESULTS

HuSGM, but Not HUNSG, Mice Develop

Fetal Disease

Hu-mice were generated by intravenous injection of human
CD34% cells alone or along with implantation of human fetal
thymus under the kidney capsule in sublethally irradiated NSG
or SGM3 mice. All huSGM3 mice, regardless of with or without
human thymus, became lethargic and started losing body weight
from 17 weeks after transplantation (Figure 1A), and became
moribund 18-22 weeks after transplantation (Figure 1B). With
exception of one mouse with mild diarrhea, none showed signs
of GVHD, such as ruffled fur or loss of skin integrity. In contrast
to huSGM3 mice, huNSG mice, regardless of whether or not
human thymus was transplanted, appeared healthy throughout
the observation period (22 weeks), which is consistent with our
previous studies (14).

Higher Human Leukocyte Chimerism With
Better Myeloid Reconstitution in HUSGMS3
Mice

Peripheral blood was collected every 2-3 weeks starting
from 4 weeks after transplantation and analyzed for human
cell chimerism by flow cytometry. HuSGM3 mice (both
with and without human thymus) showed higher human
leukocyte (CD45% cell) chimerism levels than huNSG mice
(Figure 1C). Although the chimerism levels were similar
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FIGURE 2 | Characterization of human T cells in huNSG and huSGM3 mice with or without human thymus. Human T cells in peripheral blood at 15 weeks after
transplantation were analyzed for the frequencies of T cell subsets (n = 4 per group). (A) Ratios of human CD4* to CD8* T cells within CD3* population. (B)
Percentages of human CD45RA+TCCR7+ naive CD4 T cells. (C) Percentages of human CD45RA~CCR71 central memory CD4 T cells. (D) Percentages of human
CD45RA~CCR7~ effector memory CD4 T cells. (E) Frequencies of CD311TCD45RAT recent thymic emigrant CD4 T cells. (F) Frequencies of human FoxP3+CD2sh
Treg cells. Group differences were determined by one-way ANOVA with Bonferroni’s post-hoc multiple comparison test; each symbol represents an individual mouse.

between huSGM3 mice with and without human thymus
until 13 weeks, those in the group without human thymus
started to decline from 15 weeks after transplantation. Among
huNSG mice, mice with human thymus had higher human
leukocyte chimerism levels than those without throughout the
observation period. Furthermore, huSGM3 mice had higher
CD33" myeloid cell frequencies than huNSG mice (Figure 1D).
High myeloid cell frequencies at the early time (by 4 weeks)
and subsequent decreases suggest that myeloid cells recovered
first, followed by B cells and T cells as in the case of the
patients undergoing hematopoietic stem cell transplantation.
Human RBCs were almost undetectable in both huNSG and
huSGM3 mice (data not shown), consisting with previous
studies (14).

Aggressive Peripheral T Cell Expansion in
huSGMS3 Mice, Particularly in the Absence

of Human Thymus

It is known that human T cell reconstitution does not occur
after CD34% cells transplantation in the absence of human
thymus graft when adult NOD/SCID mice are used to generate
humanized mice (11). In fact, in both huNSG and huSGM3
mice, the no thymus group had scarce T cell reconstitution

up to 10 weeks after transplantation (Figure 1E). However,
T cell frequencies in these mice started to increase from 13
weeks, and the increase was strikingly steeper in huSGM3 than
in huNSG mice. T cell frequencies in huSGM3 mice without
human thymus even exceeded those in huSGM3 with human
thymus by 15 weeks after transplantation. Interestingly, in groups
with human thymus, the huSGM3 mice had only a slightly
higher T cell frequency (not statistically significant) than the
huNSG mice.

We also performed detailed phenotypic analysis of T cells in
peripheral blood at 15 weeks when the huSGM3 mice appeared
to start losing weight. First, the CD4" to CD8" T cell ratio
in huSGM3 mice was significantly higher than that in huNSG
mice, in particular the huSGM3 mice without human thymus,
in which more than 90% of CD3" T cells were CD4"T T
cells (Figure 2A). In huNSG mice (in both with and without
human thymus groups), the majority of human CD4" T cells
expressed a naive (CD45RATCCR7™) phenotype (Figure 2B). In
contrast, the majority of CD4™ T cells in huSGM3 mice expressed
a central memory (CD45RA~CCR7") or effector memory
(CD45RA™CCR77) phenotype (Figures 2C,D). Similar results
were obtained from other experiments, in which augmented
CD4™" T cell activation and expansion were detected in huSGM3
mice that were constructed by transplantation of bone marrow
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FIGURE 3 | Tissue infiltration of T cells and hemophagocytic macrophages in huSGM3 mice. Liver and lung tissue samples were prepared from huNSG and huSGM3
mice 18-22 weeks after transplantation, and examined histologically (n = 4 per group). (A) Representative H&E staining of liver and lung tissue sections from huNSG
and huSGMS3 mice (without human thymus). Original magnification: x50. Arrow signs in huSGMS3 mice organs show severe cellular infiltrations. (B) Representative
staining images infiltration of hemosiderin-containing hemophagocytic histiocytes (macrophages) in liver and lungs from huSGM3 mice (without human thymus).
Hemosiderin-containing hemophagocytic histiocytes, indicated by arrow signs, are stained with brown by H&E and blue by Prussian blue. *denotes a representative
giant cell (i.e., fused macrophages) containing ingested erythrocytes. Original magnification: x200. (C) Representative immunohistochemical staining of huSGM3
mouse (without human thymus) liver sections (two consecutive sections) with anti-human CD3 and anti-human CD68 antibodies. *denotes a CD68™ giant cell.

CD347 cells and HLA-partially-matched fetal thymus compared
to similarly constructed huNSG mice (Figure S1). CD31 has
been described as a marker to identify the CD4™ recent thymic
emigrants among the naive CD4t T cell population (16).
HuSGM3 mice also had significantly fewer CD31" CD4" T
cells than huNSG mice (Figure 2E), likely due to abnormal
human CD4™ T cell expansion and reduced human thymopoiesis
(see below) in these mice. The results indicate an aggressive,
human cytokine-driven expansion of human CD4™ T cells in
huSGM3 mice, particularly in the absence of human thymus. The
frequency of regulatory T cells (Tregs) defined as FoxP3™ cells
within CD4™ T cells were higher in huSGM3 than in huNSG mice
(Figure 2F), in concordance with a previous report (9).

Severe Tissue Infiltration by Human T Cells
and Hemophagocytic Macrophages in
HuSGM3 Mice

To determine the cause of mortality in huSGM3 mice,
comprehensive histopathological analysis was performed on
various organs including liver, lungs, spleen, kidney, small
intestine, colon, and skin. There were no significant findings
in skin, small intestine, or colon (data not shown). However,
liver from both of huSGM3 mice with or without thymus
had strikingly severe cellular infiltration, which destructed
normal structure (Figure3A). Infiltrated cells consisted of

lymphocytes and macrophages, and many of the latter are
hemosiderin-containing hemophagocytic macrophages that were
visualized brown by H&E staining and blue by Prussian
blue staining (Figure 3B). In addition, giant cells, which are
fused macrophages upon activation having multiple nucleus,
were observed. Immunohistochemical staining with anti-human
CD3 antibody and anti-human CD68 antibody confirmed that
liver-infiltrating cells were predominantly human T cells and
human macrophages, and distributed in a pattern with activated
hemophagocytic macrophages being surrounded by T cells
(Figure 3C). This pattern is different from that of GVHD in
which T cells infiltrate predominantly into portal areas. Lungs
also showed severe cellular infiltration that resulted in scarce
alveolar space (Figure 3A), and the presence of large numbers
of hemophagocytic macrophages that were stained positive with
Prussian blue (Figure 3B). These observations indicate that
the huSGM3 mice developed a fatal disease similar to HLH
in human.

We also performed flow cytometric analysis on single cell
suspensions prepared from these tissues. In accordance with the
histopathological analysis, absolute numbers of human CD45™
total leukocytes isolated from the liver of huSGM3 mice were
significantly higher than those in huNSG mice (Figure4A).
Moreover, absolute numbers of human CD33" myeloid cells
isolated from the liver of huSGM3 mice were also significantly
higher than those in huNSG mice, and were similar between
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**P < 0.01; **P < 0.001. Error bars indicate SEMs.

with and without human thymus groups. Interestingly, huSGM3
mice without human thymus, but not those with human thymus
showed significantly increased human T cell infiltration in the
liver compared to huNSG mice. Lungs (Figure 4B) and spleen
(Figure 4C) showed a similar pattern as the liver in absolute
numbers of human CD45% total leukocytes, CD33™ myeloid
cells, and CD3" T cells. These results indicate that human
cytokines in the huSGM3 mice induced human myeloid and T
cell infiltrations into the liver, lung and spleen, and suggested that
the human thymus graft may suppress the infiltration of human
T cells, but not myeloid cells, in these mice.

Cytopenia in HUSGMS3 Mice

Clinical symptoms of HLH in human include pancytopenia due
to hypoplastic marrow caused by the myelosuppressive effects
of inflammatory cytokines and hemophagocytosis (17). Despite
a significantly increased white cell counts, moribund huSGM3
mice showed severe anemia and thrombocytopenia (Figure 5A).
Interestingly, absolute reticulocyte counts in huSGM3 mice
were significantly higher than that in huNSG mice (Figure 5A).
Although hematopoietic stem cell exhaustion has been reported
previously in the huSGM3 mice, (9, 18) the high reticulocyte
counts in these mice suggest that destruction by activated
macrophages, not poor production, is the major mechanism
for anemia. In support of this possibility, histopathological
analysis revealed hypoplastic marrow, with the presence of

hemophagocytic macrophages and eosinophils in the huSGM3
mice (Figure 5B). Bone marrow hypoplasia was also confirmed
by flow cytometry analysis showing a markedly reduced
cellularity of human CD45%" and CD33% myeloid cells in the
bone marrow from huSGM3 mice (Figure 5C).

Human Thymopoiesis in the Human
Thymic Graft and Native Mouse Thymus in
HuNSG and HuUSGMS3 Mice

We also examined the function of human and mouse thymus
in huNSG and huSGM3 mice. Briefly, we first identified human
CD45™ cells, and then analyzed the expression of CD4 and CD8.
Since some of the non-thymocytes might be contaminated in
the CD4~CD8~ double negative (DN) population, we calculated
the frequency of CD4TCD8™" double positive (DP) cells using
DP cells plus CD4 and CD8 single positive (SP) cells as a
denominator (Figure 6). In huNSG mice, human thymus graft
had a higher DP cell frequency than mouse thymus. In contrast,
in huSGM3, both human and mouse thymus had scarce DP
cells, suggesting that thymopoiesis was severely damaged in
these mice.

Hypercytokinemia in HuSGM3 Mice

Plasma were prepared from huNSG and huSGM3 mice at 18
weeks after transplantation, and human cytokine levels were
measured using the multiplex immunoassay system (Figure 7).
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One-way ANOVA with Bonferroni’s post-hoc multiple comparison test; each symbol represents an individual mouse. **P < 0.01.

The levels of human IL-4, IL-6, IL-10, IL-13, IL-18, IFN-y, and
TNEF-a were significantly elevated in huSGM3 mice compared to
huNSG mice. Plasma levels of IL-1p, IL-2, IL-5, and IL-12 were
below sensitivity in both groups (data now shown). Interestingly,
GM-CSF levels in huSGM3 mice were significantly higher than
non-humanized SGM3 mice, reflecting the production of GM-
CSF by activated human macrophages and/or T cells in the
huSGM3 mice.

DISCUSSION

In the current study, we successfully reproduced a posttransplant
HLH by utilizing huSGM3 mice and showed that posttransplant
HLH is triggered by alloresponses (or xenoresponses in our
model), driven by myeloid cytokines, and exacerbated by vicious
cycles of T-cell and macrophage activation. HLH was seen in
huSGM3 mice with or without human thymic grafts, indicating
that mouse thymus-derived T cells were largely responsible for
the disease development. Given that the huSGM3 mice with
human thymus have a normal human immune T cell pool
consisting of more naive T cells and immune regulatory T cells
(e.g., Tregs), these mice are considered more clinically relevant.
However, because the disease is much more severe in huSGM3

mice without human thymus, these mice could also be helpful in
testing the efficacy of HLH therapies. This study not only offers
a humanized HLH mouse model, but also raises an alert on the
use of human cytokine transgenic mice in the construction of hu-
mice with functional human lymphohematopoietic systems in an
attempt to improve myeloid reconstitution.

HLH is a life-threatening disease of severe hyper inflammation
caused by uncontrolled proliferation of activated macrophages
and lymphocytes that secrete high amounts of inflammatory
cytokines, including IL-1, IL-6, IL-18, and TNF-a from
macrophages and IFN-y from T-cells. IL-10, an anti-
inflammatory cytokine, is also elevated in HLH patients, (19)
possibly as a response to hyper-inflammation (20). The cardinal
symptoms include prolonged fever, hepatosplenomegaly,
cytopenia, and hemophagocytosis by activated, morphologically
benign macrophages. Recent studies have shown that
hypercytokinemia is the driving cause of immunopathology of
HLH, and most of above mentioned symptoms are attributable
to hypercytokinemia. For example, fever is induced by IL-1
and IL-6, splenomegaly is the direct result of infiltration by
lymphocytes and macrophages, and cytopenia can be explained
by high concentrations of TNF-a and IFN-y (21-23) as well as
direct hemophagocytosis.
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were shown with representative flow cytometric profiles. One-way ANOVA with Bonferroni’s post-hoc multiple comparison test; each symbol represents an individual
mouse. “P < 0.05; “**P < 0.001. Error bars indicate SEMs. DP, double positive, SP, single positive cells.

While HLH after allo-SCT has been recognized to be  including a model of EBV-associated HLH in hu-mice (26), are
rare complication, recent studies have suggested that the infection associated HLH/HPS models.
incidence of posttransplant HLH is higher than previously Although the current study did not specify which cytokine
thought, particularly in HLA-mismatched transplantation  played a major role in the pathogenesis of HLH, GM-CSF is
settings. Takagi reported that 11.8% of patients who received  assumed to be the primary pathogenic cytokine, as the huSGM3
HLA-mismatched cord blood transplantation following reduced-  mice shared many of the findings observed in a mouse HLH
intensity conditioning regimen developed HLH (3) Interestingly, = model driven by GM-CSF overexpression, such as short survival,
they subsequently reported that the intensification of immune  splenomegaly, lymphadenopathy, thymic atrophy, and multiple
suppressant after SCT reduced the incidence of HLH (24).  abnormalities in blood cell populations including progressing
Jaiswal reported that 12.2% of patients who received HLA-  anemia (27). Nonetheless, such a humanized mouse model of
haploidentical peripheral blood stem cell transplantation with ~ HLH allows for examining the pathogenesis of secondary HLH
posttransplant cyclophosphamide developed HLH (2). These  caused by human immune systems, including the cross-talk
findings support the theory that alloresponse is the trigger for ~ between human T cells and macrophages via cytokines, and
the posttransplant HLH. Notably, huSGM3 mice in the current  therefore, is more clinically relevant than previous mouse models
study closely resembled posttransplant HLH in the clinic. These  and ideal for evaluating therapeutic options. Immunohistological
mice manifested hepatosplenomegaly (Figure S2) with T celland ~ analysis demonstrated severe tissue infiltration by activated
macrophage infiltrations and cytopenia, and had a significant ~ human T cells and phagocytic macrophages, indicating that
elevation in multiple inflammatory cytokines including IL-6, IL-  these human immune cells are the primary pathogenic
18, IFN-y, and TNF-a. Compared to mouse models of primary  effectors in HLH development in the huSGM3 mice. Moreover,
HLH, which are generated by deletion or mutation of the  since both human IL-6 and TNF-a, the major inflammatory
murine orthologs of the genes involved in human primary HLH,  cytokines driving the development of wasting syndrome
mouse models of secondary HLH are scarce (25). Moreover, or cachexia in HLH, are cross-reactive with mouse cells,
the majority of the limited number of secondary HLH models,  (28) it is likely that the body weight loss and wasting
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FIGURE 7 | Plasma levels of human cytokines in huNSG and huSGM3 mice. Human cytokines levels in plasma at 18 weeks after transplantation were measured
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mouse (closed and open symbols represent mice with and without human thymus, respectively). Since there was no apparent difference between the “thymus+" and
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***P < 0.001. Error bars indicate SEMs.

syndrome are largely attributed to these human inflammatory
cytokines. It has been reported that TNFa is capable of
suppressing hematopoiesis by several mechanisms including
direct cytotoxicity and induction of apoptosis (21-23). Therefore,
elevated human TNFa production may also be one of the
mechanisms causing severe hypocellularity in the BM in
huSGM3 mice.

Another striking finding in our model was the delayed, but
aggressive T cell reconstitution in huSGM3 mice without human
thymus graft. We found that T cell frequencies in peripheral
blood from both huNSG and huSGM3 mice without human
thymus graft remained extremely low or almost absent until 10
weeks, but increased remarkably steeply thereafter in huSGM3
mice, and exceeded huSGM3 mice with human thymus by 15
weeks. Absolute T cell numbers from the organs proved that T
cell expansion in the mice without human thymus graft was more
aggressive than in the mice with human thymus.

These results suggest a possible aberrant human thymopoiesis
in the mouse native thymus, leading to generation of functionally
abnormal human T cells. Nevertheless, huSGM3 mice without
human thymus did not show characteristic GVHD findings
when they became moribund except for one mouse that had
moderate diarrhea. These mice showed severe T cell infiltration
of the liver; however, infiltration was not restricted to portal
area as shown in GVHD, indicating it is more likely caused
by uncontrolled proliferation due to hypercytokinemia. While it
is plausible to assume that the huSGM3 mice developed lethal
HLH prior to GVHD, another possible explanation could be
the balance of myeloid and lymphoid cytokines determines the
disease manifestations i.e., HLH or GVHD.

In conclusion, we successfully produced a disease model of
posttransplant HLH. Our study suggests that posttransplant HLH
is triggered by alloresponse (or xenoresponse in our model),
driven by myeloid cytokines, and exacerbated by vicious cycles
of T-cell and macrophage activation.
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Graft-vs.-host disease (GVHD) remains a significant cause of morbidity and mortality after
allogeneic hematopoietic stem cell transplantation (allo-HSCT). Significant progresses
have been made in defining the dichotomous role of dendritic cells (DCs) in
the development of GVHD. Host-derived DCs are important to elicit allogeneic T
cell responses, whereas certain donor-types of DCs derived from newly engrafted
hematopoietic stem/progenitor cells (HSPCs) can amply this graft-vs.-host reaction.
In contrast, some DCs also play non-redundant roles in mediating immune tolerance.
They induce apoptotic deletion of host-reactive donor T cells while promoting expansion
and function of regulatory T cells (Treg). Unfortunately, this tolerogenic effect of DCs is
impaired during GVHD. Severe GVHD in patients subject to allo-HSCT is associated with
significantly decreased number of circulating peripheral blood DCs during engraftment.
Existing studies reveal that GVHD causes delayed reconstitution of donor DCs from
engrafted HSPCs, impairs the antigen presentation function of newly generated DCs
and reduces the capacity of DCs to regulate Treg. The present review will discuss the
importance of DCs in alloimmunity and the mechanism underlying DC reconstitution after
allo-HSCT.

Keywords: graft-vs.-host, disease, dendritic cells, transcription factors, alloreactive T cells, immunostimulation,
immune tolerance

INTRODUCTION

Allogenic hematopoietic stem cell transplantation (allo-HSCT) is a potentially curative therapy for
many hematological malignancies, such as leukemia, lymphoma, and multiple myeloma (1, 2).
This beneficial effect is largely derived from infused donor immune cells that can eliminate
malignant cells, a process known as graft-vs.-leukemia (GVL) response (3-5). However, the success
of the procedure is limited by the life-threatening complication graft-vs.-host disease (GVHD), in
which the gastrointestinal (GI) tract, skin and liver are preferentially damaged (2, 6-9).

GVHD is mediated by infused donor T cells that recognize and react to histocompatibility
differences between the host and donor (9-12). Host-derived antigen-presenting cells (APCs)
can directly present antigens to prime allogenic donor T cells, whereas donor-derived APCs can
present host antigens to donor T cells via indirect antigen presentation (10, 12, 13). Initial studies
demonstrate that host APCs are critical for donor CD8" T cell-mediated GVHD. Subsequent
studies indicate that either host or donor APCs are sufficient to induce CD4™ T cell-dependent
GVHD (9-12, 14-17). Importantly, unlike T cell responses to pathogens in which hematopoietic
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DC Regulation of GVHD

APCs prime T cells, alloreactive T cell responses in the setting
of allo-HSCT may be primed by both hematopoietic and non-
hematopoietic APCs (9-12, 14-17).

DCs are the most potent professional APCs known to
elicit primary T cell responses (18-20). Based on their surface
phenotype, anatomical location and function, DCs at the
steady state are broadly categorized into conventional DCs
(cDCs) and plasmacytoid DCs (pDCs). Under inflammatory
condition, both DC subsets undergo profound changes in their
phenotype and functionality (21-25). For example, in response
to inflammatory stimuli, DCs may be primed selectively to
produce special types of cytokines (e.g., IL-12, IL-23) and Notch
ligands (e.g., Delta-like 1 (DLL1) and DLL4). These DC-derived
molecules are important to instruct antigen-activated T cells
to differentiate into distinct lineages of effector T cells, such
as T helper (TH)1, TH17 cells, and cytotoxic T cells (CTLs)
(26-33).

Over the past two decades, both clinical and preclinical studies
have demonstrated dichotomous roles of DCs in GVHD (9,
34, 35). While some DCs induce alloreactive T cell responses
mediating host tissue injury, other DC subsets induce donor T
cell tolerance against the host tissue. In this review, we will discuss
these effects of DC-mediated immunogenicity and tolerogenicity
during GVHD.

DC INDUCTION OF GVHD

DCs are specialized APCs that play non-redundant roles in
regulating both immunity and tolerance (9, 18, 36-44). In the
setting of allo-HSCT, host-derived DCs are important for donor
T cell-mediated GVHD in the liver, colon and skin (9-12, 16,
17, 35, 45). De novo generated donor APCs, including DCs,
are also required to induce maximal GVHD through a complex
mechanism (9-11, 35).

Host DCs and Initiation of Alloreactive T

Cell Responses

Shlomchik and colleagues demonstrate, for the first time, that
host hematopoietic APCs are critical for induction of the
disease, and donor APCs can mediate maximal GVHD (10, 12).
Subsequent studies reveal that host DCs, which are activated
during preparative conditioning for allo-HSCT, present host
antigens to prime donor CD4™" and CD8™ T cells and promote
their proliferation and differentiation into alloreactive effector
cells (17, 46). Add-back of WT host-type cDCs or pDCs causes
severe GVHD in mice lacking MHC class-I or MHC class-II,
respectively (47), further strengthening the importance of host
DCs in mediating GVHD (Table 1). However, these studies do
not explain whether host DCs contribute to GVHD when all
the other types of host APCs, including B cells, macrophages
and non-hematopoietic APCs, are intact. For example, host B
cells produced high levels of IL-10 to modulate alloreactive T
cell responses in vivo (57), Recipient macrophages, which resist
the conditioning regimen, persisted in patients for several weeks
following allo-HSCT and limited the severity of GVHD (58).
In contrast, non-hematopoietic APCs activated by irradiation

induce potent allo-specific responses in peripheral tissues(14,
59).

The role of host DCs in the development of GVHD in
the presence of functional macrophages and non-hematopoietic
APCs has been studied by several groups. Merad et al. examined
the role of host Langerhans cells (LCs), a distinct subset
of DCs located in the skin (19), in cutaneous GVHD (40).
Administration of donor T cells to bone marrow (BM)-chimeric
mice with persistent host LCs, but not to mice whose LCs had
been replaced, resulted in marked skin GVHD (40), suggesting
that host LCs are important for mediating the disease in the
skin. Intriguingly, other studies show that LCs were dispensable
for the induction of skin GVHD (48). In one of those studies,
donor T cells and BM cells were transferred into lethally
irradiated transgenic recipient mice in which epidermal LCs
expressed the Diphtheria toxin A (DTA) under the control
of the human Langerin locus (48). Deficiency of LCs did not
affect the development of either CD8T T cell- or CD4™ T
cell-mediated GVHD (48). How to reconcile these observations
remains controversial.

Donor DCs Amplify GVH Reaction by

Cross-Presenting Host-Type Antigen

In the setting of allo-HSCT, de novo generated donor APCs are
also found to be important for GVHD (9-11, 35). Studies by
Markey et al. suggested that donor cDCs isolated from the spleen
were the most effective population in presenting alloantigens
and stimulating naive donor T cell responses early after allo-
HSCT (49). Intriguingly, upon exposure to GVH inflammation,
donor CD103*CD11b™ cDCs, which are independent of the
transcription factor IRF4 for their development (60, 61), captured
alloantigen in the colon and migrated into the mesenteric lymph
node to amplify alloreactive T cell responses (13). This suggests
that tissue resident DCs may play important roles in regulating
GVH reactions, which is supported by our early studies. We
found that selective depletion of both host- and donor-type
APCs, including DCs, in visceral organs led to significantly
reduced GVHD in the liver but not in the skin (11). These
observations suggest that donor DCs possess great capacity to
orchestrate the alloreactive T cell response both in the lymphoid
organ and non-lymphoid tissues, eliciting different types of
GVHD.

DC-Derived IL-12 and Notch Ligands

Shape Alloreactive T Cell Responses

DCs produce multiple molecules capable of shaping allogeneic
T cell responses (Figure 1). For example, IL-12 produced by
DCs drives expansion and differentiation of antigen-activated
T cells (13, 18, 27, 30, 62, 63). Donor BM cells lacking
IL-12 p40 had significantly decreased capacity to promote
effector differentiation and expansion in the mesenteric lymph
nodes of mice receiving allogenic T cells. IL-12 derived from
CD103"7CD11b~ cDCs promoted IFN-y production in host-
reactive T cells (13). Notch signaling pathway is demonstrated
as an important regulator of alloreactive T cell responses. Using
a genetic approach, we reported that inhibition of pan-Notch
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FIGURE 1 | DC stimulation of allogeneic T cell responses. Preparative conditioning regimens before the allo-HSCT induce host tissue injuries, leading to the release of
DAMPs and PAMPs. Consequently, DCs are activated by DAMPs and PAMPs through multiple receptors, capable to present antigens and prime the T cells. While
DAMPs activate DCs mainly through TLRs (i.e., TLR 1-13), PAMPs activate DCs through RAGE, P2X7, etc., in addition to the TLRs. Both costimulatory molecules
(e.g., CD28) and cytokines (e.g., IL-12, IL-23) synergize with the TCR signaling to promote proliferation and expansion of antigen-activated T cells. DCs also produce
higher levels of Notch ligands (e.g., DLL1 and DLL4) to trigger Notch signaling in the T cell, instructing differentiation into distinct lineages of effector cells.

A

T cell

receptor signaling in donor T cells significantly reduced severity
and mortality of GVHD in mouse models (32). Notch-deprived
T cells proliferated and expanded in response to alloantigen in
vivo, but failed to produce inflammatory cytokines, including
IEN-y, IL-17, and TNF-a (31, 32). In a separate study, we
further observed that host DCs expressing DLL4 (named DLL4™
DCs), one of the ligands of Notch receptors, had greater ability
to stimulate the generation of alloreactive effector T cells that
produced IFN-y and IL-17 compared to DLL4~ DCs (64-66).
Studies by Maillard et al. have shown that blockade of DLL4 could
abrogate this effect and prevented GVHD while preserving anti-
tumor activity (67, 68). Intriguingly, recent studies demonstrate
that chemokine CCL19-expressing host cells, including both
fibroblastic reticular cells and follicular DCs, were also the
essential source of DLL4 for shaping alloreactive T cell response
in mice subject to allo-HSCT (69). Collectively, DC-derived IL-12
and DLL4 are important for the generation of alloreactive effector
T cells during GVHD.

Activation of DCs After the Conditioning
Regimens for Allo-HSCT

DCs express pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs), and nod-like receptors (NLRs) to
respond to pathogen-associated molecular patterns (PAMPs)
(70-72). In addition, DCs are also capable to detect certain
intracellular molecules, called damage-associated molecular
patterns (DAMPs), that are released from cells stressed, damaged
and/or dying in the local tissue (73). When PAMPs or DAMPs are
present, DCs are stimulated to migrate to lymphoid tissues and

present both antigen and costimulatory molecules to T cells (73—
75). Preparative conditioning regimens for allo-HSCT, including
high-dose chemotherapy and/or total body irradiation, cause
host tissue injuries. This leads to the release of proinflammatory
cytokines (e.g., TNF-a, IL-1p, and IL-6) as well as DAMPs and
PAMPs (74, 76).

Both PAMPs and DAMPs activate DCs through stimulating
TLRs (i.e., TLR1-13) (Figure 1) (1, 8, 76-78). TLR expression
among DC subsets is heterogeneous: pDC mainly express TLR1,
7 and 9; CD8a™ DCs preferentially produce high levels of
TLR3; whereas other cDC subsets express certain TLR subtypes
but TLRY (73-75, 79-85). Data from our studies and others
suggested that Notch ligands DLL1 and DLL4 played non-
redundant roles in activating Notch signaling to drive alloreactive
T cell responses (32, 64-66, 68). LPS (TLR4 agonist) rapidly
induces DI14 expression in human and murine DCs (65, 66, 81-
83). Combined stimulation of human DCs with LPS with TLR7
agonist R848 further increases the expression of DLL4 (65, 83).
TLR3 is critical for presentation of viral double-stranded RNA
(83, 86). Reddy and colleagues found that TLR3 stimulation
enhanced GVL response without exacerbating GVHD in mice
(52). These observations explain, at least in part, how different
pro-inflammatory stimuli induce distinct types of immune
responses.

DC-MEDIATED DONOR T CELL
TOLERANCE AGAINST HOST TISSUES

Self-tolerance can be induced and maintained in different
compartments of the immune system. During thymopoietic
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development, self-reactive T cells are clonally deleted in the
thymus as a result of negative selection (8, 23, 36, 87).
However, thymopoiesis is impaired during GVHD (88, 89),
which is associated with generation of alloreactive T cells
that mediate chronic-like GVHD in mice (90, 91). Considered
as a supplemental mechanism to central tolerance, peripheral
tolerance however, is important to prevent autoimmunity (8,
23, 36, 87). DCs are the crucial players mediating peripheral
tolerance (27, 36, 37, 44, 87). Therefore, we will review the
tolerogenic role of DCs in the context of allo-HSCT.

cDCs

Both host and donor DCs may contribute to the induction of
donor T cell tolerance against host tissues in mice undergoing
allo-HSCT. Early studies by Teshima et al. reported that Flt3
ligand (FIt3L) treatment of recipient mice induced expansion
of CD8a™ DCs that were poor stimulators of allogeneic T
cells in cultures and had great ability to suppress donor T
cell responses to host antigens in vivo (Table1) (41). These
Flt3L-treated recipient mice developed much less severe GVHD
compared to untreated controls (41). However, whether these
in vivo expanded CD8a™t DCs have direct effects on reducing
GVHD was not examined in this study (41). Subsequent studies
show that deletion of host CD1lct cells in CD1lc. DTR
(diphtheria toxin receptor) transgenic recipient mice caused a
strong increase in GVHD-related mortality (50). Since CD11c
is also expressed on the surface of some macrophages (18, 19,
62), the possibility that DT treatment might delete CD11c"
macrophages that mediate immune suppression cannot be ruled
out. Other studies examined the impact of deleting CD8a+ DCs
on GVHD development in recipient mice lacking Batf3 (50),
which is a transcription factor crucial for the generation of
CD8u™ DCs and migratory CD103" cDCs (92, 93). Recipient
mice lacking Batf3 developed more severe GVHD compared to
WT mice and marked increase of proliferative donor T cells
(50). This finding is further supported independently by studies
from Hill and colleagues (51), but not from Reddy’s group (52).
However, whether transfer of CD8a™ DCs may directly suppress
GVHD in mice has never been reported. Thus, the exact DC
subset induced upon FIt3L treatment capable to reduce GVHD
has never been clearly addressed.

pDCs

The important role of pDCs in modulating GVH response
was initially shown in a mouse model of GVHD. Transfer of
host-type CCR9" pDCs inhibited GVHD in mice receiving
MHC- or miHA-mismatched donor T cells (53). CCR9T
pDCs migrate to the GI tract through chemotaxis via their
own chemokine receptor CCR9 and the ligand CCL25 in
the environment. Upon stimulation with TLR9 agonist CpG
ODNs, CCR9" pDCs rapidly downregulate CCR9 from the
original immature state and decrease the capacity to attenuate
GVHD in vivo (53). Furthermore, precursor pDCs (pre-
pDCs) were found to modulate GVHD in mouse models
(55, 56). In vivo depletion of pre-pDCs using the antibody
specific to PDCA-1, which is expressed on the surface of
pDC lineage, significantly increased the severity of GVHD
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FIGURE 2 | DCs induce donor T cell tolerance via both T-cell intrinsic and
extrinsic mechanisms. Tolerogenic DCs produce high levels of PD-L1 and
CD80/CD86, which, respectively, bind PD-1 and CTLA4, leading to inhibition
of antigen-activated T cells and generation of Treg. Treg further suppress the
proliferation and survival of those antigen-activated T cells. In addition,
tolerogenic DCs produce high levels of IDO, which can inhibit antigen-reactive
T cells and promote Treg expansion and function.

compared to recipient mice with intact donor pre-pDCs (55).
Mechanistic analysis reveals that CCR9* pDCs and pre-pDCs
are capable to promote Treg expansion and function, as well
as to suppress antigen-specific immune responses both in
vitro and in vivo (55, 56). These observations identify the
tolerogenic effect of pDCs on inducing donor T cells against host
tissues.

Molecular Mechanisms by Which DCs

Induce Donor T Cell Tolerance

Emerging evidence indicate that the mechanism responsible for
DC-induced peripheral T cell tolerance can be broadly classified
into two categories: intrinsic and extrinsic (18, 23, 62, 87, 94). T
cell intrinsic signal acts directly on the responding T cells, such
as inhibition or deletion of specific T cells, while T cell extrinsic
signal acts through additional cells or factors, such as Treg or
suppressive cells (Figure 2).

Whether to induce immune activation or tolerance was
initially correlated to the maturation state of DCs (62). Immature
DCs generated from murine BM induced T cell unresponsiveness
in vitro and prolonged cardiac allograft survival (43, 95). The
immune tolerance induced by immature DCs was associated with
their low expression of CD40 (which is essential to activation
of CD4" T cells) and the capacity to produce high levels of
IL-10 (which inhibits T cell response). Probst et al. reported
that resting DCs induced peripheral CD8' T cell tolerance
through activating the inhibitory signals PD-1 and CTLA4
on the T cell via PD-L1 and CD80/86, respectively (96-104).
Under physiological conditions, these inhibitory molecules keep
autoreactive T cells in check without causing autoimmunity.
Blocking either PD-1 or CTLA4 abrogated CD8™ T cell tolerance
induction and enhanced T cell priming while blocking both
resulted in an synergistic effect on inducing CD8" T cell
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tolerance (96). These observations suggest that DC-derived PD-
L1 may promote T cell tolerance through triggering the T-cell
intrinsic mechanism.

Treg and suppressive cells (e.g., myeloid-derived suppressive
cells) play crucial roles in establishing and maintaining peripheral
tolerance and are known to be important for reducing GVHD
(105-108). Waller and colleagues have demonstrated that
transfer of donor BM pre-pDCs attenuated GVHD in mice
(56). They identified that donor pDCs activated donor T cells
to produce IFN-y, which then enhanced pDC synthesis of
indoleamine 2,3-dioxygenase (IDO). Increased production of
IDO by pDCs altered the balance between donor Treg and
alloreactive effector T cells, thereby limiting the severity of
GVHD (56). Other studies showed that GVH reaction also
impaired the antigen presentation function of de novo generated
donor ¢DCs, leading to dramatically decreased Treg expansion
and function, leading to severe chronic GVHD (109). These
observations suggest that reconstitution of tolerogenic DCs
from engrafted donor hematopoietic cells may be crucial for
preventing the occurrence of severe GVHD.

RECONSTITUTION OF DONOR DCS
AFTER ALLO-HSCT

Clinical studies indicated that impaired reconstitution of donor
DCs correlates with the occurrence of severe GVHD (110-115).
Wingard and colleagues examined the number of donor DCs in
the circulating peripheral blood from a group of 50 allo-HSCT
patients. They found that low number of circulating DCs was not
only associated with significantly increased risk of relapse and
acute GVHD, but also predicative of patient death after allogeneic
HSCT (110). Notably, clinical studies from 39 children with allo-
HSCT indicated that while normal cDC numbers were observed
by 300-400 days after transplantation, pDC numbers were always
lower than those of age-matched control patients during the
entire follow-up period of up to 7 years (112). In contrast,
patients with high pDC recovery profile often had improved
overall survival (114). Data from preclinical studies also showed
a marked deficit in all lineages of DCs (CD8" DCs, CD11b*
DCs, and pDCs) in GVHD compared with non-GVHD mice
(55, 109, 116, 117). Thus, the recovery of DCs from engrafted
HSPCs in allo-HSCT patients may predict the occurrence of
severe GVHD and non-relapse mortality.

Donor DCs Mediate Protective Immunity

DCs are critical for eliciting T cell immune responses, protecting
the host against viral infection (18, 19, 118). Viral infection
remains a major challenge for the success of allo-HSCT.
Clinical studies have shown that after allo-HSCT, patients
with lower numbers of circulating peripheral blood DCs often
have increased risk of infections (1, 110). Cytomegalovirus
(CMV) is a major cause of post-transplant mortality in
patients subject to allo-HSCT, with ~25% of CMV-seropositive
recipients developing CMV-related disease within 3 months after
transplantation (119-121). It is well-established that induction of
adaptive T cell immunity is critical to control CMV replication

and resolve viral reactivation-mediated disease (100, 122, 123).
cDCs are essential to the generation of effector T cells reactive
to CMV, especially during a primary response. However, GVHD
induces a profound DC defect that leads to a failure in the
generation of CMV-specific CD8' T-cells and dramatically
decreased antiviral immunity (116). Collectively, improving the
reconstitution of DCs following allo-HSCT may represent an
effective strategy to re-establish the protective immunity in the
recipient. Since pDCs produce high levels of IL-12 and IFN-a
upon activation (29, 124-126), improving pDC recovery after
allo-HSCT may also provide efficient antiviral immunity.

GVHD Impairs the Generation of DC

Progenitors

GVHD-associated inflammatory responses may influence the
reconstitution of donor DCs via a complex mechanism. DCs
developed from HSPCs through successive steps of lineage
commitment and differentiation: HSCs — multiple potent
progenitors (MPP) — common DC progenitors (CDP) — ¢DCs
and pDCs (22, 42, 125, 127-132). Inflammatory cytokines, such
as TNF-a and IFN-vy, directly inhibit the proliferation of HSPCs
and their generation of DCs (117). In addition, Matsushima
and colleagues have shown that GVHD induced damage to
the BM niche, leading to dramatically decreased hematopoiesis,
including the reduction of CDP (133). However, the specific
cellular component(s) within the niche that are responsible for
the generation of DC progenitors have yet to be determined.

Transcriptional Regulation of DC

Development
The generation of DCs is regulated by a group of functionally
distinctive transcription factors (TFs). Analysis of gene-targeted
mice has identified many critical TFs in DC development. Some
of these TFs, such as Pu.l and Stat3, influence the generation
of all DC subsets. HSPCs lacking Pu.1 showed defective DC
differentiation potential (134, 135). Targeted deletion of Stat3
impaired the generation of both ¢cDCs and pDCs in vivo (128,
136). Thus, both Pu.1 and Stat3 are pioneer TFs in the regulation
of DC commitment and differentiation from MPP (42, 128, 130).

DC subset-specifying TFs are required for committed CDP
to become functionally distinct DC lineages (42, 127, 128, 130).
For example, Batf3 has a non-redundant role in CD103" ¢DC
development and partial effect on inducing CD8at DCs in
lymph organs (52, 92, 127). Irf8-deficient animals lack spleen-
resident CD8at ¢DCs and nonlymphoid tissue CD103% ¢DCs
(42, 127, 137). Other TFs, such as Irf4, KIf4, Notch2, and Relb,
also play important roles in the regulation of other types of
cDCs localized in different tissues (94, 138). Among them, Irf4
is required for cDCs to prime CD4" T cells and promote
Th17 differentiation in both the lung and intestine (60, 139). In
addition, several TFs, such as Tcf4, Irf8, and Spib, are known to
regulate pDC differentiation (140-142). The absence of Tcf4 leads
to the loss of pDCs in mice (142).

There are limited number of studies investigating how
GVH reactions influence the expression and function of
these TFs required for DC development. Notably, a recent
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study revealed that inflammation cascades in GVH reaction
favor the development of CD103*D11b~ DCs in the GI
tract (42), which require the presence of functional Irf4
(93). These data indicate that distinct TFs in DCs and their
progenitors may have different susceptibility to the regulatory
effect of inflammatory environments. This may result in a
skewed expression and activation of transcriptional programs,
promoting the generation of specific subset(s) of DCs and
feed-forward action on alloreactive T cell responses during the
GVHD progression. Delineating the mechanisms underlying this
dysregulated donor DC reconstitution during GVH reaction
will be important for understanding the pathophysiology of
GVHD and the development of effective treatments for the
disease.

DC MODULATION OF ALLOIMMUNITY

Manipulation of DC precursors in the HSPC graft may facilitate
the establishment of a balance between GVHD and GVL effects
(2, 9, 16, 34, 35, 56). Preclinical studies have shown that
transfer of donor pre-pDCs derived from donor mice treated
with FIt3L induced markedly augmented GVL activity of donor
T cells without aggravating GVHD (56). These donor pre-
pDCs persisted long in that they expanded in vivo for 2 weeks
after transplantation (56). These findings perfectly supported
the clinical value of donor DCs in modulating alloimmunity to
improve the efficacy and safety of allo-HSCT.

Use of Tolerogenic DCs to Reduce GVHD

The capacity of DCs to induce tolerance has led to numerous
therapeutic studies using these cells in an effort to control
harmful immune responses in models of allograft rejection,
GVHD and autoimmune disorders (18, 27, 34, 36, 37, 62,
87, 143). While transfer of immature CCR9" pDCs reduced
GVHD, transfer of mature donor pDCs did not as expected
(144). Furthermore, transfer of highly purified immature pDCs
derived from donors was technically challenging and typically
required in vivo expansion step to generate the number enough
for modulating GVH reaction in vivo (53, 56, 144).

With this technical bottle neck, many studies had to assess
the therapeutic effect of ex-vivo-generated DCs. Tolerogenic
DCs were tried to be generated through propagating human
monocytes in vitro in the presence of various agents, such
as IL-10, Vitamin D3, and immunosuppressive drugs (e.g.,
dexamethasone and rapamycin) (34, 36, 37, 87, 143). Yet, none
of the approaches generated the best clinically applicable DCs
with the expected tolerogenic capacity to modulate alloreactive T
cells (34, 36, 37, 87, 143). Reddy and colleagues report that upon
pre-treatment with the HDAC inhibitor SAHA, these moDCs
produced high levels of IDO and promoted Treg expansion and
function in vivo, leading to attenuated GVHD in mice (54). These
findings indicate that targeting epigenetic regulators in DCs may
prove to be an effective strategy to induce the generation of DCs
with tolerogenic properties for reducing GVHD.

DC Induction of GVL Effects After
Allo-HSCT

Emerging evidence indicated that DCs were required for
optimal GVL response without aggravating GVHD. Reddy and
colleagues report that as compared to allogeneic wild-type (WT)
hosts, allogeneic Batf3-deficient recipient mice developed severe
GVHD but with significantly reduced GVL response (52). This
indicates the importance of CD8a™ DCs in GVL response.
Indeed, co-transfer of WT host-type spleen DCs (which contain
CD8at DCs) and T cells into allogeneic B2m~/~ recipients,
which are functionally deficient in antigen presentation, induced
a significant CD8" T cell-mediated GVL response, leading to
prolonged survival of recipients without tumor. In contrast, all
of the B2m™/~ mice receiving Batf3~/~ spleen DCs, which lack
CD8a™t DCs (92), died from tumor despite the presence of other
DC subsets (52). This confirms the crucial role of CD8a™ DCs in
eliciting anti-tumor immunity. However, these experiments did
not examine the direct effect of CD8a™ DCs on T cell-mediated
GVL response.

In human recipients of unrelated donor BM grafts, but
not granulocyte colony-stimulating factor (G-CSF)-mobilized
peripheral blood grafts, a higher number of donor pDCs is
associated with increased survival and reduced GVHD (145).
Data from experimental studies indicate that transfer of pDC-
enriched BM grafts preserved GVL effects without aggravating
GVHD in mice (56, 146). pDCs produce high levels of IFN-o and
IL-12 (147, 148), cytokines important to promote differentiation
and expansion of antigen-specific effector cells (149). In these
studies, Waller and colleagues have demonstrated that in vivo
administration of FIt3L to donor mice induced 5-fold increase
in pDC content without significant changes in the number of
HSCs, T cells and B cells. Most importantly, transfer of pDC-
enriched BM graft from FIt3L-treated donors decreased GVHD
while retaining GVL effects in allogeneic recipient mice (146).

We have recently established a novel platform to produce
DIl4™ DCs from murine BM using FIt3L and TLR agonists (64).
Upon allogeneic DIl4*T DC stimulation, CD4™ naive T cells
underwent effector differentiation and produced high levels of
IFN-y and IL-17 in vitro, depending on DIll4 activation of Notch
signaling. Adoptive transfer of these DIl4T DC-induced T cells
eliminated leukemic cells without causing severe GVHD, leading
to significantly improved survival of leukemic mice undergoing
allo-HSCT. This strategy may potentially improve the anti-
leukemic response after HSCT and overcome some barriers to the
GVL response such as high disease burden and pharmacologic
immunosuppression (64). Since DC activation of naive T cells
allows them to be primed with antigens, DIl4T DCs loaded
with leukemia-associated antigens may facilitate the selective
expansion of leukemic cell-reactive T cells and specifically boost
the anti-leukemia activity.

CONCLUSION

While traditional therapies have been targeting T cells, extensive
research in murine HSCT models convincingly showed the ability
of DCs to preserve GVL response without aggravating GVHD.
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Targeting donor DCs in vivo or ex vivo may potentially subvert
alloreactive T cell responses and reduce GVHD (53). Given the
role of DCs in maintaining Treg after allo-HSCT (56, 109), co-
transfer of tolerogenic DCs and Treg could be more effective on
reducing GVH reactions in vivo. A randomized Phase I study
has shown the safety of infusing the host tolerogenic DCs into
diabetes patients (150). It will be interesting to test whether
these ex vivo generated tolerogenic DCs given in the peri-
transplant period may prevent GVHD while preserving GVL
effects.

One major challenge is to produce large number of
donor-type tolerogenic DCs that can persist sufficient time
to execute their function following adoptive transfer to
modulate alloimmunity. We propose that donor-type DCs have
several advantages compared to host-type DCs. For example,
donors are healthy, and their hematopoietic system is not
compromised by accompanied disease state and treatment
conditions. Furthermore, available data from both clinical and
pre-clinical studies suggest that donor-derived pDCs have potent
capability to modulate GVH reactions (55, 56, 145, 146). These
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A recent approach for limiting production of pro-inflammatory cytokines has been
to target bromodomain and extra-terminal (BET) proteins. These epigenetic readers
of histone acetylation regulate transcription of genes involved in inflammation,
cardiovascular disease, and cancer. Development of BET inhibitors (BETI) has generated
enormous interest for their therapeutic potential. Because inflammatory signals and
donor T cells promote graft-versus-host disease (GVHD), regulating both pathways
could be effective to abrogate this disorder. The objective of the present study was to
identify a BETi which did not interfere in vivo with CD4+FoxP3* regulatory T cell (Treg)
expansion and function to utilize together with Tregs following allogeneic hematopoietic
stem cell transplantation (@HSCT) to ameliorate GVHD. We have reported that Tregs
can be markedly expanded and selectively activated with increased functional capacity
by targeting TNFRSF25 and CD25 with TL1A-Ig and low dose IL-2, respectively. Here,
mice were treated over 7 days (TL1A-lg + IL-2) together with BETi. We found that the
BETi EP11313 did not decrease frequency/numbers or phenotype of expanded Tregs as
well as effector molecules, such as IL-10 and TGF-B. However, BETi JQ1 interfered with
Treg expansion and altered subset distribution and phenotype. Notably, in Treg expanded
mice, EP11313 diminished tnfa and ifng but not il-2 RNA levels. Remarkably, Treg pSTAT5
expression was not affected by EP11313 supporting the notion that Treg IL-2 signaling
remained intact. MHC-mismatched aHSCT (B6— BALB/c) was performed using in vivo
expanded donor Tregs with or without EP11313 short-term treatment in the recipient.
Early post-transplant, improvement in the splenic and LN CD4/CD8 ratio along with
fewer effector cells and high Treg levels in aHSCT recipients treated with expanded Tregs
+ EP11313 was detected. Interestingly, this group exhibited a significant diminution of
GVHD clinical score with less skin and ocular involvement. Finally, using low numbers
of highly purified expanded Tregs, improved clinical GVHD scores were observed in
EP11313 treated recipients. In total, we conclude that use of this novel combinatorial
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strategy can suppress pre-clinical GVHD and posit, in vivo EP11313 treatment might
be useful combined with Treg expansion therapy for treatment of diseases involving

inflammatory responses.

Keywords: Tregs, bromodomain inhibitors, epigenetic regulation, GVHD, TNFRSF25, CD25

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (aHSCT) is
utilized as a therapeutic modality for a variety of conditions
including genetic disorders, immune deficiency syndromes, and
hematologic diseases and malignancies. However, the limiting
factor for successful aHSCT is the development of graft-versus-
host disease (GVHD). In fact, as many as half of the ~8,000
aHSCTs performed in the U.S. each year will result in GVHD
and therefore new strategies to ameliorate GVHD are needed.
GVHD occurs when donor T cells are primed by recipient
antigens subsequently eliciting an inflammatory response against
the host (1). Acute GVHD is a multi-organ disorder resulting
from inflammatory cytokines and donor T cells which primarily
damage skin, liver, gastrointestinal tract, and the eye surface (2).

Because GVHD is promoted by donor T cells and
inflammatory cytokines, we reason regulating both is the
most rational strategy to abrogate this complication. Our lab
and others have demonstrated that transfer of CD4"FoxP3™
regulatory T cells (Tregs) is a promising therapy to suppress
donor T cells and inhibit GVHD (3-6). Our prior work identified
a two-pathway in vivo strategy targeting TNFRSF25 and CD25
receptors which elicits a rapid and strong increase in Treg
numbers and function (7). In fact, very low numbers of these in
vivo expanded donor Treg cells demonstrated effective GVHD
suppression in recipients following aHSCT (8). Recently, the
targeting of bromodomain and extra-terminal (BET) proteins
has provided a new strategy for reducing pro-inflammatory
cytokine production (9). These readers of histone acetyled lysine
residues are involved in transcriptional regulation of many genes
involved in human diseases including inflammation, cancer
and cardiovascular diseases (10, 11). Recent development of
BET inhibitors (BETi) has generated enormous interest for
their therapeutic potential (12-14). The BETi I-BET762 and
JQ1l showed anti-inflammatory properties by disrupting the
expression of pro-inflammatory cytokines (e.g., IL-1B, IL-6,
and IL-12) in macrophages and suppressing genes involved
in T cell-mediated pro-inflammatory functions (13, 15, 16). A
prior study reported that BETi I-BET151 interfered with NF-«kb
function and diminished cytokine expression in dendritic cells
and T cells, altered APC function and decreased experimental
GVHD (17). Based on our previous work illustrating the
effectiveness of expanded Tregs in ameliorating GVHD, we
wanted to ask if BETi could be combined with this cell therapy
to augment outcomes of aHSCT. Small biomolecule inhibition
of CBP/EP300 bromodomains resulted in diminishment of
Treg frequency and differentiation (18). It is notable that
STATS5 activation is required for Treg proliferation and function
(19, 20). Importantly, although JQ1 was shown to reduce STAT5
function in hematologic cancers and dendritic cells, there is

no information regarding this or other BETi effects on (1)
the IL-2 signaling pathway via STAT5 in Tregs as well as (2)
IL-2 production which is required for Treg survival and their
maintenance of suppressive function (21, 22).

The present studies examined if BETi could be combined
with Treg cell therapy without interfering with Treg expansion,
phenotype and function. We found that the BETi EP11313 did
not decrease Treg numbers in treated mice and in Treg expanded
mice, EP11313 diminished tnfa and ifng but not il-2 levels in non-
Treg cells. Notably, Treg pSTAT5 expression was not affected
by EP11313 supporting the notion that Treg IL-2 signaling
remained intact. In the presence of this BETi, no alterations in
Treg subsets or phenotype markers as well as effector molecules,
such as IL-10 and TGEF-B were observed. MHC-mismatched
aHSCT (donor B6-BALB/c recipient) was performed using in
vivo expanded donor Tregs with or without EP11313 treatment in
the recipient. One week post-transplant we observed significant
improvement in the splenic and LN CD4/CD8 ratio along with
fewer effector cells and high Treg levels in HSCT recipients
treated with expanded Tregs + EP11313. Remarkably, this group
exhibited diminished acute GVHD. Finally, using low numbers
of highly purified expanded Tregs, we found improved clinical
GVHD scores in recipients treated with EP11313. We conclude in
vivo treatment with selective BETi can be successfully combined
with Treg expansion therapy for treatment of diseases involving
inflammatory responses.

MATERIALS AND METHODS

Mice and Reagents

The FoxP3 reporter mice on a C57BL/6 background (B6-
FoxP3RFP) (originally provided by R. Flavell, Yale University,
New Haven, CT) (23) and B6-CD45.1 (H2%) mice were bred
in our facility. Wild-type BALB/c (H2¢) mice were purchased
from Taconic (Rensselaer, NY). Mice were used at 6-12 weeks
of age and were maintained in pathogen-free conditions at the
University of Miami animal facilities. All animal use procedures
were approved by the University of Miami Institutional Animal
Care and Use Committee. EP11313 (provided by Neomed,
Canada) and JQ1 (kindly provided by Dr. James Bradner) were
reconstituted in DMSO and further diluted in Tween 80 and
saline. The A20M</YFP cell line (derived from BALB/c mice) was
a generous gift of Dr. Robert Negrin (Stanford University).

Antibodies, Reagents, Flow Cytometry, and
Cell Sorting

Commercial antibodies for use in flow cytometry were purchased
from BD Biosciences (San Jose, CA), Biolegend (San Diego, CA),
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or eBioscience (Waltham, MA). Recombinant mouse IL-2 and a-
IL-2 monoclonal antibody, clone JES6-5H4, were purchased from
eBioscience. IL-2/alL-2 complex was generated by incubating
1.5/7.5 p.g recombinant mouse IL-2 with 8jug JES6-5H4 (~8,000
IU/injection) for 15min at room temperature and administered
i.p. TL1IA-Ig was generated in our laboratory as described
previously (24) and administered i.p. at 50 jLg/mouse/injection.
Single-cell suspensions were prepared from different organs
(spleen and lymph nodes). Peripheral blood was collected in
heparinized tubes. Peripheral blood mononuclear cells were
isolated by standard Ficoll density gradient centrifugation.
Next, 10° cells were preblocked with anti-mouse CD16/CD32
and stained with different antibody combinations. Intracellular
staining was performed according to standard procedures. The
following mAbs to the indicated molecules, the fluorescent
labels, and their sources were used in this study: CD4, CDS8,
CD19, CD25, CD44, CD62L, CD103, KLRGI1, CD39, CD73,
I-COS, Nrp-1, PD-1, CTLA-4, CCRS, Ly-6C, Ki-67, pSTATS,
and Annexin V (Supplementary Materials and Methods, Table
S1). Flow cytometric analysis was performed on a BD LSR-
Fortessa-HTS instrument (BD Biosciences, San Jose, CA) and
the analysis was completed using Flow]Jo software (FlowJo, LLC,
Ashland, OR). Splenic and pLN CD4~FoxP3~, CD4"FoxP3™,
and CD4"FoxP3™" cells were sorted using a FACS Aria 1I cell
sorter (BD Biosciences) after enrichment of T cells (surface
immunoglobulin depletion of B cells).

RNA Isolation, RT-PCR, and Quantitative
Real-Time PCR

Total RNA was isolated from unexpanded and expanded Tregs
using RNAeasy mini kit following the manufacturer’s instructions
(Qiagen, Germantown, MD). cDNA was retrotranscribed from
1 pg of total RNA using qScript cDNA Mastermix (Quanta,
Beverly, MA). Quantitative real-time PCR was (qPCR) was
performed in triplicate using the ABI PRISM 7300 sequence
detection system (Applied Biosystems, Whatman, MA) with
the specific primers for tnfa, ifng, il-2, il-10, and gapdh
(Supplementary Materials and Methods, Table S2). The PCR
mixture contained 7.5 pl of 2X SYBR Green PCR master mix
(Applied Biosystems) in a 15 pl final volume. The specificity
of each primer set was monitored by analyzing the dissociation
curve. The relative mRNA levels of each gene were calculated
using the Livak method with GAPDH as the housekeeping gene.

Western Blot

Cells (0.5-1.0 x 10°) were diluted with Laemmli sample
buffer and boiled for 5min. Proteins were separated by
electrophoresis on 4-15% SDS-polyacrylamide gel and
transferred to nitrocellulose membranes. The residual binding
sites were blocked with 5% non-fat powdered milk in PBS
containing 0.05% Tween 20, and membranes were incubated
with anti-TGF-b mAb (0.5 mg/ml; ABCAM, Cambridge,
United Kingdom) or anti-actin mAb (0.5 mg/ml; ABCAM)
in PBS containing 0.05% Tween 20. All subsequent washes
were performed with the same buffer. Reactivity was developed
using HRP-coupled secondary polyclonal antibody (1:2,000,

Jackson ImmunoResearch) and the SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific).

In vitro Treg Functional Assays

For a standard suppressor assay, CD4"FoxP3™~ splenocytes (10°)
were cultured in 96-well plates and activated with 1 pg soluble
anti-CD3 (clone 2Cl11) antibody in the presence of APCs (5 x
10* T cell depleted splenocytes) and titrating numbers of sorted
CD4TFoxP3™ Tregs. Cultures were incubated for 72 h and pulsed
with [*H]-Thymidine (0.5 wCi/well; Perkin Elmer) for the last
10 h. Incorporated isotope was measured by liquid scintillation
counting (Micro Beta TriLux counter; Perkin Elmer). For a
functional assay, spleen and LN suspensions were activated in
vitro with 1 pg/ml soluble anti-CD3. After 72 h, proliferating cells
were counted by Trypan blue exclusion using the Vi-cell XR cell
counter (Beckman Coulter, Brea, CA).

HSCT Experiments

For the HSCT in the major MHC-mismatch model (B6 —
BALB/c), female BALB/c mice (H24) were ablatively conditioned
with 8.5 Gy total body irradiation 1 day before transplantation.
BM cells were obtained from femurs, tibias, and vertebrae from
sex-matched B6-CD45.1 (H2P; Thy1.2) donor animals. A single-
cell suspension of marrow cells was prepared by flushing bones
with a 21-gauge needle and the cells were filtered through a
100 wm nylon mesh. Donor marrow cells were depleted of T
cells via complement mediated lysis using anti-T-cell-specific
antibody HO-13-4 (hybridoma supernatant, mouse anti-Thyl.2
IgM; ATCC, Manassas, VA) generously provided by Dr. Bruce
Blazar (University of Minnesota), anti-CD4 mAb (clone 72.4),
anti-CD8mADb (clone H02.2), and rabbit complement (Cedarlane
Laboratories, Burlington, Ontario, Canada). The marrow cells
were incubated at 37°C for 45min, washed twice in RPMI,
and resuspended for HSCT. Marrow T cell depletion was
routinely >99%. Donor T cells were prepared from spleens or
LN obtained from C57BL/6-FoxP3%?-expanded or unexpanded
animals. Donor cells were stained for T cells (anti-CD4, clone
RM4-5; anti CD8, clone 53-6-7) and adjusted to 1.0 x 10° T
cells per mouse before mixing with BM. Recipient mice were
injected twice a day with EP11313 10 mg/kg (from day —2 to
4) and underwent transplantation (day 0) with T cell-depleted
(TCD) BM (5.5 x 10°) and 1.0 x 10° T cells i.v. in a 0.2ml
volume via tail vein injection. GVHD was assessed by monitoring
recipients for changes in total body weight, clinical signs, and
overall survival. The clinical signs of GVHD were recorded for
individual mice. Recipients were scored on a scale from 0 to 2
for 5 clinical parameters (25): weight loss, diarrhea, fur texture,
posture, and alopecia and for ocular lid score on a scale from 0 to
4(26).

Histologic Analysis

Briefly, tissues from animals 4-5 weeks after aHSCT were fixed
in 10% formalin and embedded in paraffin. Sections were stained
with hematoxylin-eosin (H&E) and images were acquired using
the Keyence BZ-X700 microscope (Itasca, IL). Slides were scored
following a modified system described by Kaplan et al. (27). In
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brief, 3-4 parameters were used to compare pathology scores
between groups in the skin and the colon.

Cell Survival Assay

Cells were seeded in 384-well micro-titer plates and incubated
in a humidified environment at 37°C and 5% CO; and cultured
for 24 h, followed by incubation with the EP11313, JQ1, iBET762,
and iBET151. Individual drugs will be dissolved in 100% DMSO
and tested in triplicates starting at a nominal test concentration
of 10 wM over a 20,000-fold concentration range to generate dose
response curves allowing for calculation of half-maximal and
maximal response concentrations. Cell viability was measured by
bioluminescence after 72 h of drug exposure and dose response
curves were generated for each compound.

Cell Proliferation Assay

In order to monitor cell proliferation in response to treatment
with EP11313, cells were seeded in 24-well plates (Corning, NY)
at 10* cells per well. Cells were treated with 0, 0.05, 0.1, 0.5, 1,
and 1.5 WM EP11313 (n = 4 per treatment) and proliferation was
evaluated using the Incucyte Zoom instrument (Essenbioscience,
MI).

Determination of Serum TNF-« Levels

Serum was collected from animals treated in vivo with LPS
1 mg/kg and EP11313 10 or 30 mg/kg. TNF-a concentration
was determined by Mouse TNF-a ELISA MAX (Biolegend, San
Diego, CA), following manufacturer’s protocol. Analysis was
performed using Benchmark Plus microplate spectrophotometer
at 405 OD.

Statistical Analysis

All graphing and statistical analysis were performed using
GraphPad Prism (San Diego, CA). Values shown in graphs
represent the mean of each group + SEM. Survival data
were analyzed with the Mantel-Cox log-rank test. Non-
parametric unpaired two-tailed ¢-test was used for comparisons
between two experimental groups, and multiple variable
analysis was performed using ANOVA. A P-value <0.05 was
considered significant. Brackets identifying the groups being
compared are presented in each figure where appropriate
accompanied by the level of significance or absence of
significance (ns).

RESULTS

A Bromodomain Inhibitor (BETi)—EP11313
Does Not Interfere With Treg Expansion,

Subsets, and in vitro Function

To determine if Treg exposure to BETi in vivo impaired
homeostatic ~ proliferation ~ of =~ CD4TFoxP3"  Tregs,
C57BL/6-FoxP3RFP  (B6-FoxP3RFP) mice were administered
EP11313 ip. 2x/day (13 total injections) (FigureS1A in
Supplementary Material). Spleen and lymph node (LN)
cell analysis revealed no differences in the frequency of
both the CD4" compartment and Tregs (Figures S1B,C in
Supplementary Material). Following Treg isolation via cell

sorting (purity > 98%, data not shown) their in vitro functional
activity was also not diminished as evidenced by a standard
suppressor assay (FigureS1D in Supplementary Material).
Since we employ expanded and proliferating Tregs for
use to regulate GVHD (7, 8), we next addressed whether
EP11313 altered expansion, subset distribution and function
of Tregs undergoing two-pathway in vivo expansion following
treatment with TL1A-Ig and low dose IL-2. Examination of
peripheral (spleen, LN) lymphocytes indicated no change
in the relative frequencies of CD4 and CD8T cells in mice
receiving two-pathway stimulation alone or together with
EP11313 (Figures 1A,B, S1E in Supplementary Material).
Importantly, the frequency and numbers of Treg cells within
these two groups were also not altered (Figures 1C,D, S1F in
Supplementary Material). Notably, following a 3x increase in
EP11313 dose administration the percentage of Tregs within
the CD4" compartment was again not affected (Figure 1E).
Utilizing Ly6C and CD62-L staining (28, 29), Treg subset
evaluation demonstrated no change in the central Tregs
(Ly6C~, CD62LM = cTregs) and effector Tregs (Ly6C~,
CD62L° = eTregs) frequency between animals which had
Tregs expanded in the presence or absence of the BETi. We
previously found a diminution in the Ly6C"T Treg fraction
following two-pathway expansion (8). Here, we also observed
the same diminution in this subset in the presence or absence
of EP11313 (Figure 1F). Lastly, to directly assess the functional
activity of the Tregs expanded in the presence and absence of
EP11313, spleen and LN cells were removed and immediately
stimulated in vitro with anti-CD3mAb. The decrease in
proliferation by cells from animals following Treg expansion
was not significantly different regardless of whether animals also
received BETi treatment (equivalent Treg suppressive activity)
(Figure 1G).

It is well established that BETi possess anti-tumor activity
(14). Therefore, to demonstrate activity of the BETs, we assessed
tumor cell viability and proliferation using a mouse lymphoma
cell line. As anticipated, each BETi examined decreased tumor
cell viability and numbers at varying concentrations (Figure S2
in Supplementary Material). Since BETi are also known to
inhibit transcription of inflammatory genes, we examined in vivo
activity by the BETi EP11313. Following injection of two doses
of this BETi, LPS was administered and TNF-a serum levels
assessed after 1.5h (Figure S3A in Supplementary Material).
There was a clear decrease which was dose related in the
serum levels of this inflammatory cytokine (Figure S3B in
Supplementary Material).

In vivo Administration of the JQ1
Decreases Treg Proliferation and Alters
Their Phenotype During Expansion of
CD4*FoxP3* T Cells

Next, we wanted to address if a prototypic BETi, JQl
(12) exhibited the same pattern as EP11313 with regard to
affecting Treg frequency, proliferation and subset distribution
in Tregs undergoing expansion. Groups of B6-FoxP3RFP
mice were treated 2x/day (13 total injections, Figure S1E in
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FIGURE 1 | In vivo treatment with BETi EP11313 does not interfere with Treg expansion, subset distribution and in vitro suppressor function. (A-G) Mice were
injected i.p. with TL1A-Ig (on days 1-4) and rmIL-2 bound to the anti-IL-2 mAb (JES6-5H4, on days 4 and 6) and EP11313 (10 mg/kg per dose) or administered
vehicle on days —1 to 6 (twice per day). Mice were sacrificed on day 7. CD4™1 or CD8Y frequency (%) in the spleen (A) and peripheral lymph nodes (pLN) (B) of mice
undergoing Treg expansion (TL1A-Ig + low dose IL-2) in the presence or absence of BETi EP11313. Data representative of three independent experiments (n = 2
mice/group). Splenic overall Treg frequency (%) within the CD4 fraction (CD4+FoxP31/CD4) cells (left) and total numbers splenic Tregs (right) are shown (C). Treg
(CD4*FoxP3) frequency (%) of total CD4 cells in pLN (D). Data are pooled from three independent experiments; n = 5 mice/group (C,D). Treg frequency (%) of
total CD4™ cells in expanded mice treated with EP11313 at 10 or 30 mg/kg (E). Treg subset distribution determined by CD62-L and Ly-6C staining is shown as a
represerjtative contour plot (top) and a bar graph of data pooled from two independent experiments (bottom) (F). No significant differences were observed in cTregs
CcDB2LNLy-6C~O and eTregs CD62L'OLy-6C~ in the Expanded + EP11313 treated mice vs. Expanded mice (F). Treg expansion leads to a suppressive
environment in spleen and LN which is not altered in the presence of BETi EP11313 (G). Cell suspensions of spleen or lymph node cells obtained from indicated mice
which underwent expansion treated with EP11313 (or vehicle) or normal, unexpanded mice. The cultures were then stimulated with anti-CD3mAb for 72 h (G). Data
are representative of two independent experiments. ns = not significant vs. expanded.’p < 0.05; **p < 0.01; **p < 0.001; **p < 0.0001 vs. unexpanded.

Supplementary Material) with 5 mg/kg of JQ1 or 10 mg/kg

of EP11313. In contrast to what we observed with EP1
treatment, exposure of expanding Tregs to JQI resulted

decrease in splenic and LN Treg frequencies (Figures 2A,B).
A representative dot plot of Treg subsets showed that the
cTregs (Ly6C~, CD62LM) fraction was decreased in animals

receiving JQ1—but not EP11313—in animals undergoing

pathway Treg expansion (Figure 2C). Following Ki67 staining

1313
in a

two-

to assess cell proliferation, we observed that in contrast to
EP11313, JQ1 treatment deceased the Ki67" population within
splenic and LN Tregs (Figures 2D,E). There was no effect of
these BETi’s on proliferation of conventional CD4"FoxP3~
T cells (Figure S4 in Supplementary Material). Lastly, IL-2
induced STAT5 phosphorylation of Tregs in vitro was not
diminished in the presence of JQl1 or EP11313 (500nM)
(Figure 2F).
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FIGURE 2 | In contrast to BETi EP11313, JQ1 alters Treg frequency, proliferation and subsets with no differences in pSTAT5 expression. (A-F) Mice were injected i.p.
with TL1A-Ig and rmIL-2 bound to anti-IL-2 mAb as in Figure 1 and EP11313 (10 mg/kg), JQ1 (6—-10 mg/kg) or vehicle (on days —1 to 6). Mice were sacrificed on day
7. in vivo treatment with JQ1 significantly decreased overall Treg (CD4 T FoxP31) frequency (%) of total CD4™ cells in the spleen (A) and pLN (B). Representative
contour plot of Treg subset distribution determined by CD62L and Ly-6C staining of pLN from mice undergoing Treg expansion treated with EP11313, JQ1, or vehicle.
JQ1 treatment diminished cTreg CD62LhiLyGC— (C). Treg expanded proliferation was impaired with JQ1 in vivo treatment indicated by Ki67 expression in the spleen
(D) and pLN (E). (A-E) All results are representative of two independent experiments n = 3 mice/group. Representative histograms of lymph node cells from TL1A-Ig
+ IL-2 expanded mice treated in vitro with 500 nM BETi or vehicle and stimulated with IL-2 10 ng/ml for 15 min (F). ns, not significant. *p < 0.01; ***p < 0.001; ***p
< 0.0001 vs. expanded.

To more precisely analyze expanded Treg phenotype in  or absence of EP11313 treatment (Figure4, Figure S1E in
the presence of BETi treatment, activation, function and  Supplementary Material). IL-10 RNA and protein levels were
differentiation markers were assessed using mAbs to defined Treg  not altered in Tregs exposed to this BETi (Figure 4A). We also
proteins (Table S1 in Supplementary Materials and Methods).  did not detect differences in TGF-B protein levels from sorted
Notably, significantly decreased levels of activation and  Treg populations obtained from the spleen and lymph nodes of
differentiation molecules, specifically ICOS, CD103, PD-  treated mice (Figure 4B).

1, CD44, and KLRG1 were identified in splenic Tregs Since IL-2 is required for Treg function and survival,
undergoing expansion treated with 10 mg/kg of JQI  we addressed if this cytokine was present in recipients of
(Figure 3). Additionally, the Treg functional suppressive  EP11313 treated mice. Therefore, a Treg negative population
mediators CD39, Nrp-1, and CTLA-4 were also diminished  (conventional CD4, CD8, NK, macrophage/monocyte and low
in this treated population. Similar results were obtained  numbers of contaminating B cells not depleted by slg treatment)
analyzing LN Tregs (data not shown). Notably, in contrast  was examined for this cytokine. No differences in the RNA levels
to the findings with JQI, EP11313 treatment did not alter  of il-2 were identified in these cells from animals undergoing
the expression of any of these phenotypic Treg markers expansion in the presence or absence of this BETi (Figure 4C).
(Figure 3). Since phosphorylation of STAT5 (pSTATS5) is required for

IL-2R signaling, levels of this protein were examined within
EP11313 Regulates Inflammatory the Treg populations (Figure 4D). Importantly, no differences

Cytokines but Spares the lI-2 Pathway and were observed in pSTATS5 expression in Tregs undergoing
Effector Molecules in Treg Cells expansion from BETi treated vs. untreated animals (Figure 4D).
The above findings demonstrate that EP11313 did not interfere ~ T0 validate that EP11313 treatment affected gene transcription in
with expansion and phenotype of expanding Treg cells. To treated animals, RNA from the sorted Treg negative populations
examine whether treatment with this BETi altered molecules ~ Was also examined for tnfa and ifng. These inflammatory
that mediate Treg function, highly purified CD4*FoxP3™ Tregs cytokine RNA were significantly decreased in this population
were isolated from animals undergoing expansion in the presence ~ (Figure 4E).
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FIGURE 3 | In contrast to BETi EP11313, JQ1 modifies Treg phenotype. Mice were injected i.p. with TL1A-Ig and rmIL-2 bound to anti-IL-2 mAb as in Figure 1 and
EP11313 (10 mg/kg), JQ1 (5-10 mg/kg) or vehicle on days —1 to 6. Mice were sacrificed on day 7. Expression of activation, differentiation (i.e., ICOS, CD103, CD44,
KLRG1) and functional (i.e., CD39, CD73, Nrp1, CTLA-4) molecules in splenic Tregs are shown. Data representative of five experiments (Treg expanded) and two
independent experiments (expanded plus BETi) n = 3 mice/group. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001 vs. expanded.

Recipients Transplanted With Expanded
Donor Tregs and Treated With EP11313
Demonstrate Diminished GVHD Early
Post-HSCT

The above findings support the notion that selected BETi
can be combined with Treg cells to prevent GVHD following
allogeneic-HSCT. Accordingly, we performed a transplant
using a fully MHC-mismatched aHSCT model (B6— BALB/c)
(Figure 5A). Groups of recipients received unfractionated
spleen cells (adjusted to contain 1 X 10° T cells) from
Treg expanded donors (TrED) or unexpanded donors (TrUD)
in the presence or absence of short-term (Day —2 to 4)
EP11313 treatment (Figure 5A). Using this protocol, treatment
with EP11313 only did not diminish GVHD clinical scoring
(Figure 5A). As we have reported, recipients of TrED did
exhibit decreased GVHD clinical scores and increased survival
compared to recipients receiving TrUD (8) (Figures5B,C).
Interestingly, the combinatorial strategy of TrED plus EP11313
treatment significantly lowered GVHD scores during the
first 3 weeks post-HSCT and did not diminish overall
(i.e., 100%) survival (Figures5B,C). To obtain sufficient cell
numbers, tissues were pooled from animals 1-week post-
HSCT. TrED + EP11313 treatment resulted in increased
CD4/CDS8 ratios in the spleen and lymph nodes at this time
(Figure 5D). More apparent in the lymph node T cells, there
was a diminishment of the CD4 Teff/mem (CD441CD62L)
population and an increase in CD4 T naive (CD44~CD62LM)
cells from combination (TrED+BET]) treated mice (Figure 5E).
As anticipated, recipients of TrED had higher levels of Treg
cells compared with recipients of TrUD 1-week post-HSCT
in the spleen (Figure 5F). Consistent with the EP11313 and
Treg expansion findings above (Figures 1-4), mice receiving
the combinatorial (TrED + EP11313) strategy contained similar
splenic Treg levels compared with recipients of TrED alone
(Figure 5F). In this context, our recent studies reported that
<1.75 x 10° two-pathway expanded donor Tregs were not
sufficient to ameliorate GVHD in fully mismatched aHSCT

recipients (8). Therefore, transplants were performed using 1
x 10° highly purified donor expanded Tregs (FigureS5 in
Supplementary Material) alone or in combination with short-
term EP11313 treatment of recipients (Figure 5G). The results of
two independent pooled transplants demonstrated a significant
decrease (up to 3 weeks post-aHSCT) in the clinical GVHD
scores between recipients of purified Tregs alone and those
receiving the BETi from Days —2 to 4 TrED (Figure 5H). No
differences in overall survival between these groups was detected
(data not shown).

One and two months post-HSCT, clinical, histological
and pathology assessments indicated lower ocular adnexa
involvement with less clinical lid edema and closure (Figure 6A)
and decreased skin involvement as assessed by overall thickening
and fibrosis (Figure 6B). Thymic weight was superior in TrED +
EP11313vs. TrUD + EP11313 and colon length in the former was
virtually identical to control BM alone transplanted recipients
and significantly greater compared to recipients of TrED
alone (Figure S6 in Supplementary Material and Figure 6C,
respectively). Moreover, histological assessment of the colon
5 weeks post-aHSCT showed mucosal thickening and severe
inflammation with villi distortion in recipients of only 1 x
10° purified expanded Tregs. In contrast, colons from mice
receiving 1 x 10° expanded Tregs with EP11313 exhibited a mild
inflammation and no disruption of villi architecture (Figure 6D).

DISCUSSION

The bromodomain and extra-terminal (BET) proteins have a
central role in regulating transcription of inflammatory and
oncogenic factors and have emerged as attractive druggable
targets with therapeutic potential (14, 30). Increasing pre-clinical
data, completed and ongoing clinical trials (14) (NCT01943851,
NCT01587703, NCT01713582) have demonstrated that BET
inhibitors (BETi) possess anti-cancer and anti-inflammatory
activity (12, 13, 16, 31). The objective of the present study was to
identify a BETi which did not interfere in vivo with CD4 " FoxP3™
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regulatory T cell (Treg) expansion and function so it could
be utilized together with Tregs following aHSCT to ameliorate
graft-versus-host disease (GVHD). Notably, in vitro analysis
of a bromodomain inhibitor of CBP/EP300 reduced human
Treg differentiation and suppressive function (18). Interestingly,
our studies examining BETi in vivo demonstrated that JQl
interfered with Treg expansion and altered subset distribution
and phenotype. In contrast, we found that the BETi EP11313 did
not impair the basal (un-manipulated) or the expanded (TL1A +
low dose IL-2) Treg compartments. Remarkably, administration
of low levels of EP11313 at the time of allogeneic HSCT together
with adoptive transfer of expanded Tregs further diminished
GVHD.

Regulatory T cells (Tregs) have a critical role in the immune
system by maintaining immune homeostasis and preventing
occurrence of autoimmune disease (32-34). IL-2 signaling via
the high affinity IL-2R (CD25) results in phosphorylation of

STATS5 and is necessary for the maintenance and expansion of
CD4TFoxP3™ Tregs (19, 20). Adoptive transfer of regulatory T
cells (Tregs) has emerged as a promising therapy for solid organ
transplantation, autoimmune diseases and GVHD following
aHSCT (3, 4, 6, 35, 36). Our group and others have shown the
effectiveness of donor Tregs as a prophylactic strategy to prevent
development of GVHD (3-5). We have previously reported
that Tregs can be markedly expanded and selectively activated
with increased functional capacity by targeting two receptors,
i.e., TNFRSF25 and CD25 with TL1A-Ig and low dose IL-2,
respectively (7, 8). Additionally, expanded Treg therapy was
shown to be as effective as post-transplant cyclophosphamide
for GVHD prophylaxis but the former promoted more rapid
thymic reconstitution providing earlier recovery of recipient
immune function (37). Acute GVHD occurs when donor T
cells are primed by recipient antigens subsequently eliciting a
rapid inflammatory response (“cytokine storm”) in the host.
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FIGURE 4 | EP11313 regulates inflammatory cytokines but spares the IL-2 pathway and Treg effector molecules. Tregs were expanded with TL1A-Ig + IL-2 in the
presence or absence of EP11313 10 mg/kg, mice were sacrificed at day 7 and splenic Tregs (CD4+FoxP3™) and non-Tregs (CD41TFoxP3~ and CD4~FoxP3~) were
isolated by FACS (A-E). Quantitative Real-time PCR (qPCR) analysis of il-10 mRNA levels (relative to gapdh) of splenic CD4+Foxp3T Tregs sorted from expanded +
EP11313 mice (left). Data are pooled from two independent experiments. IL-10 production by CD4+FoxP3+ Tregs from LN of expanded and expanded + EP11313
mice after phorbol 12-myristate 13-acetate (1 ng/mL) + ionomycin (1 wM) stimulation for 6 h in the presence of monensin (right) (A). Western Blot analysis of TGF-B
levels in sorted Tregs from LN and spleen of mice treated in vivo with TL1A-Ig 4 low dose IL-2 in the presence or absence of EP11313. B-actin was used as a loading
control (B). gPCR analysis of il-2 mRNA levels (relative to gapdh) of splenic non-Treg population sorted from unexpanded, expanded or expanded + EP11313 treated
mice (C). Representative pSTAT5 staining shown by flow cytometry in CD4TFoxP31 Tregs from peripheral blood of expanded + EP11313 treated B6-FoxP3R P
animals 1 h after final IL-2 injection (3 mice/group) (D). gPCR analysis of tnfa (left) and ifng (right) MRNA levels (relative to gapdh) of splenic non-Treg population sorted
from expanded or expanded + EP11313 treated mice (E). Data representative of two independent experiments. ns, not significant. *o < 0.01; ****p < 0.0001.
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FIGURE 5 | Recipients transplanted with cells from Treg expanded donors (TrED) or low numbers of purified expanded Tregs and treated with EP11313 exhibited
diminished acute GVHD after MHC-mismatched aHSCT. An HSCT was performed on Day O utilizing a B6 BALB/c donor/recipient mouse model involving a complete
MHC mismatch Lethally irradiated (8.5 Gy) BALB/c mice received 5.5 x 10% TCD B6-CD45.1 BM cells and spleen cells from expanded (TL1A-lg + low dose IL-2 =
TrED group) or unexpanded B6-FoxP3RFP (= TrUD group) donor mice adjusted to contain 1.0 x 106 total T cells. EP11313 10 mg/kg or vehicle were given i.p. from
day —2 to 4 post-HSCT (A-F). (A) Experimental design of the complete MHC-mismatched aHSCT model used in these studies (A). Clinical GVHD scores (0 = no
disease and 10 = severe) (B) and survival curves (C) are presented (n = 8 mice/group, n = 4 mice/BM Only group). Recipients of TrED and EP11313 demonstrated
ameliorated clinical GVHD. “p < 0.05; *p < 0.01; ***p < 0.0001 TrED + EP11313 vs. TrED for clinical score. One week after transplant, the spleens and LNs were
evaluated (D-F). Higher CD4/CD8 ratio were found in TrED + EP11313 recipient spleen (top) and LN (bottom) compared to TrED (D). The T cell naive/memory
compartment was analyzed by flow cytometry (CD44/CD62L) in spleen and LN. The naive compartments of CD41 cells (CD44~ CD62—Lh‘) in spleen (left) and LN
(right) were increased while the T effector/memory (CD44+CD62—L‘°) diminished in TrED + EP11313 recipients compared to TrED treated animals (E). Tissues were
pooled from 2 to 3 mice/group (D,E). Representative flow cytometry plots of splenic CD41FoxP3+ Treg frequency of the indicated groups are shown (F). A complete
MHC-mismatched aHSCT was performed (as in A) transplanting sorted CD41FoxP3T expanded Tregs (100,000) together with B6-WT 1 x 106 splenic T cells and
5.5 x 108 TCD B6-CD45.1 BM cells. The experimental design of the complete MHC-mismatched aHSCT model used in these studies (G). Clinical scores of recipient
groups showed decreased scores in mice receiving 100,000 expanded donor Tregs + EP11313 (H). Data is representative of two independent experiments (n = 8
mice/group). *o < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001 Expanded Tregs + EP11313 vs. Expanded Tregs for clinical score.

Because GVHD is promoted by inflammatory cytokines and  treatment impaired their peripheral frequency and altered
donor T cells, we reasoned regulating both components is a  several key Treg differentiation and functional molecules
rational strategy to abrogate onset of this disorder. Significant  including ICOS-1, Nrp-1, KLRG-1 as well as, PD-1 and CTLA-4
numbers of Tregs are required to inhibit alloreative T effector =~ which were also reported to be reduced in Tregs by CBP/EP300
cells which induce GVHD. Accordingly, development of a  bromodomain inhibitors (18). While additional experiments are
successful combinatorial approach must include a BETi which  needed, based on JQ1’s capacity to inhibit c-myc, is possible based
does not interfere with Treg function or proliferation. During  on our data thus far, that this BETi is affecting more proliferative
Treg expansion induced by TL1A-Ig + IL-2 stimulation, JQ1  Treg subsets, i.e., cTregs rather than more differentiated eTregs.
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FIGURE 6 | Diminished GVHD in target tissues of recipients treated with EP11313 and TrED. A complete MHC-mismatched aHSCT was performed (as in Figure 5)
by transplanting 5.5 x 106 TCD B6-CD45.1 BM cells and spleen cells from expanded (TL1A-lg + low dose IL-2: TrED group) or unexpanded B6-FoxP3RFP (TrUD)
donor mice adjusted to contain 1.0 x 109 total T cells. EP11313 10 mg/kg or vehicle were given i.p. from day —2 to 4 post-HSCT. Four to seven weeks after
transplant, (A) Representative photographs of clinical ocular differences from the indicated groups (left) and diminished lid scores (right) in TrED + EP11313 treated
groups vs. TrED (4 weeks post-transplant) (A). Representative H&E stained sections from skin 5 weeks after aHSCT showed that TrED + EP11313 treatment resulted
in more normal architecture with less fibrosis and dermal thickening (B). Pathology scores for these tissues are shown (B). Colon length 7 weeks post-aHSCT was
longer in recipients of TrED + EP11313 treatment (C). Representative H&E stained sections from colon 5 weeks after aHSCT of mice treated with 100,000 expanded
donor Tregs + EP11313. Colons from 100,000 expanded Tregs + EP11313 recipients showed mild inflammation and no distortion of the villi compared with colons

means + SEM. *p < 0.05; *p < 0.01; **p < 0.001.

from 100,000 expanded Tregs alone. Pathology scores for these tissues are shown on the right (D). Magnification 100x for colon and 200x for skin. Values are

Notably, JQ1 has also been found to inhibit frequency and
function of tumor infiltrating Tregs in non-small cell lung cancer
(38, 39). However, a non-structurally related BETi, EP11313 did
not exhibit this pattern of alteration as no effect on frequency was
observed in either these intentionally expanded—or homeostatic
Treg compartments. It should be noted that although the % lives
of both BETi are not different the results found that even in the
presence of higher amounts of EP11313 (3X) vs. JQ1 there was
no reduction in Treg proliferation by the former. These findings
were consistent with the observations that IL-2 production by
non-Treg cells was not diminished in EP11313 treated animals.
Interestingly, Treg pSTATS5 levels were also not diminished
after BETi treatment in vitro or in vivo. This finding contrasts
reported observations that JQ1 inhibited STATS5 phosphorylation
and transcriptional activity in monocyte/dendritic cells (22).
However, similar to our results, it was previously reported that
JQl or BRD2 downregulation diminishes STAT5 function
through  phosphorylation-independent =~ mechanisms  in
lymphocytic leukemias (21). Although we anticipated that

due to Treg proliferation differences in mice treated with
either JQI or EP11313, STAT5 phosphorylation may have been
differentially affected by these BETi’s. In contrast to other cell
populations, it appears BETi STAT5 regulation of lymphoid
lineage populations involves a different mechanism. It was
previously reported that STATs can be acetylated under certain
conditions (40). Thus, it is possible that STAT5 or proteins
involved in this signaling pathway in expanding Tregs or
hematologic cancers does not contain acetylated lysine residues
which are present following LPS stimulation of dendritic cells
(21, 22).

Importantly, using a brief, i.e., 1 week protocol of EP11313
10 mg/kg (a low dose of BETi) as mentioned above, several
differentiation and functional molecules (ex. ICOS-1, Nrp-
1, PD-1) were not altered in Tregs. Moreover, this regimen
of EP11313 did not reduce IL-10 and TGF-p-two key Treg
suppressive molecules. As the objective of the present studies
was to combine the use of BETi with donor Tregs to more
effectively regulate GVHD onset, the findings above support
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the strategy of using both EP11313 together with Tregs. A
BETi was reported to inhibit cytokine expression and APC
function in dendritic cells and to decrease cytokine secretion
and T cell expansion in vivo (17). Short-term administration of
IBET151 early during BMT reduced GVHD severity supporting
the notion that inhibiting BET proteins may serve as an approach
for preventing GVHD (17). However, we observed that I-
BET151 in vivo treatment for 1 week markedly reduced B
cell levels in the spleen and therefore, would not be useful in
the GVHD setting because it might affect recipients’ immune
reconstitution (data not shown). Importantly, EP11313 possesses
distinct pharmacological properties, for example, this BETi is less
extruded by P-glycoprotein (expressed on APC and activated T
cells) across the cell membrane in comparison with I-BET762
and I-BET151 (MDR/PgP-MDCK efflux ratio BA/AB: 1.3, 27.9,
12.2, respectively, personal observation). EP11313 is therefore
more highly retained intracellularly and this persistence may
increase the regulation of inflammatory cytokines. Based on these
properties together with the above mentioned findings showing
that Tregs are not impaired by EP11313, short-term treatment
(day —2 to 4) with expanded Tregs was utilized in an aHSCT.
This approach was found to diminish early GVHD clinical scores
including decreased ocular and skin involvement. Using highly
purified donor TL1A-Ig + low dose IL-2 expanded Tregs, this
second and more direct assessment of the combinatorial strategy
further supported the notion that selective BETi can be used for
treatment in combination with adoptive Treg therapy. Although
short-term treatment with EP11313 did not enhance overall
survival, BETi utilization in pre-clinical tumor models as well
as clinical oncology trials have involved long-term (ex. months)
administration of higher BETi doses (up to 50 mg/kg), therefore
increasing the duration of BETi low dose treatment post-HSCT
may further improve recipient outcomes.

It has been demonstrated that adoptive transfer of Tregs
can effectively abrogate GVHD while maintaining graft-versus
tumor or leukemia/lymphoma (GVT, GVL) (41, 42). In this
context, we previously demonstrated using A20"/YFP cells
(murine B cell lymphoma) that transplanting donor TL1A-Ig
+ IL-2 spleen cells (containing ~4 x 10° Tregs) GVHD was
significantly reduced and GVL was preserved (7). In hematologic
malignancies, BETi have demonstrated to possess effective anti-
tumor activity by repressing aberrant oncogenic transcription
(11, 43, 44). Importantly, here we showed besides GVHD
amelioration, a direct effect of BETi EP11313 on A20 luc/YFP
cell survival and proliferation. Examination of other mouse
tumor cell lines i.e., EL4 (thymoma) and P815 (mastocytoma)
indicated the latter was resistant to BETi effect on cell survival
so not all tumors are equally sensitive to these compounds (SC,
RBL unpublished observations). Our results indicate that JQ1
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Blockade of TNFo to Improve Human
CD34+ Cell Repopulating Activity in
Allogeneic Stem Cell Transplantation

Vitalyi Senyuk, Pritesh Patel, Nadim Mahmud and Damiano Rondelli*

Division of Hematology/Oncology, Department of Medicine and Ul Cancer Center, University of lllinois at Chicago, Chicago,
IL, United States

Early release of TNFa after hematopoietic stem cell transplantation (HSCT) correlates
with development of acute graft-vs.-host disease (GVHD). Here we tested the effect
of TNFa and alloreactive T cells on early hematopoietic HSC genotype and function.
Addition of TNFa (10ng/ml) in liquid cultures with CD34+ cells for 6-72h resulted
in the downregulation of genes associated with stem cell activity, such as DNMT3A,
DNMT3B, TET1, TET2, SOX2, NANOG, and OCT4, whereas no significant effect was
observed on DNMT1 and GATA2 expression. These findings were reversed by using
an anti-TNFa antibody. Similar gene downregulation was observed when CD34+ cells
were co-cultured with alloreactive T cells CD34+ cells for 4872 h, and this effect was
partially prevented by rapamycin and an anti-TNFa antibody. CD34+ cells pre-incubated
with TNFa for 48 h and transplanted in irradiated NOD-SCID ™! (NSG) mice showed a
reduced myeloid engraftment compared to control mice. By using a xenograft model
recently developed in our lab, we co-transplanted CD34+ cells and allogeneic T
lymphocytes at 1:0.1 ratio in one group that also received etanercept (TNFa inhibitor)
at 100 pg intra-peritoneum (i.p.) on days —1,+1,+3,+5 post-HSCT, and in the control
group. At 6 weeks post-transplant, mice that received etanercept had a significantly
higher number of marrow huCD45+CD34+4-CD38- early stem cells (p = 0.03) and a
reduced number of huCD45+CD3+ splenic T cells (o = 0.04) compared to controls.
The repopulating activity of marrow cells from mice treated with etanercept vs. controls
was tested in secondary transplants. Although the overall engraftment was similar in the
two groups, CD34+ cells isolated from recipients of marrow from the etanercept group
showed a significantly greater expression of stem cell-associated genes and a higher
number of CD45+CD34+CD38- cells than in controls (o = 0.03). Our findings suggest
that early TNFa increase post-transplant can affect long-term stem cell engraftment, and
that blockade of TNFa early after transplant may limit a cytokine-mediated suppressive
effect on repopulating stem cell function.
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Blockade of TNFa Improves Allo-engraftment

INTRODUCTION

The engraftment of donor hematopoietic stem cells (HSC)
after transplantation requires a profound immunosuppression
of the host to prevent the risk of rejection. However, the
immunosuppression of the host also favors the expansion of
donor immune cells that can target non-hematopoietic tissues
and cause graft-vs.-host disease (GVHD) (1). The immunologic
events determining GVHD start immediately after transplant
and are largely based on an initial release of pro-inflammatory
cytokines caused by the effect of chemotherapy/radiotherapy
and antigen presenting cell: T cell interaction (1, 2). In fact,
patients undergoing an allogeneic HSC transplant (HSCT) from
HLA matched donors receive GVHD prophylaxis starting from
the time of transplant and, in case of transplant from HLA
haploidentical donors, with high doses of cyclophosphamide
administered on days +3 and + 4 after transplant (3).

TNFa is a pro-inflammatory cytokine released particularly
by donor T cells upon transplantation, and has previously been
demonstrated to play a key role in the initial immune process
leading to GVHD, both facilitating the activation of antigen
presenting cells (APC) and the expansion of alloreactive T cells
(4, 5). Moreover, detection of an increased serum level of TNFa
receptor 1 in patients within the first week after transplantation
is one of the biomarkers predicting future development of
GVHD (6).

Previous findings from our lab demonstrated that TNFa
mediates a direct effect of T cells on a subset of CD34+
cells hematopoietic progenitors, inducing their differentiation
into the monocytic/dendritic lineage and increasing their direct
as well as indirect antigen presenting function (7). Here we
tested the question whether early hematopoietic stem cells
with repopulating stem cell activity could also be a target
of TNFa, thus hypothesizing that stem cell engraftment after
transplantation could be affected by TNFa. We analyzed the
in vitro effect of TNFa, as well as of allogeneic T cells, on
CD34+ cell expression of genes regulating DNA methylation or
pluripotency, such as DNMT1, DNMT3A, DNMT3B, NANOG,
OCT4, SOX2 (8, 9). Then, we utilized a xenograft transplant
(10) model to study the in-vivo effect of TNFa on HSC and the
role of a TNFa inhibitor after co-transplantation of CD34+ and
allogeneic T cells. The results shown here suggest that TNFa can
affect early HSC and that blockade of TNFo may preserve a pool
of stem cells with repopulating activity. Based on these findings,
new therapeutic strategies may be tested to better protect stem
cell engraftment after allogeneic transplantation.

MATERIALS AND METHODS

Cell Separation

Healthy donor G-CSF mobilized peripheral blood stem cells
(PBSC) from AllCells (Alameda, CA) and PB cells from healthy
volunteers were utilized in this study. Mononuclear cells (MNC),
CD34™ cells and CD3+ T cells were purified as previously
described (10). Isolated CD34+, or T cell samples were acquired
on a FACS Calibur™ (Becton Dickinson) and analyzed using

the Cell Quest ™ software (Becton Dickinson), and showed, on
average, >95% cell purity.

Flow Cytometry

Fluorescein isthiocyanate (FITC), or phycoerythrin (PE), or
peridin chlorophyll protein (PerCP), conjugated mAbs (CD45,
CD34, CD38, CD33, CD3) or isotype controls (Becton-
Dickinson, San Jose, CA) were employed. Stained cells were
washed twice in PBS and sample acquisition and analysis was
performed within 2 h on a FACSCaliburTM (Becton Dickinson).

Co-cultures of CD34+ and T Cells

Purified human CD34+ cells (1-2 x 10° cells) were co-
cultured with human allogeneic T cells at 1:0.1, or 1:2 ratio
in round-bottomed 96-well plates for 48-72h at 37°C in a
5% CO2 humidified atmosphere, as previously described. In
selected experiments, CD34+ cells and T cells were cultured
in the presence of the following molecules described: TNFa,
Rapamycin, Cyclosporin A (Sigma-Aldrich (St. Louis, MO),
Mycophenolate Motefil (Cayman Chemical Company, Ann
Arbor, MI), Abatacept (Bristol Meyers Squibb, New York,
NY), rabbit anti-thymocyte globulin (rATG, Thymoglobulin,
Genzyme, Cambridge, MA), anti-TNFa antibody (AF-210-NA)
from R&D Systems (Minneapolis, MN).

gRT-PCR

CD34+ cells re-isolated on human CD34+4 MicroBead Kit
UltraPure (Miltenyi Biotec, Bergisch Gladbach, Germany)
after MLC or after transplantation were used for total RNA
extraction with TRIzol reagent (Life Technologies Corporation,
Grand Island, NY). RNA was transcribed into cDNA with
SuperScript® III First-Strand Synthesis SuperMix (Life
Technologies Corporation, Grand Island, NY) and analyzed
with SYBR green (Applied Biosystems, Inc., Grand Island, NY)
on the 7500 FAST Real Time PCR detection system (Applied
Biosystems, Inc., Grand Island, NY). The human primers used
are: ACTB, forward: 5-ggacttcgagcaagagatgg-3’, reverse: 5 -agc
actcgtgttggegtacag-3'; DNMTI, forward: 5'-tgctgaagectecga
gat-3/, reverse: 5 -ttctgttaagctgtctetttcca-3'; DNMT3A, forward:
5'-tacttccagagcttcaggge-3/,  reverse: 5 -attccttctcacaacccge-3;
DNMT3B, forward: 5'-gagattcgcgageccag-3', reverse: 5'-tctcca
ttgagatgectggt-3'; TET1, forward: 5'-gagggaaaagaagcccaaag-3/,
reverse: 5'-tcttccccatgaccacatct-3'; TET2, forward: 5'-agaaaag
ggaaaggagagcg-3/, reverse: 5'-gagagggtgtgctgctgaat-3; TET3,
forward: 5'-gccggtcaatggtgctagag-3’, reverse: 5'-cggttgaaggtt
tcatagagec-3'; NANOG, forward: 5'-gatttgtgggcctgaagaaa-3/,
reverse: 5 -cagggctgtcctgaataage-3'; OCT4, forward: 5'-gtggag
gaagctgacaacaa-3/, reverse: 5'-ggttctcgatactggttcge-3; SOX2,
forward: 5'-aaccccaagatgcaccaactc-3', reverse: 5'-gcttagectegtega
tgaac-3,. GATA2, forward: 5'- cacaagatgaatgggcagaa—3/, reverse:
5'- acaatttgcacaacaggtgc—3'.

TNF«x Blockade

In vitro TNFa blockade was tested in MLC assays with anti-
TNFa antibody (AF-210-NA). In titration experiment, we tested
0.1 pg/ml, 0.5 pg/ml and 1 pg/ml of anti-TNFa antibody, and
in selected experiments at 5pg/ml. The tested anti-TNFa/
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TNFa excess range (10x—100x) covers whole possible TNFa
neutralization range, according to the manufacturer’s guide.
In vivo TNFa blockade was tested in NSG mice co-transplanted
with CD34+4 and allogeneic T cells at 1:0.1 ratio by injecting
etanercept (Enbrel, Immunex Corporation, Thousand Oaks, CA)
intra-peritoneum (i.p.).

Transplantation

Immunodeficient nonobese diabetic/ltsz-scid/scid (NOD/SCID)
IL2 receptor gamma chain knockout mice (NSG) were purchased
from the Jackson Laboratories (Bar Harbor, ME) and housed
in a strict barrier environment. The study was approved by
UIC Animal Care Committee and performed in accordance with
national guidelines of laboratory animal care. Human CD34+
cells were initially incubated with or without TNFa (10 ng/ml) in-
vitro for 48h, re-isolated immune-magnetically using a human
CD34+4 MicroBead Kit UltraPure (Miltenyi Biotec, Bergisch
Gladbach, Germany) and 2 x 10° cells were transplanted
intravenously (i.v.) into sublethally irradiated (300 cGy) NSG
mice as previously described (10). In a second set of experiments,
purified CD34+ cells (2 x 10°/mouse) were mixed at 1:0.1 ratio
with allogeneic T cells and then injected i.v. into sublethally
irradiated (300 cGy) NSG mice. A group of mice was also injected
intra-peritoneum (i.p.) with etanercept at 100 pg/mouse on days:
—1, +1, +3 and +5 post-transplant (n = 10 mice/group). At
day 42 post-transplant, marrow cells were collected to analyze
engraftment, as well as to perform secondary transplants. To
this purpose, marrow cells obtained after primary transplant
were depleted of human T cells on a Miltenyi column after
incubating the cells with MicroBeads conjugated to monoclonal
anti-human CD3 antibody (Miltenyi Biotec, Bergisch Gladbach,
Germany). Then secondary NSG mice were transplanted with 5
x 10° T cell depleted marrow cells/mouse from the etanercept
and control groups (n = 5 mice/group). Forty-two days following
second transplant, mice were sacrificed and analyzed for stem cell
engraftment in the marrow andspleen, as previously described
(10). Human cell engraftment was assessed by measuring the
expression of huCD45 marker. Analysis of all markers on marrow
or spleen cells was performed on gated huCD45+ cells.

Statistical Analysis

Student ¢-test was performed to compare 2 series of data.
Statistical tests were performed by using Graph Pad Prism
version 7.0 (GraphPad Inc., San Diego, CA).

RESULTS

TNF«-mediated Downregulation of Early
Stem Cell Gene Expression in CD34+ Cells

It has been previously demonstrated that TNFa induces the
differentiation of a subset of CD34+ cells committed to the
monocytic-dendritic lineage within 3-5 days of liquid culture
(7). To test whether also early hematopoietic progenitors can be
targeted by the effect of TNFa, we incubated human CD34+
cells with or without TNFa at 10ng/ml for 6-72h and then
extracted their mRNA to measure the expression of genes
associated with self-renewal or pluripotent stem cell activity,

such as: GATA2, DNMT1, DNMT3A, DNMT3B, TET1, TET2,
TET3, NANOG, SOX2, and OCT4 (Figure 1A). In 5 separate
experiments, GATA2 expression was not affected by TNFa at
any time point (data not shown). On the contrary, all the other
genes were significantly downregulated at either one or all three
time points, compared to control experiments without TNFa.
The low expression of DNMT3A, DNMT3B, TET2, NANOG,
SOX2, and OCT4 at 24 and 72 h suggested that genes regulating
stem cell proliferation can be rapidly downregulated by TNFa in
CD34+- cells. We then incubated the CD34+4- cells with TNFa and
increasing doses of a blocking anti-TNFa antibody for 72 h. The
expression of all the genes previously downregulated was restored
to the level of control CD34+ in the presence of higher doses
of the blocking antibody (Figure 1B). In control experiments,
the anti-TNFa antibody alone did not affect gene expression on
CD34+ cells (data unshown). These findings showed that TNFa
directly modified the expression of multiple genes in CD34+
cells.

T Cell-mediated Downregulation of Early
Stem Cell Gene Expression in CD34+ Cells

We previously demonstrated that allogeneic T cells induce
a rapid differentiation of a subset of CD34+ cells into
monocytic/dentritic cells, mostly mediated by TNFa (7). Based
on the observation above that TNFa downregulated the
expression of genes associated with DNA methylation and
pluripotent stem cell activity, we tested whether alloreactive T
cells can induce a similar effect. We incubated CD34+ cells
with allogeneic CD3+ T cells at 1:0 (control), 1:0.1 or 1:2
ratio as previously described (10). After 72 h, CD34+ cells were
immunomagnetically re-purified and their mRNA was isolated
to assess the gene expression. In the presence of low number of T
cells (1:0.1 ratio), only DNMT3A, TET1, and NANOG expression
was decreased, whereas at higher concentration of T cells (1:2
ratio) all the genes tested were downregulated with the exception
of DNMT1 (Figure 2) and GATA2 (not shown). These findings
suggested that alloreactive T cells may affect the expression of
some of the genes associated with early stem cell activity in
CD34+- cells.

Variable Effect of Standard
Immunosuppressive Agents on

T Cell-mediated Epigenetic Changes in
CD34+ Cells

Since we observed that alloreactive T cells rapidly affect the
expression of genes that could regulate stem cell long term
engraftment, we investigated on whether an anti-TNFa antibody
or immunosuppressive molecules commonly used as GVHD
prophylaxis could prevent T cell effect on CD34+ cells. We
performed 72h liquid cultures with CD34+ and allogeneic
T cells at 1:2 ratio or CD34+ alone, then we added standard
immunosuppressive agents such as cyclosporine A (1 pg/ml),
rapamycin (1 pg /ml), mycophenolate mofetil (0.5pwg/ml),
abatacept (100 g /ml), thymoglobulin (100 pwg /ml) or an anti-
TNFa antibody (5wg/ml) (Figure 3). After 72h the CD34+
cells were immunomagnetically re-isolated in order to extract
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FIGURE 1 | TNFa downregulates epigenetics- and pluripotency-related genes in CD34+ cells in vitro. (A) CD34+ cells were incubated in vitro 4+ TNFa (10 ng/ml) for
6-72 h, before analyzing expression of TET1, TET2, TET3, DNMT1, DNMT3A, DBMT3B, NANOG, SOX2, OCT4 genes by gRT PCR. Gene expression in CD34+ cells
alone was arbitrary taken as 1 for each gene. ACTB expression was used as normalization control. The data is shown as mean values of 4 separate experiments and
standard deviation bars are included. Differences in the expression of each gene in cells treated with TNFa and controls were calculated by t-test and p-values are
shown. (B) The effect of TNFa on gene expression in CD34+ cells was prevented by adding an anti-TNFa antibody to liquid culture with CD34+ cells. The antibody
(1:100 = 1 ng/ml) was added at 10x, or 50x, or 100x excess of TNFa (by mass) to CD34+ cells cultured alone or with TNFa for 72 h before gRT PCR analysis. Gene
expression in CD34+ cells alone was arbitrary taken as 1 for each gene. ACTB expression was used as normalization control. The data is shown as mean values of 4
separate experiments and standard deviation bars are included.

the mRNA and test gene expression. Although none of the
immunosuppressive drugs, or the anti-TNFa antibody, could
completely prevent the T cell-mediated gene downregulation
in CD34+ cells, a trend for a greater activity in preserving
epigenetic and pluripotency gene expression was observed
with rapamycin and anti-TNFa antibody, suggesting possible
combination studies.

Short Exposure to TNFx Reduces CD34+

Cell Engraftment After Transplant
In order to test whether TNFa may affect the repopulating
activity of CD34+ cells, initial experiments were designed to

transplant CD34+ cells into NSG mice after short exposure to
TNFo. Liquid cultures of CD34+ cells with or without TNFa
at 10 ng/ml concentration were carried out for 48h. Analysis
of gene expression (not shown) confirmed downregulation of
genes associated with early stem cell activity, as described
above. CD34+- cells pretreated with TNFa for 48 h, or untreated
CD34+- cells as control, were washed and then transplanted into
sublethally irradiated NSG mice at 1 x 10° CD34+ cells/mice
(n = 5 mice per group). Five to 6 weeks after transplant the
mice were sacrificed and stem cell engraftment was measured
in the marrow and spleen by flow cytometry. Mice transplanted
with CD34+4 cells pretreated with TNFa had a lower bone
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FIGURE 2 | Alloreactive T cells rapidly downregulate epigenetics- and pluripotency-related genes in CD34+ cells. Purified CD34+ cells were co-cultured with
allogeneic CD3+ T cells at 1:0 (control), 1:0.1 and 1:2 ratios for 72 h; then were re-isolated immunomagnetically before analyzing the expression of TET1, TET2, TET3,
DNMT1, DNMT3A, DBMT3B, NANOG, SOX2, OCT4 genes by gRT PCR. Gene expression in CD34+ cells cultured without T cells was arbitrary taken as 1 for each
gene. ACTB expression was used as normalization control. The data is shown as mean values of 3 separate experiments and standard deviation bars are included.
Differences in the expression of each gene in CD34+ cells co-cultured with T cells vs. control were calculated by t-test and significant p-values are shown.
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FIGURE 3 | Partial effect of standard immunosuppressive agents in preventing T cell-mediated epigenetic and pluripotency gene downregulation in CD34+- cells
in-vitro. CD34+ and allogeneic T cells were co-cultured at 1:2 ratio for 72 h with or without one of the following standard immunosuppressive molecules: cyclosporin
A, rapamycin, mycophenolate mofetil, abatacept, anti-TNFa antibody, ATG. CD34+ cells were then re-isolated immunomagnetically and analyzed by gRT PCR. Gene
expression in CD34+ cells cultured without T cells as control was arbitrary taken as 1 for each gene. ACTB expression was used as normalization control. The data is
shown as mean values of 3 separate experiments and standard deviation bars are included.

marrow stem cell engraftment compared to controls, shown in Etanercept Preserves the Engraftment of
a representative example in Figure 4A, and documented aslower  CD34+CD38- Cells After
percentage and absolute number of huCD454- cells (Figure 4B). Co-transplantation With Allogeneic T Cells
We also analyzed whether exposure of CD34+ cells to TNFa .

We recently observed that co-transplantation of CD34+4 and
would affect the pool of marrow CD34+ cells after transplant, . . .

. ; allogeneic T cells at 1:0.1 ratio in a xenograft model results in low

possibly responsible for long term engraftment. The absolute ) i

stem cell engraftment and in the expansion of T cells (10). Here

number of CD34+ cells was found significantly lower in the ° R
marrow of mice transplanted with TNFa-pretreated CD34+ cells ~ We adopted this model to test whether in-vivo blockade of TNFa

(Figure 4C). These findings are consistent with the hypothesis would improve the engraftment of CD34+ cells by reducing
that a brief exposure to TNFa may impair the engraftment ability ~ the effect of alloreactivity. Two groups of NSG mice were co-
of CD34+ cells. transplanted with CD34+- cells and T lymphocytes at 1:0.1 ratio
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FIGURE 4 | Pre-exposure of CD34+ cells to TNFa reduces stem cell engraftment in NSG mice. Purified CD34+ cells were initially cultured in-vitro with/without TNFa
(10ng/ml) for 48 h and then 2 sets of sublethally irradiated NSG mice (n = 5 each) were transplanted. Five weeks transplantation, the mice were sacrificed and cells
isolated from the bone marrow were stained with anti-huCD45 and anti-CD34 antibodies. The reduced engraftment of human CD45+ cells in mice transplanted with
CD34+ cells pre-treated with TNFa is shown in one representative example of cytofluorimetric analysis from each group of mice (A). After transplant, the average
percentage and absolute number of huCD45+ cells detected in the marrow of mice pre-treated with TNFa were significantly lower than in control animals (B), as well
as the absolute number of marrow huCD45+CD34+ cells (C). Differences between groups were analyzed by t-test and significant p-values are shown.

and one of these groups was injected i.p. with etanercept at 100  in the control group showed similar percentages of huCD45+
ng on days —1, +1, +3 and + 5 post transplant. Six weeks after  cells and human myeloid CD33+ cells (Figure 5A). Instead,
transplant, the marrow of mice treated with etanercept and those ~ the percentage and absolute number of early hematopoietic
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FIGURE 5 | Peri-transplant treatment with etanercept improves the persistence of CD34+CD38- early hematopoietic progenitors after co-transplantation of CD34+
and allogeneic T cells in NSG mice. NSG mice were sublethaly irradiated and co-transplanted with CD34+ cells (2 x 105/mouse) and allogeneic T cells at 1:0.1 ratio.
One group of mice (n = 10) were also injected i.p. with TNFa inhibitor etanercept on days: —1, +1, +3 and +5 following transplantation, while the control group (n =
10) did not receive etanercept. Six weeks after transplantation, the mice were sacrificed and bone marrow and spleen cells were isolated and analyzed by flow
cytometry to detect the percentage and the absolute number of human (A) myeloid (CD45+CD33+) and (B) lymphoid T (CD45+CD3+) cells, as well as for (C) early
hematopoietic progenitors (CD454+CD34+CD38-) cells. The results are represented as mean values and standard deviation bars are shown. Differences between
groups were analyzed by t-test and significant p-values are shown.

progenitors identified as CD45+CD344-CD38- cells were  etanercept showed a significantly lower expansion of T cells
significantly higher in the etanercept group (p = 0.03), compared  in the spleen, as demonstrated by a lower percentage of
to control mice (Figure5B). In addition, mice treated with  CD45+ and CD45+CD3+ cells in the spleen (Figure5C).
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These findings suggested that early blockade of TNFa after
transplant may preserve the pool of early hematopoietic stem
cells. To test whether these cells also had a greater repopulating
stem cell activity, a secondary transplant with marrow cells
obtained from the etanercept and control groups was performed.
Secondary NSG mice were transplanted with equivalent number
of marrow cells collected from primary transplants and 6 week
later (total 12 weeks) the marrow was analyzed for myeloid
engraftment and persistence of early progenitor cells. Recipients
of marrow cells from the etanercept and control groups had
comparable percentages of CD454 and CD454-CD33+ myeloid
cells after secondary transplant (not shown). However, a higher
percentage and absolute number of CD34+4-CD38- cells were
detected in recipients of marrow cells from the etanercept group
(Figure 6A). Finally, CD34+ cells from both the etanercept and
control groups were re-isolated after transplant. Because of the
small absolute number of CD34+ cells, we could not analyze each
single mouse separately and marrows from either group were
pooled before CD34+ cell selection and RNA extraction. The
results of this experiment (Figure 6B) showed a 4-8 fold increase
of gene expression in the etanercept group compared to mice
that had not received etanercept not during primary transplant.
Persistence of high expression of pluripotent genes in CD34+
cells from the etanercept group after secondary transplant did not
correlate with a skiewed differentiation capacity since myeloid
engraftment was comparable in the two groups. These data
are consistent with initial hypothesis that release of TNFa
immediately after transplant may affect long-term reconstitution
of hematopoietic progenitors.

DISCUSSION

This study demonstrates that TNFa and alloreactive T cells
rapidly affect human early hematopoietic precursors by
downregulating the expression of genes associated with self-
renewal and pluripotent stem cell activity, and affecting the
engraftment of repopulating HSC in-vivo. A protective effect
on repopulating HSC was elicited by blockade of TNFa in a
xenograft model of co-transplantation of CD34+ and allogeneic
T cells.

The role of TNFa in the development of GVHD has been
extensively studied both in experimental models and in the
clinical setting (1, 2, 4, 11-13). In this latter, it was also
demonstrated that increased serum levels of TNFR1 on day
7 after transplant were shown to predict patients who then
developed GVHD (6, 14-16). TNFa receptors (TNFR1 and
TNFR2) were previously detected also on CD34+ hematopoietic
progenitors (17, 18). Stimulation of TNF receptors with TNFa
was then shown to upregulate the expression of interferon ¥
(IFN%R) and FasL receptors, thus increasing their susceptibility
to inhibitory effects of TNFa or IFN¥. However, although some
experimental models suggested a negative effect of TNFa in
regulating normal hematopoiesis in-vivo (19, 20), other studies
observed an impaired long-term hematopoietic reconstitution in
mice lacking TNFR1 (21). We previously showed that committed
CD34+ progenitors can stimulate allogeneic T cell responses
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FIGURE 6 | Early treatment with etanercept in primary transplant preserves the
pool of CD34+4-CD38- hematopoietic progenitors after secondary transplant.
Bone marrow cells were isolated from NSG mice 42 days after primary
transplant with CD34+ and allogeneic T cells at 1:0.1 ratio, with/without
treatment with etanercept. A fixed amount of 5 x 106 T cell depleted marrow
cells/mouse were re-transplanted in a secondary transplant in new NSG mice.
After 42 more days, mice were sacrificed and bone marrow were isolated and
analyzed by flow cytometry (A) to detect the percentage and the absolute
number of human early hematopoietic progenitors (CD45+CD34+CD38-)
cells. The results are represented as mean values and standard deviation bars
are shown. Differences between groups were analyzed by t-test and significant
p-values are shown. Another fraction of marrow cells were utilized to analyze
the gene expression on CD34+ cells (B). Because of the limited number of
CD34+ cells, marrow cells from each group had to be pooled together to be
re-isolated and analyzed by gRT PCR. In this experiment CD34+ cells from
controls (untreated animals) were arbitrary taken as 1 for each gene. ACTB
expression was used as normalization control. The results are shown as
fold-increase of expression for each gene analyzed in the CD34+ cells isolated
after secondary transplant in the etanercept group vs. control.

in-vitro (22, 23) via B7:CD28 costimulation, and that ~70%
of PB CD34+4 cells upregulated CD40 costimulatory molecule
and increased their immunostimulatory activity following 24 h
exposure to TNFa (24). Endogenous TNFa released in co-
cultures of CD34+ and allogeneic T cells was then demonstrated
to mediate the rapid differentiation of a subset of CD34+ cells
into monocytic/dendritic cells, whereas co-transplantation of
CD34+ and T cells into NOD/SCID mice resulted in increased
differentiation of mature dendritic cells (7). Our current study
shows for the first time that within 6-72h in liquid culture,
TNFa downregulated the expression of some of the genes
regulating stem cell methylation, such as DNMT3A/B, or TET1,
TET2, TET3, and other transcription factor genes, such as
NANOG, SOX2, or OCT4 that are associated with pluripotent
status of stem cells (8, 9). Since it has previously reported
that: de novo DNA methylation through DNMT3A/B activity is
essential for stem cell long term reconstitution activity (25, 26);
concomitant reduction of DNMT3A and TET-mediated DNA
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methylation can impair both self-renewal and differentiation of
hematopoietic stem cells (27); and transcription factors such
as OCT4, SOX2, and NANOG contribute to maintaining the
pluripotency properties of early stem cells (9), it is conceivable
that the effect of TNFa may target the epigenetic regulation
of early CD34+ cells capable of post-transplant long-term
hematopoietic reconstitution. Based on these observations on
the downregulation of some of the genes affecting DNA
methylation concomitantly with a reduced engraftment ability
of HSC, new studies can be started to address the causality
of each gene dysregulation and CD34+ cell post-transplant
engraftment capacity. Because the same genes downregulated
by TNFa were also rapidly downregulated in-vitro by allogeneic
T cells, the cytokine storm caused by alloreactive T cells in
the early phase post-transplant may affect CD34+ cell function
either through TNFa alone, or through a combination of
multiple soluble factors. Indeed, the T cell mediated epigenetic
changes on CD34+ cells were only partially prevented by
an anti-TNFa antibody. Interestingly, when we tested the
effect of immunosuppressive molecules that are commonly
used to prevent GVHD, such as cyclosporine A, rapamycin,
mycophenolate mofetil, thymoglobulin, abatacept, or an anti-
TNFa antibody in co-cultures of CD34+ and allogeneic T cells,
none of them could completely prevent gene downregulation,
and only rapamycin and anti-TNFoa ab showed some partial
protective effect. Future studies will test the effect of combination
of these two agents. Consistent with in-vitro data, transplantation
of CD34+ cells exposed to TNFa for 48 h resulted in a lower
engraftment. In addition, by utilizing a xenograft model of
co-transplantation of CD344 and allogeneic T cells recently
developed in our lab (10), we showed that injection of etanercept
in the first week after transplant maintained a greater pool
of CD34+CD38- hematopoietic progenitors after both primary
and secondary transplant. These findings are consistent with a
recent study where the authors transplanted high numbers of
human umbilical cord (UC) cells into NSG mice and assessed
the engraftment after only 4 weeks, because of xenogeneic GVHD
limiting mice survival. In this study, they demonstrated that UC
T cells produced high levels of multiple cytokines, including
TNFa, which directly impaired stem cell engraftment (28).
Although they did not test the repopulating stem cell activity
in secondary transplants, they clearly showed a negative effect
of T cell-derived TNFa on short and long-term hematopoietic
stem cell subsets by inducing stem cell apoptosis, and proved
that stem cell engraftment in mice transplanted with UC grafts
plus etanercept was comparable to those receiving T cell-depleted
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grafts. Similarly, we demonstrated that in mice transplanted with
CD34+ and allogeneic T cells TNFa blockade with etanercept
in the first week of transplant allowed a greater engraftment of
CD34+4-CD38- cells, not only in primary but also in secondary
transplants. This could be due to limiting T cell expansion and
preventing a TNFa-mediated epigenetic dysregulation of the
physiologic balance of stem cell self-renewal and differentiation
activity of CD34+ cells. This hypothesis was indirectly supported
by our observation of higher expression of DNMTs, TETs and
pluripotency transcription factor genes in CD34+- cells obtained
from the etanercept group after secondary transplants.

All these findings expand the knowledge of an early effect
of TNFa on the human hematopoietic system after allogeneic
stem cell transplantation. In a clinical setting, it is conceivable
that the pool of newly transplanted stem cells may be partially
affected by the cytokines released by alloreactive T cells.
Depending on the overall number of stem cells transplanted
into a patient, a small loss of stem cell function may not
be clinically relevant since the graft may have an abundant
number of residual stem cells to guarantee the engraftment.
However, patients fully engrafted with donor cells and yet
experiencing late post-transplant cytopenias (29), or those with
cytopenias in the context of GVHD, could be affected by a T cell-
mediated anti-stem cell reactivity. This could be identified as a
cytokine-mediated graft-vs.-marrow disease. TNFa blockade was
previously proven to ameliorate acute GVHD in combination
with other immunosuppressive drugs (30-32). Our findings
could prompt new studies testing etanercept in the context of
GVHD prophylaxis, not only to better prevent GVHD, but also
to protect donor HSC from the detrimental effect of TNFa and
facilitate long-term engraftment.
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Allogeneic stem cell transplantation (allo-SCT) is a curable method for the treatment of
hematological malignancies. In the past two decades, the establishment of haploidentical
transplant modalities make “everyone has a donor” become a reality. However,
graft-versus-host disease (GVHD) and relapse remain the major two causes of death
either in the human leukocyte antigen (HLA)-matched transplant or haploidentical
transplant settings, both of which restrict the improvement of transplant outcomes.
Preclinical mice model showed that both donor-derived T cells and natural killer (NK) cells
play important role in the pathogenesis of GVHD and the effects of graft-versus-leukemia
(GVL). Hence, understanding the immune mechanisms of GVHD and GVL would provide
potential strategies for the control of leukemia relapse without aggravating GVHD. The
purpose of the current review is to summarize the biology of GVHD and GVL responses
in preclinical models and to discuss potential novel therapeutic strategies to reduce the
relapse rate after allo-SCT. We will also review the approaches, including optimal donor
selection and, conditioning regimens, donor lymphocyte infusion, BCR/ABL-specific
CTL, and chimeric antigen receptor-modified T cells, which have been successfully used
in the clinic to enhance and preserve anti-leukemia activity, especially GVL effects, without
aggravating GVHD or alleviate GVHD.

Keywords: allogeneic stem cell transplantation, graft-versus-leukemia, graft-versus-host disease, relapse, G-CSF

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (Allo-HSCT) remains a potentially curative
therapeutic strategy for hematological malignancies (1-4). Currently, for patients who require
transplantation, but have no related or unrelated donors with matching human-leukocyte antigen
(HLA), haploidentical HSCT is an alternative modality, allowing everyone to have a donor (5, 6).
Allo-HSCT benefits these malignancies due to a graft-versus-leukemia (GVL) effect that is mainly
mediated by donor-derived alloreactive T cells and/or natural killer (NK) cells (7-12). However, T
cells are also responsible for acute and/or chronic graft versus-host disease (GVHD), which leads
to significant morbidity and mortality (13-15). Although the depletion of T cells from allografts
alleviates GVHD either in human leukocyte antigen (HLA)-matched transplant settings or in HLA-
haploidentical transplant modalities, removal of these cells results in increased graft failure and
increased rates of leukemia relapse (16). Unfortunately, the immunosuppressive agents used for
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the prophylaxis and treatment of GVHD can also reduce the
beneficial GVL effects. Therefore, the separation of GVL effects
from GVHD remains the “holy grail” of allo-HSCT (17-20),
which is urgently needed to allow a more effective therapy for
hematological malignancies.

The challenge for the separation of GVL effects from GVHD
is attributed to the underlying similarity of the alloreactive
T responses between the two processes (4, 21, 22). In the
past 20 years, great efforts have been made by researchers
to elucidate specific distinguishing immune mechanisms of
GVL vs. GVHD (23-25). In addition, a number of preclinical
experiments have been performed to identify approaches that
could be successfully used to separate GVL effects from GVHD
(26-41). Clinically, a series of strategies, including donor
selection, allograft engineering, adoptive immune cell infusion,
and pharmacological agents have been established (42-44).
More recently, the use of chimeric antigen receptor T (CAR-
T) cells that target tumor cells with a limited capacity for
GVHD induction, have been identified for enhancing GVL
effects without aggravating GVHD (45-47). Previously, several
reviews have been published related to the separation of GVL
from GVHD (48-51) The present review briefly summarizes
the underlying mechanisms related to GVHD and GVL effects,
mainly focusing on recent advances in strategies for enhancing
and preserving anti-leukemia activity without aggravating
GVHD, especially approaches aimed at the separation of GVL
effects from GVHD in preclinical mouse models and in the clinic.

MECHANISMS RELEVANT TO GVHD AND
GVL EFFECTS

The pathophysiology of acute GVHD had been reviewed by
several researchers (13-15), beginning with the activation of host
antigen-presenting cells (APCs) by damage-associated molecular
patterns and/or pathogen-associated molecular patterns
expressed on damaged tissues. Activated host APCs then present
host antigens to donor T cells, leading to alloactivation and
inflammatory cytokine release, for example Interferon-y (IFN-y)
and lipopolysaccharides (LPS). These inflammatory cytokines
then recruit and induce the proliferation of additional immune
effector cells, including Thl, Th2, Thl7, neutrophils, and
macrophages, which cause tissue injury and inflammation in
a reaction that overwhelms any tolerance-promoting response
from immune suppressor cells, such as regulatory T cells (Treg)
(52), regulatory B cells (Breg) (22), mesenchymal stem cells
(MSC) (25), and myeloid-derived suppressor cells (MDSC) (53).

The mechanisms underlying GVL are of interest (8, 54), as
both T cells, natural killer (NK) cells, and cytokines, such as IFN-
y and tumor necrosis factor-a, possess anti-leukemia activity.
Two molecular path ways, including perforin and Fas, are mainly
used by T cell to mediate cytotoxicity. CD3TCD4™ T cells utilize
the Fas pathway and CD37CD8™ T cells use both, while NK cells
employ the perforin pathway. Interestingly, all of these cells also
play an antileukemia role via cytokine release. Recently, more
attention has been focused on the role of y8T cells (55), and iNKT
cells in GVL effects. The target antigens for alloreactive T cells

include major histocompatibility complex (MHC) and multiplex
immunohistochemistry (miHC), or leukemia-associated antigens
(56). The importance of MHC and miHC antigens in GVL
is underlined by the close association between GVHD and
GVL, although selective miHC antigens are considered to
be attractive targets for anti-leukemia immunotherapy. More
recently, a number of studies have demonstrated that the overall
balance between regulatory cells, including Treg, MDSC, and
effector cells might be related to the extent of organ damage in
GVHD settings and the effects of GVL in anti-leukemia settings
(Figures 1-3) (21, 22, 25, 52, 53, 57).

STRATEGIES FOR ENHANCING AND
PRESERVING ANTI-LEUKEMIA EFFECTS
WITHOUT AGGRAVATING GVHD IN
PRECLINICAL MODELS

Several strategies, such as the use of cytokines (59), selectively
depletion of alloreactive T cells, regulatory immune cells (60, 61),
and pharmacological agents, such as bortezomib and azacitidine
(AZA), have been investigated to enhance and preserve the anti-
leukemia effects without aggravating GVHD after allo-HSCT
(Table 1) (31, 72, 73).

Cytokines

Granulocyte colony-stimulating factor (G-CSF) is widely used
during transplantation to mobilize hemopoietic stem cells, which
is also a mediator of T cell tolerance (74, 75). Using a murine
leukemia model, several researchers have demonstrated that G-
CSF mobilization of peripheral blood stem cell transplantation
could maintain GVL effects through T cells via a perforin-
dependent pathway and/or NKTs and prevent GVHD by
reducing systemic levels of LPS and TNF-a as well as inducing
a type 2 cytokine profile, CD34" monocyte, and tolerogenic
APCs (19, 76). Subsequent studies have shown that allografts
mobilized by G-CSF analogs, such as pegylated G-CSF and
progenipoietins (engineered chimeric G-CSF and Flt-3L protein),
have marked tolerogenic properties that reside in the T cell
and APC compartments. Additionally, mobilization with G-CSF
analogs allows the concurrent enhancement of NKT cell numbers
and activities, promoting host DC activation and subsequent
CD8-dependent GVL effects while promoting the generation of
Tregs to prevent CD4-dependent GVHD.

Except for G-CSF and its anlogs, other cytokines (77),
including KGE IL-11, IL-18 (28), IL-35 (62), and interleukin-
12/23p40 (78), can also be used to separate GVL effects from
GVHD in animal models. Moreover, the roles in GVHD of IL-
21 and IL-22, two proinflammatory cytokines produced by Th17
cells, have been assessed in several studies (79-81). Couturier
et al. (59) and Hanash et al. (79), respectively, demonstrated
that IL-22 deficiency in donor T cells and abrogation of
donor T-cell IL-21 signaling, could alleviate murine acute
GVHD mortality while sparing the GVL effects. Hartung et al.
(82) indicated that allografts mobilized by G-CSF plus stem
cell factor exerted significantly enhanced antileukemic activity
compared with those harvested after treatment with G-CSF
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FIGURE 1 | Separation of the graft-versus-leukemia effects from graft-versus-host disease. ® Stem cell harvests obtained from healthy donor were infused in the
recipients after the conditioning regimen. @ After transplantation, the balance between effector immune cells and regulatory immune cells might contribute to the
prevention of graft-versus-host disease (GVHD) and the anti-leukemia activity. @ Using animal models, Ni et al. (58) showed that the depletion of CD4T T cells
following allogeneic stem cell transplantation significantly increased systemic levels of interferon-y and decreased interleukin-2. In GVHD-targeted tissues, CD4™ T cell
depletion enhanced the interaction of PD-L1/PD-1 interactions between CD8% T cells and cells of GVHD-targeted tissues, leading to exhaustion and apoptosis of
host-attacking CD8T T cells (gray area). However, the profiles of the cytokines might promote expansion of CD8* T cells via PD-L1/CD80 interactions in lymphoid
tissue, resulting in an enhanced anti-leukemia capacity (purple area) (21).

alone, suggesting that a combination of different cytokines
may be a better strategy for the separation of GVL effects
from GVHD.

Depletion of Alloreactive Cells
To investigate the subsets of T cells that were effector cells
with anti-leukemia effects without causing GVHD, a murine
transplant model of chronic phase chronic myelogenous
leukemia was generated. Zheng et al. (63) found that
CD41TCD62L~CD441CD25~ effector memory T cells (CD4"
TEMs), but not naive T cells (Tx), unprimed to recipient cells
mediated GVL without causing GVHD, because they retained
key cytolytic functions but lacked other features that are pivotal
for initiating GVHD. In another study, Chen et al. (83) reported
that sorted CD45RBTCD62LTCD44™" central memory T cells
(Tcm, a mix of CD4T and CD8 cells) did not cause GVHD in
a fully MHC-mismatched transplant mouse model. However,
using the same model as Chen et al. (83), Zheng et al. (64)
demonstrated that highly purified CD8" TCM induced GVHD,
albeit less severe than that induced by Tx. However, CD8* TCM
also contribute to GVL.

More recently, using multiple GVHD models (two murine
allogeneic HCT models and a human — mouse xenogeneic
HCT model), Ni et al. (58) showed that CD4™ T cell depletion

increased serum IFN-y levels, leading to an upregulation of PD-
L1 in recipient tissues and donor CD8™ T cells. In GVHD target
tissues, they also found that increased PD-L1/PD-1 interactions
between recipient tissues and donor CD8" T cells led to T
cell exhaustion and apoptosis, thereby preventing GVHD. In
lymphoid tissues, enhanced PD-L1/CD80 interactions between
CD8*' T cells augmented T cell survival and expansion and
preserved the GVL response. In summary, the data reported by
Ni et al. (58) suggested that the separation of GVL effects from
GVHD could be ascribed to the PD-L1-mediated effect on CD8"
T cells depending on whether CD4™ T cells were present, the
nature of the interacting partner expressed by CD8* T cells, and
the tissue microenvironment (Figure 1) (19, 21).

In the clinic, depletion of TN from stem cell allografts has
been successfully used to reduce the incidence of chronic GVHD,
while preserving the transfer of functional T cell memory (84).
Opverall, these results suggest that depletion of alloreactive T cells
may represent a promising method to preserve GVL effects with
decreasing or without causing GVHD.

Adoptive Transfer of Effective Immune
Cells

Adoptive transfer of effective cells represents another strategy
for the separation of GVL effects from GVHD. Olson et al. (85)
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FIGURE 3 | Approaches to separate GVL effects from GVHD using inhibitors
targeting different signaling pathways of T cells. The graft-versus-leukemia
effects could be enhanced or preserved by targeting different signaling
pathways of T cells without aggravating graft-versus-host disease (GVHD) or
with alleviation of GVHD (highlighted by red colors).

demonstrated that donor T cells exhibited reduced proliferation,
CD25 expression, and IFN-y production in the presence of
NK cells. In addition, activated NK cells mediated direct
lysis of reisolated GVHD-inducing T cells in vitro, both of

which lead to the alleviation of GVHD. In addition, the GVL
effects were maintained in the presence of NK cells. Using
mismatched hematopoietic transplant models, Ruggeri et al. (86)
demonstrated, for the first time, that donor-versus-recipient NK
cell alloreactivity could eliminate leukemia relapse by killing host
lymphohematopoietic cells, and protect patients against GVHD
by eliminating recipient-type APCs. The effects of NK cells
in enhancing anti-leukemia activity and mitigating GVHD has
also confirmed by other researchers. Ghosh et al. (87) reported
that adoptively transferred donor-type unsorted TRAILT T cells
could potentially enhance the curative potential of allo-HSCT
by increasing the GVT response via fratricide of alloactivated T
cells and suppressing GVHD through limiting alloreactive T cell
expansion.

Recently, CAR T-cells have been shown to possess a novel
adoptive immune therapy (40, 88). Both allogeneic and syngeneic
CART cells show initial expansion as effector T cells. Jacoby et al.
(88) found that, in a mouse model, CAR-mediated acute GVHD
was only observed in the presence of leukemia, suggesting that
CAR-target interactions induced GVHD. Additionally, Ghosh
et al. (40) demonstrated that allogeneic donor CD19-specific
CD28z CAR T cells could promote anti-lymphoma activity by
non-alloreactive cells, which retained activity against CD19"
targets, with minimal GVHD by exhaustion and eventual
deletion of the alloreactive CAR-T cells. They also reported that
first-generation and 4-1BB-costimulated CARs increased GVHD.
Opverall, the data obtained from the mouse models suggest that
CART cells could be used to enhance the anti-leukemia response,
although its’ effects on GVHD remain controversial.

Regulatory Immune Cells
Regulatory cell subsets, including Tregs, Bregs, MDSCs, and
MSCs, may not only control immune homeostasis, but they also
reduce detrimental T cell responses to foreign antigens. In 2003,
Edinger et al. (52) observed that, in a mouse model, CD4*CD25"
Tregs could suppress the early expansion of alloreactive donor
T cells, their IL-2-receptor alpha-chain expression and their
capacity to induce GVHD without compomising their GVT
effects, mediated primarily by the perforin lysis pathway of
T conv cells. Interestingly, recipient-type specific Tregs could
also control GVHD while favoring immune reconstitution
and maintaining GVL effects. (89) In addition, Zheng et al.
(90) reported that ex vivo-induced CcDshi Tregs controlled
GVHD in an allospecific manner by reducing alloreactive T cell
proliferation as well as decreasing inflammatory cytokine and
chemokine secretion within target organs through a CTLA-4-
dependent mechanism in humanized mice. Currently reported
data in the literatures suggest that Tregs might be the most
important regulatory cells in preventing GVHD (4) through a
series of approaches, including aurora A/JAK2 inhibition (91,
92), selective TNFR2 activation (93), DR3 signaling modulation
(94), activated protein C signals (95), and IL-2 (96), which can be
used to alleviate GVHD through a Tregs-dependent mechanism.
MDSCs are a heterogeneous group of immature
immunosuppressive cells of the myeloid lineage, which can
induce immunosuppressive cells such as Tregs and skew
macrophages toward a proinflammatory type 2 phenotype via
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TABLE 1 | Representative approaches for the separation of GVHD and GVL in preclinical models.

Strategies Authors,yr Approaches Mechanisms References
Cytokines Teshima et al., Interleukin-11 IL-11 selectively inhibited CD4-mediated GVHD, while retaining both CD4- (41)
1999 and CD8-mediated GVL.
Couturier et al., IL-22 The absence of T-cell-derived IL-22 led to a reduction of inflammatory (59)
2013 CD8T cells and an expansion of Treg cells in lymphoid organs as well as a
reduction of inflammatory mediators both systemically and in aGVHD target
organs, both of which resulted in decreased aGVHD severity without
compromising GVL effects.
Liu et al., 2015 IL-35 IL-35 expression leads to the Treg expansion and suppression of Th1 (62)
cytokine production, which alleviates aGVHD and retains GVL effects.
Banovic et al., Multipeg-G-CSF Multipeg—-G-CSF could modulate immune function, characterized by the (24)
2009 generation of regulatory myelogenous and T cell populations and Th2
differentiation, as well as improve GVL via activation of invariant natural killer
(iINK) T cells and enhancement of CTL function.
Morris et al., 2005 Potent G-CSF analogs Mobilization with potent G-CSF analogs thus allowed concurrent (19)
enhancement of NKT cell numbers and activities, promoting host DC
activation and subsequent CD8-dependent GVL effects while promoting the
generation of regulatory T cells to prevent CD4-dependent GVHD.
Depletion of Zheng et al., 2008 Naive CD4T T cells TEMs did not induce high systemic levels of TNF-a and IFN-y in recipients, (63, 64)
alloreactive cells as did TNs. In ddition, a greater fraction of TNs produced IFN-y. GVL
mediated by CD4+ TNs was intact even when both perforin- and
FasL-mediated killing were prevented.
Adoptive transfer Ghosh et al., 2017 CAR-T cells Allogeneic donor CD19-specific CD28z CAR T cells promote (40)
of immune cells anti-lymphoma activity, with minimal GVHD.
Song et al., 2018 NK cells IL-12/15/18-preactivated NK cells predominantly mediated the lysis of (20)
donor allo-reactive T cells to inhibit aGVHD without promising GVL effects.
Regulatory Sato et al., 2003 Regulatory DCs Allogeneic regulatory DC regulation of the cytotoxic activity of transplanted 61)
immune cells CD8* T cells, which failed to cause acute GVHD, might be sufficient to
cause an efficient GVL effect.
Heinrichs et al., Tregs Harnessing the unique differences between alloreactive CD41 and CD81 (57)
2016 iTregs could create an optimal iTreg therapy for GVHD prevention with
maintained GVL responses.
Lietal, 2014 MSCs Directing the migration of MSCs by CCR7 from their broad battle field (25, 27)
(inflammatory organs) to the modulatory center (SLOs) of immune response
could attenuate GvHD while preserving the GvL effect.
Highfill et al., 2010 MDSCs MDSCs generated in the presence of IL-13 could inhibit GVHD, migrate to (53)
sites of allopriming, and limit the activation and proliferation of donor T cells,
but they did not diminish the GVL effect of donor T cells.
Darlak et al., 2013 pDCs Enrichment of pDCs might augment GVL without increasing GVHD is (60)
through the production of IFN-a and/or IL-13 by pDCs.
Signaling Vaeth et al., 2015 Nuclear factor of Ablation of NFAT1, NFAT2, or a combination of both resulted in ameliorated (65)
pathway activated T cells GVHD due to reduced proliferation, target tissue homing, and impaired
effector function of allogenic donor T cells. In addition, the beneficial
antitumor activities were largely preserved in NFAT-deficient effector T cells.
Haarberg et al., Inhibition of PKCa and Inhibition of PKCa and PKC6 impaired donor T-cell proliferation, migration, (66)
2013 PKC6H and chemokine/cytokine production and significantly decreased GVHD, but
spared T-cell cytotoxic function and GVL effects.
Schutt et al., 2018 Inhibition of the Inhibition of the IRE-1a/XBP-1 pathway regulated B-cell activation and 67)
IRE-1a/XBP-1 pathway function and prevented the development of cGVHD while preserving GVL.
[tamura et al., RAS/MEK/ERK MEK inhibitors affected human T cells in a memory stage-dependent (68)
2016 pathway manner, i.e., they selectively inhibited naive and central memory T cells while
sparing effector memory T cells.
Pharmacological Sun et al., 2004 Proteasome inhibitor Bortezomib might rapidly induce the preferential deletion of the very (38)
agents high-affinity alloreactive T cells, thus allowing expansion of the remaining T
cells that maintain GVT responses yet have a reduced potential for
promoting GVHD.
Strokes et al., Bendamustine BEN alleviated GVHD via enhancing MDSC suppressive function without (69)
2016 promising GVL effects.
Choi et al., 2010 Azacitidine AzaC could mitigate GVHD while preserving GVL by peripheral conversion of (70)
alloreactive effector T cells into FOXP3* Tregs and epigenetic modulation of
genes downstream of Foxp3 required for the suppressor function of Tregs.
(Continued)
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TABLE 1 | Continued

Strategies Authors,yr Approaches Mechanisms References
Ehx et al., 2017 Azacitidine AZA significantly decreased human T-cell proliferation as well as IFN-y and (71)
TNF-a serum levels, and it reduced the expression of GRANZYME B and
PERFORIN 1 by cytotoxic T cells, leading to prevention of GVHD without
compromising GVL effects.
Others Ghosh et al., 2013 Promyelocytic leukemia PLZF-TG T cells mediated less GVHD due to Fas-mediated fratricidal (72)
zinc finger regulation and the biphenotypic TH1/TH2 response leading to limited
alloreactive expansion, and an intact GVT activity.
Marcondes et al., a-1-antitrypsin Treatment of transplant donors with human AAT resulted in an increase in (35)
2014 IL-10 messenger RNA and CD8+CD11¢TCD205TMHC It DCs, and the
prevention or attenuation of acute GVHD in the recipients. The GVL effect
was maintained or even enhanced with AAT treatment of the donor,
mediated by an expanded population of NK1.1+, CD49B*, CD1227, and
CD3351 NKG2D-expressing NK cells.
Wu et al., 2015 MicroRNA-17-92 Blockade of miR-17 or miR-19b in this cluster significantly inhibited (73)

alloreactive T-cell expansion and IFN-y production, and it prolonged survival
in recipients afflicted with GVHD while preserving the GVL effect.

GVL, graft-versus-leukemia;, GVHD, graft-versus-host disease; Tregs, regulatory T cells; aGVHD, acute GVHD; G-CSF, granulocyte colony-stimulating factor; DCs, dendritic cells; TEM,
effector memory T cell; TN, naive T cells; IFN-y, interferon-y; CAR-T, chimeric antigen receptor T; MSCs, mesenchymal stem cells; MDSCs, myeloid-derived suppressive cells; pDCs,

plasmoid dendritic cells; TNF-a, tumor necrosis factor-a

IL-10 production. MDSCs can also suppress T-cells via arginase-
1, NO, reactive oxygen species, heme oxygenase-1, TFG-p and
IL-10, as well as promote Tregs. Highfill et al. (53) found that
MDSCs generated in the presence of IL-13 could inhibit GVHD,
migrate to sites of allopriming, and limit the activation and
proliferation of donor T cells as well as induce a type 2T cell
response that was indispensable for GVHD prevention, but they
did not diminish the GVL effect of donor T cells.

Another type of regulatory immune cells is the MSCs, which
can inhibit the activation, proliferation, and function of T cells
via arginase-1, NO, reactive oxygen species, chemokines, TGF-
B, and IL-10. Interestingly, in vivo experiment have shown
that MSCs are actively induced to undergo perforin-dependent
apoptosis by recipient phagocytes that produced indoleamine
2,3-dioxygenase, which was essential to initiate MSC-induced
immunosuppression (97). Directing the migration of MSCs by
CCR7 from their broad battle field (inflammatory organs) to
the modulatory center of the immune response could attenuate
GVHD by exerting immunosuppressive effects on T cells, while
preserving GVL effects by sparing the NK cell activity that
contributes to GVL effects (25, 98).

Bregs can suppress immunopathology by prohibiting the
expansion of pathogenic T cells and other pro-inflammatory
lymphocytes through the production of IL-10, IL-35, and TGF-f
(99). Our group showed that, in the acute GVHD mouse model,
cotransplantation of Bregs prevented onset by inhibiting Th1 and
Th17 differentiation and expanding regulatory T cells. In the
GVL mouse model, Bregs contributed to the suppression of acute
GVHD but had no adverse effects on GVL activity (22).

Excluding the abovementioned regulatory cells, group 2
innate lymphoid cells (ILC2) make up a large portion of the ILC
population, which can polarize T cells to Th2 cells by secreting
IL-4, and macrophages or DCs to an macrophage 2 or type 2
chemokine-secreting phenotype by secreting IL-13, respectively
(100). ILC2 can alleviate GVHD by reducing donor Thl and

Th17 cells as well as accumulating MDSCs mediated by IL-13.
Moreover, ILC2 do not inhibit the GVL response (101).

In summary, these preclinical studies suggest that
cotransplantation or adoptive transfer of regulatory cells could be
successfully used to alleviate GVHD without compromising the
GVL effects. Therefore, pilot studies are warranted to evaluate
the safety and feasibility of these regulatory cells in preventing
and/or treating GVHD as well as preserving GVL effects in
clinic.

Signaling Pathways
Several signaling pathways have been demonstrated to be
correlated with T cell function. Janus kinases (JAKs) are
intracellular signaling components of many type I/II cytokines
(102, 103). There are 4 members of the JAK family that regulate
the development and function of immune cells, including DCs,
macrophages, T cells, B cells, and neutrophils, of which JAK1,
JAK2, and JAK3 may be most relevant for the pathophysiology
of GVHD (51). In murine models of GVHD and leukemia or
lymphoma relapse, treatment with ruxolitinib reduced GVHD
in the skin, liver, and gastrointestinal organs while preserving
GVL activity, leading to improved survival (44, 104, 105). Betts
et al. (91) found that the transfer of JAK2~~/~~ donor T cells
to allogeneic recipients led to attenuate GVHD by inhibiting
Th1 differentiation, promoting Th2 polarization, and increasing
and/or stabilizing CD8" iTreg, yet it maintained GVL effects
(106). In addition, pacritinib, a multikinase inhibitor with potent
activity against JAK2, could significantly reduce GVHD and
xenogeneic skin graft rejection in distinct rodent models and
maintain donor anti-tumor immunity. Overall, these data suggest
that JAK inhibition or other compounds, such as TG101348 (92),
represents a new and potentially clinically relevant approach to
separate GVL effects from GVHD.

Excluding JAKs, increasing data have demonstrated that
targeting signaling pathways, such as the PKCa and PKCH (66),
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MEK (68), NFAT (65), and IRE-1a/XBP-1 pathway (67), ikaros
(107), toll-like receptor/myeloid differentiation factor 88 (108),
DR3 signaling (94), and activated protein C signals (95), might
provide strategies for alleviating GVHD, while enhancing or
without compromising the GVL effects.

Pharmacological Agents

The roles played by biological agents in the separation of
GVL effects from GVHD have been investigated in animal
models (38, 71). Sun et al. (38) demonstrated that bortezomib
might rapidly induce the preferential deletion of very high-
affinity alloreactive T cells, thus allowing for expansion of the
remaining T cells to maintain GV'T responses yet with a reduced
potential for promoting GVHD. Ehx et al. (71) found that AZA
significantly decreased human T-cell proliferation as well as IFN-
vy and TNF-a serum levels, and it reduced the expression of
GRANZYME B and PERFORIN 1 by cytotoxic T cells, leading to
the prevention of GVHD. AZA could also induce the expression
of tumor antigens by AML cells, leading to the generation of
donor-derived tumor specific cytotoxic T cells, which have been
demonstrated to prevent AML relapse (70). In addition, Stokes
et al. (69) reported that bendamustine could alleviate GVHD by
enhancing MDSC suppressive function without compromising
GVL effects.

Caballero-Veldzquez et al. (30) showed that the combination
of sirolimus and bortezomib synergistically inhibited both the
activation and proliferation of stimulated T cells. Additionally,
the production of Thl cytokines (IFN vy, IL-2, and TNF-a) was
significantly inhibited. This effect was due, at least in part, to
the inhibition of Erk and Akt phosphorylation. In vivo, the
combination reduced the risk of GVHD without hampering GVL
effects, as shown in mice that received GVHD prophylaxis with
sirolimus plus bortezomib infused with tumor WEHI cells plus
C57BL/6 donor BM and splenocytes. Overall, this study suggests
a synergistic effect of the combination different pharmacological
agents to prevent GVHD while maintaining the GVL effect.

In summary, experiment results from mouse models
suggest that effective and regulatory immune cells play a
key role in separation of GVL effects from GVHD. The
approaches explored in preclinical settings have demonstrated,
for example, that cytokines or inhibitors targeting signaling
pathways of T cells might enhance and/or preserve ant-
leukemia effects without compromising GVHD through
regulating the functions of effective and regulatory immune cells
(Figures 2, 3).

STRATEGIES FOR ENHANCING AND
PRESERVING ANTI-LEUKEMIA EFFECTS
WITHOUT AGGRAVATING GVHD IN THE
CLINIC

Several approaches, including donor selection, conditioning
regimens, graft engineering and adoptive transfusion of immune
cells, have been successfully used in the clinic to separate GVL
effects from GVHD before and after allo-HSCT (Figure 4).

Donor Selection

In unrelated donor transplantation settings, Kawase et al.
(109) suggested that donor selection made in consideration of
these results might allow the separation of GVL from acute
GVHD in patients with AML, ALL, or those with chronic
myeloid leukemia (CML), especially in HLA-DPB1 mismatch
combinations. Fleischhauer et al. (110) further demonstrated
that avoidance of an unrelated donor with a non-permissive
T-cell-epitope mismatch at HLA-DPB1 might contribute to a
lower risk of mortality. In cord blood transplant modality, HLA-
DPBI mismatch was also associated with a significant reduction
of leukemia relapse (HR 0.61, P = 0.001), and no significant
effect of HLA-DPB1 mismatch was observed on the risk of
acute GVHD, engraftment or mortality (111). Laghmouchi et al.
(112) suggested that the allo-HLA-DP-specific T cell repertoire
contained T cells with restricted recognition of hematopoietic
cells, which might contribute to specific GVL effector reactivity
without coincident GVHD (112).

In T cell depleted haplo-SCT settings, Ruggeri et al. (86)
showed that increased NK cell alloreactivity in humans, based on
the “missing self” model, was associated with a decreased CIR
and improved survival in patients with AML but not in patients
with ALL. In contrast, Huang et al. (113) following the Beijing
Protocol, demonstrated that host MHC class I could determine
NK cell responses. The functional recovery of donor-derived NK
cells was higher in recipients that expressed ligands for donor
inhibitory KIRs, and a high functional NK recovery correlated
with better relapse control (114). In haplo-SCT with PT/Cy
settings, Shimoni et al. (115) also demonstrated a trend toward
higher relapse rates in patients with KIR ligand mismatching (HR
1.36, P = 0.09) in a total group of 444 acute leukemia patients.
This trend was observed in patients with AML (HR 1.48, P =
0.07) but not in those with ALL (HR 0.95, P = 0.88).

In summary, these data suggest that donor selection according
to HLA-DPB1 mismatch, NK cell alloreactivity, and other
variables (116-119), could represent a strategy for the separation
of GVL effects and GVHD, although further studies are still
needed.

Conditioning Regimen

More recently retrospective registry studies and some, but not
all, prospective randomized trials have demonstrated increased
relapse rates in recipients of an RIC compared with an MAC
regimen in patients with AML and MDS who underwent allo-
HSCT (120, 121). However, these finding remain controversial
(3). In a multicenter randomized controlled trial (122), 178
HR-AML patients received haplo-HSCT with conditioning
regimens involving recombinant human G-CSF or non-rhG-
CSF. The cumulative incidences of acute GVHD, chronic GVHD,
transplantation-related toxicity, and infectious complications
appeared to be equivalent. The 2-year probabilities of LFS and
OS in the G-CSF-priming and non-rhG-CSF-priming groups
were 55.1 vs. 32.6% (P < 0.01) and 59.6 vs. 34.8% (P <
0.01), respectively. This study suggests that the G-CSF-priming
conditioning regimen is an acceptable choice for HR-AML
patients, which may lead to partially separation of GVL effects
from GVHD.
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FIGURE 4 | Strategies for the separation of GVL effects from GVHD in the clinic. A number of approaches, including @donor selection, @conditioning regimen, @graft
engineering, @adoptive transfusion of immune cells, and ® pharmacological agents, have been successfully used in the clinic to separate GVL effects from GVHD at
different time point before and after allo-HSCT. GVL, graft-versus-leukemia; GVHD, graft-versus-host disease; HLA, human leukocyte antigen; KIR, killer
immunoglobulin-like receptor; SCT, stem cell transplantation; TCD, T cell depletion; TCR, T cell replete; MAC, myeloablative regimen; G-CSF, granulocyte
colony-stimulating factor; DLI, donor lymphocyte infusion; NK, natural killer; CAR-T, chimeric antigen receptor T, TKI, Tyrosine kinase inhibitor; AML, acute myeloid
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Overall, considering the central importance of regimen
in determinng leukemia relapse risk based on the biological
characteristics of disease and pretransplantation minimal
residual disease (MRD), there remains an urgent need for
randomized comparisons of different conditioning regimens to
separate GVL from GVHD.

Allograft Engineering

In a single-arm clinical trial, 35 cases patients with high-risk
leukemia received naive T cell-depleted G-PBSCs following a
myeloablative conditioning regimen. GVHD prevention includes
tacrolimus immunosuppression alone. Bleakley et al. (42)
reported that all the cases engrafted. GVHD in these patients
was universally corticosteroid responsive, although the incidence
of aGVHD was not reduced. Chronic GVHD was remarkably
infrequent (9%) compared with historical rates of ~50% with
T cell-replete grafts. Memory T cells in the graft resulted in
rapid T cell recovery and the transfer of protective virus-specific
immunity. No excessive rates of infection or relapse occurred,
and the OS was 78% at 2 years. These results suggest that the
depletion of naive T cells from allografts not only reduces the
incidence of cGVHD but also preserves the transfer of functional
T cell memory.

To decrease the incidence of GVHD in haploidentical
allograft settings, the Perugia group established a protocol that
includes TCD and a graft containing a mega-dose of highly
purified CD34" cells (average 10 x 10%/kg body weight),
which is administered following a myeloablative conditioning
regimen (86). This protocol ensures a high engraftment rate,
despite the HLA barrier, without triggering GVHD. However,
the benefit (the absence of GVHD) from this CD34 selected
haplotype transplant approach is offset by a very slow immune
recovery due to the small number of T cells infused and the

ATG application, which result in high rates of opportunistic
infections, such as viral and fungal infections, leading to a
high TRM. To accelerate immune recovery, the Perugia group
demonstrated, for the first time, that the adoptive transfer
of Tregs promotes lymphoid reconstitution and improves
immunity to opportunistic pathogens without weakening the
GVL effects in the TCD haploidentical setting (16). This finding
suggests that the adoptive transfer of gene modified T cells
and/or pathogen-specific T cells may be needed to improve
clinical outcomes. In a phase II study, researchers from Germany
found that haplo-SCT with a negative CD3/CD19 depletion
and reduced intensity conditioning allowed for a successful
transplantation in an older, heavily pretreated patient population
(16). The estimated 2-event free survival was 25%. The incidence
of grade II-IV aGVHD was 46%, and the incidence of cGVHD
was 18%. Therefore, new strategies are needed to further establish
novel strategies for the separation of GVL effects and GVHD.

Luznik et al. (123) summarized that in vivo cyclophosphamide
posttransplantation (PT/Cy) could induce the destruction of
peripheral, alloantigen-reactive T cells, while a relative resistance
of donor Teft/memory T cells to PT/Cy, as demonstrated in mice,
might contribute to the overall reconstitution of peripheral T-cell
pools and immune competence over the long term. These results
suggest that in vivo allograft engineering with PT/Cy represents
a novel method for GVL and GVHD separation, and it has been
widely used in haploidentical and HLA-matched sibling donor
transplant settings (6, 124).

Adoptive Transfusion of Immune Cells
Currently, adoptive transfusion of immune cells, such as donor
lymphocyte infusion (DLI), cytotoxic T lymphocyte (CTLs), NK
cells, and CAR-T, had been successfully used to separate GVL
effects from GVHD.

Frontiers in Immunology | www.frontiersin.org

December 2018 | Volume 9 | Article 3041


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Chang et al.

Separation of GVL Effects From GVHD

DLI

In 1990, Kolb et al. (125) first reported sustained remission after
DLI in patients with CML who relapsed after allo-HSCT. Since
then, DLI had become the mainstay allogeneic cellular therapy.
The NCI recommendations list DLI as the routinely considered
method for patients who relapsed after allo-HSCT and do not
have GVHD (126). Based on immune tolerance induced by G-
CSE such as the ability to polarize T cells from the Thl to the
Th2 phenotype and the hyporesponsiveness of T cells, Huang’s
group established a modified DLI protocol (127) that includes
the following: (i) the use of G-CSF mobilized peripheral blood
stem cell harvests (G-PBSCs) instead of a steady lymphocyte
infusion; (ii) the introduction of short-term immune suppressive
agents, including cyclosporine A (CSA) or methotrexate (MTX),
to further decrease the incidence of GVHD. Impressively, the
feasibility and efficacy of the modified DLI were confirmed either
for treatment or prevention of relapse after haploidentical HSCT
(127). Our group also demonstrated that MRD-directed DLI
could significantly decreased the relapse rate without aggravating
GVHD (128). The use of DLI was also demonstrated in patients
who underwent haploidentical HSCT with PT/Cy (129).

Recently, Nikiforow et al. (130) undertook a phase I study of
DLI depleted of CD25™ T cells in 21 patients with hematologic
malignancies who had relapsed after allo-HSCT. Two dose levels
were administered: 1 x 107 (n = 6) and 3 x 107 CD3+ cells/kg (n
= 15). A median 2.3 log-depletion of Tregs was achieved. Seven
subjects (33%) developed clinically significant GVHD by 1 year,
including one patient who died. At dose level 1, five subjects had
progressive disease and one had stable disease. At dose level 2,
nine subjects (60%) achieved or maintained responses (8 CR, 1
PR), including seven with active disease at the time of infusion.
A shorter period between relapse and infusion was associated
with the response at dose level 2 (P = 0.016). The 1-year survival
rate was 53% among patients treated with dose level 2. Four of
eight subjects with AML remained in remission at 1 year. When
compared to unmodified DLI in 14 contemporaneous patients
meeting study eligibility, CD25/Treg depletion was associated
with a better response rate and improved EFS.

Overall, the available data suggest that DLI represents a
widely used approach in prophylactic, pre-emptive therapy
and therapy for relapse either in HLA-matched HSCT or in
haploidentical transplant settings. Furthermore, CD25/Treg-
depleted DLI appears to be feasible and capable of inducing GVL
effects without excessive GVHD (131), although multicenter,
prospective study are warranted to confirm the results.

Leukemia Specific CTLs

Researchers from Italy have investigated the feasibility of
expanding/priming pl190BCR-ABL-specific T cells in vitro by
stimulation with DCs pulsed with pl190BCR-ABL peptides
derived from the BCR-ABL junctional region and alternative
splicing, and of adoptively administering them to patients with
relapsed disease (132). Three patients were enrolled in this
study. Patient 1 was a 61-year-old man experiencing a second
molecular recurrence after matched unrelated donor (MUD)
alloHSCT and unmanipulated DLIs. Patient 2 was a 30-year-
old man diagnosed with Ph™ ALLwith hyperleukocytosis and

central nervous system (CNS) involvement, experiencing his
third hematologic relapse (BM blast 66%, F317L mutation) after
MUD-HSCT, DLI, and rescue therapy with nilotinib. Patient
3 was a 62-year-old woman diagnosed with Ph* ALL with
CNS involvement, showing persistent molecular disease (last
MRD before T-cell therapy 0.1% BCR-ABL/ABL) after induction,
maintenance chemotherapy, and prolonged TKI treatment. She
was not eligible for alloHSCT due to comorbidities. The results
showed no postinfusion toxicity, except for a grade II skin
GVHD in the patient who was treated for hematologic relapse.
All patients achieved a molecular or hematologic CR after T-
cell therapy, upon emergence of pl90BCR-ABL-specific T cells
in the BM. These results demonstrate that p190BCR-ABL-
specific CTLs are capable of controlling treatment-refractory Ph™
ALL in vivo, and they support the development of adoptive
immunotherapeutic approaches with BCR-ABL CTLs in Ph™
ALL. Therefore, further studies including large sample sizes are
needed to confirm the abovementioned results.

Excuding BCR-ABL CTLs, the anti-leukemia effects of WT1
specific CTL were also observed in 11 relapsed or high-risk
leukemia patients who underwent allo-HSCT (133). Chapuis
et al. (133) found that CD87 transferred T cells with a memory
phenotype could be detected after long-term follow-up. An
approach to generate multi-TAA-specific CTLs using peptide
libraries of 15-mer peptides overlapping by 11 amino acids
spanning the whole amino acid sequence of a target antigen was
developed by Weber et al. (134) They also showed that TAAmix-
specific CTLs could inhibit the colony formation of leukemia
blasts. In summary, leukemia-specific CTLs might be a promising
method for enhancing anti-leukemia activity.

NK Cells

The role played by NK cells in anti-leukemia activity had been
fully investigated in allo-HSCT settings. In a dose-escalation
study, Choi et al. (43) showed that, when given 2-3 weeks
after haploidentical HSCT, donor-derived NK cells were well-
tolerated at a median total dose of 2.0 x 10® cells/kg. In a phase I
study, the safety of haploidentical third-party NK cell infusion
was further confirmed in 21 patients with high-risk myeloid
malignancies who received a preparative regimen with busulfan
and fludarabine followed by infusion of IL-2-activated NK cells
with a dose ranging from 0.02 to 8.32 x10°/kg. Lee et al. (135)
demonstrated that five patients were alive, and 5 and 11 cases
had died from transplant-related causes and relapse, respectively.
Among the total patients, only 5 cases developed a maximum
acute GVHD of grade 2, and 2 cases grade 3 GVHD. These
results indicated that the infusion of third-party NK cells was
well-tolerated and did not increase the rate of GVHD after allo-
HSCT. Ciurea et al. (136) initiated a phase 1 dose-escalation
study of membrane-bound interleukin 21-expanded donor NK
cells infused before and after haploidentical HSCT for high-
risk myeloid malignancies. NK cells were infused on days —2,
+7, and +28 posttransplant. All NK expansions achieved the
required cell number, and 11 of 13 patients enrolled received all
3 planned NK-cell doses (1 x 10°/kg to 1 x 108/kg per dose).
No infusional reactions or dose-limiting toxicities occurred. All
patients were engrafted with donor cells. Seven patients (54%)
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developed grade I-II acute GVHD (aGVHD), and no patients
developed grade III-IV aGVHD or chronic GVHD. All other
patients were alive and in remission at the last follow-up (median,
14.7 months). Overall, this trial demonstrated the production
feasibility and safety of infusing high doses of ex vivo-expanded
NK cells after haploidentical HSCT without adverse effects,
increased GVHD, or higher mortality, which was associated
with significantly improved NK-cell numbers and function, fewer
viral infections, and a low relapse rate posttransplant. Further
study deomonstrated that CD56" donor cell infusion after
PT/Cy and short-course cyclosporine were feasible with prompt
engraftment, rapid reconstitution of CD4*" T, Tregs and NK cells
and a reduced incidence of relapse and acute GVHD (137).

CAR-T Cells

Researchers from Peking University described six ALL patients
with no response to modified DLI who received one and
two infusions of CAR T cells from haplo-HSCT donors. Five
patients (83.33%) achieved MRD-negative remission; one patient
was discharged without evaluation after developing severe
thrombotic microangiopathies (46, 47, 138). More recently,
Anwer et al. (45) performed a systemic review, including 72
patients from seven studies who were treated with donor-derived
CART cells. The authors reported that the use of donor-derived
CAR T cell for relapse prophylaxis, MRD clearance or salvage
from relapse is therefore highly effective, and the risk of GVHD
flare is very low.

In summary, donor-derived CAR T-cell infusion seems to
be an effective and safe alternative method for relapsed B-ALL
after haplo-HSCT (47). Therefore, with the definition of multiple
antigen targets, such as CD7, CD38. CD138, FLT-3, and B-cell
maturation antigen, CAR-T cell could be increasingly used for
anti-hematological malignancies.

PHARMACOLOGICAL AGENTS

Tyrosine Kinase Inhibitor (TKI) Targeting

Abelson Tyrosine Kinase

Currently, few patients with CML will receive allo-HSCT.
Therefore, the use of TKI after transplantation mainly focuses
on cases with Ph-positive ALL (139-141). Chen et al. (142)
reported that 14 patients who were positive for BCR-ABL1
expression, received imatinib therapy after allo-HSCT. Eight
patients became BCR-ABLI-negative at 1 month after imatinib
therapy, and only two patients died from hematological relapse.
In the nonimatinib-treated group, six of 20 patients relapsed,
and five of these patients died from hematological relapse.
Here, recommendations for the use of TKIs according to the
pre- and post-transplant MRD status by the Acute Leukemia
Working Party of the European Society for Blood and Marrow
Transplantation are provided as follows (143).

First, for cases with positive pre-MRD, but negative
posttransplantation MRD  (post-MRD), prophylactic TKI
should be administered according to the pretransplantation
mutation status, or observation only. If positive post-MRD is
detected, imatinib or another TKI can be administered according
to the mutation status. If MRD reoccurs within 3 months after

transplantation or at a high level, a 2nd generation TKI should
be given.

Second, for cases with positive post-MRD not considering the
status of pre-MRD, TKI is administered according to mutation
status or using 2nd generation TKI.

Third, for cases with both negative pre-MRD and negative
post-MRD, prophylactic TKI or observation, if positive post-
MRD is detected, imatinib or another TKI can be administered
according to the mutation status. If MRD reoccurrs within 3
months after transplantation or at a high level, a 2nd generation
TKI should be given.

TKis Targeting FLT3-ITD

A number of FLT3 TKIs have been or are being investigated
in allo-HSCT settings for FLT3-ITD AML, including sorafenib
(144, 145), midostaurin, quizartinib, crenolanib, and gilteritinib
(144-149). The mechanism of action of TKIs targeting FLT3 may
not only involved in direct tumor cell killing, but also in increased
interleukin-15, leadings to an increase in CD8"CD107a*IFN-
yT T cells with features of longevity (high levels of Bcl-
2 and reduced PD-1 levels), which could eradicate leukemia
in secondary recipients (146). More recently, Xuan et al.
(147) performed a study that enrolled a total of 144 patients
with FLT3-ITD AML undergoing allo-HSCT. Depending on
whether they were receiving sorafenib before transplantation
or sorafenib maintenance after transplantation, patients were
divided into 4 groups: patients receiving sorafenib before
transplantation (group A; n = 36), patients receiving sorafenib
after transplantation (group B; m = 32), patients receiving
sorafenib both before and after transplantation (group C; n =
26), and patients receiving sorafenib neither before nor after
transplantation (group D; n = 50). Xuan et al. (147) showed
that the 3-year relapse rates were 22.2, 18.8, 15.8, and 46.1%
for groups A, B, C, and D, respectively (P = 0.006). The 3-
year LFS rates were 69.4, 78.1, 80.4, and 34.8%, respectively (P
< 0.001). A multivariate analysis revealed that sorafenib before
transplantation, sorafenib maintenance after transplantation, and
their combined application were protective factors for a lower
relapse rate and longer LES, respectively.

More recent studies have shown that targeting the FLT3-
ITD driver mutation with a highly potent and selective FLT3
inhibitor, such as quizartinib, is a promising clinical strategy
to help improve clinical outcomes in patients with relapsed or
refractory AML (148, 149). Therefore, further studies are needed
to investigate the effectiveness of these agents in allo-HSCT
settings, especially for the separation of GVL from GVHD.

Hypomethylating Agents

Hypomethylating agents are used as treatments for relapse and
may also be used in pre-emptive interventions after allo-HSCT
(150-154). In a phase 1 study enrolling 27 patients with AML
post allo-HSCT. Goodyear et al. (155) showed that azacitidine
(AZA) both augmented the expansion of regulatory T cells
and induced cytotoxic CD8" T-cell responses to several tumor
antigens, and leading to hopes that it might facilitate successful
cultivation of the GVL response without inducing significant
GVHD. In a multicenter retrospective study, Craddock et al.
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(156) investigated the tolerability and activity of AZA in 181
patients who relapsed after an allograft for AML (n = 116)
or MDS (n = 65). Sixty-nine patients received additional DLI.
Forty-six of 157 (25%) assessable patients responded to AZA
therapy: 24 (15%) achieved a CR and 22a PR. In patients who
achieved a CR, the 2-year overall survival was 48 vs. 12% for the
whole population. The authors suggested that AZA represents
an important new therapy in select patients with AML/MDS
who relapse after allo-HSCT, thus warranting prospective studies.
Moreover, the combination of sorafenib, AZA, and DLI represent
a novel direction for the treatment or prevention of relapse
without aggravating GVHD after allo-HSCT (151, 157).

Recently, Schroeder et al. (158) retrospectively analyzed data
obtained for 36 patients with hematological (n = 35) or molecular
relapse (n = 1) of AML (n = 29), or MDS (n = 7). Decitabine
(DAC) was the first salvage therapy in 16 patients (44%), whereas
20 patients (56%) had previously received 1-5 lines of salvage
therapy, including 16 cases who had been treated with AZA. In
22 patients (61%), a median of 2 DLI per patient (range, 1-5)
was administered in addition to DAC. As a result, the overall
response rate was 25%, including 6 CR (17%) and 3 PR (8%).
Three patients within the first-line group achieved CR, while 3
patients receiving DAC as second-line treatment reached CR,
including 2 patients with previous AZA failure. The median
duration of CR was 10 months (range, 2-33), and none of the
patients have relapsed to date. The incidence of acute and chronic
GVHD was 19 and 5% (158). These data suggest that DAC may
be an alternative to AZA or even a second choice after AZA
failure. In summary, hypomethylating agents used alone or in
combination with DLI might represent promising approaches for
the separation of GVL from GVHD in the clinic.

Checkpoint Inhibitors
The relapse of hematological malignancies after allo-HSCT can
be mediated by high levels of checkpoint receptors, including
PD-1 and CTLA-4, on donor derived effective T cells and high
expression of cognate ligands on residual leukemia cells (159,
160). In a phase 1 study, Bashey et al. (161). showed that a single
dose of ipilimumab (between 0.1 and 3.0 mg/kg) for patients
with malignancies who relapsed after allo-HSCT did not seem
to cause clinically significant GVHD and achieved responses in
3 patients with lymphoid malignancies. In a subsequent phase
1/2 study, ipilimumab was started at 3 mg/kg but could be
escalated to 10 mg/kg (162). Although no objective responses
were observed in six patients who received ipilimumab treatment
at 3 mg/kg, a total of 13 patients presented a decrease in tumor
burden among 22 patients treated at a dose of 10 mg/kg, with
four responses persisting for >1 year. Impressively, four patients
with extramedullary AML and one patient with smoldering MDS
that developed into AML had a complete response. These data
suggest a particular sensitivity of AML to ipilimumab treatment
after allo-HSCT. Davids et al. (162) also observed that responders
showed a reduction of CD4™ regulatory T cells with an increase
in conventional T cells in peripheral blood as well as an increase
in CD62L~ effector memory T cells.

A phase 2 investigator-initiated trial enrolled patients with
lymphoid malignancies who relapsed after allogeneic HSCT

(n = 10) and high-risk patients after autologous HSCT (n
= 7) (163). Both cases received 10mg of oral lenalidomide
daily for 21 days followed by intravenous ipilimumab at 3
mg/kg body weight. The regimen was repeated 4 weeks later
for a total of 4 treatments. Khouri et al. (163) demonstrated
that 4 of 10 patients in the allogeneic group had complete
responses and 3 partial responses. The disease in 6 of 7
patients in the autologous group remains in remission. The
authors suggested that the responses might be related to a 2-
to 3 -fold increases in inducible ICOSTCD4"FoxP3™ T cells
number.

In summary, checkpoint inhibitor used alone or in
combination with other methods, such as immunomodulatory
agents (163) and CAR-T cells (164), could be promising
approaches for the treatment or prevention of relapse after
transplantation without aggravating GVHD, although further
studies are warranted for confirmation.

Other Agents

Several other novel agents (165), including histone deacetylase
inhibitor (panobinostat), and monoclonal antibodies, such as
blinatumomab (a novel bispecific CD19-directed CD3 T-cell
engager), as well as antibodies against AML antigenic targets (i.e.,
CD123, CLECI12A), have been or are currently being investigated
for the prevention and treatment of relapse in patients with
hematological malignancies who have undergone allo-HSCT.
Therefore, further prospective studies are warranted to select
optimal methods that are currently available for killing leukemia
cells without leading to GVHD.

FUTURE DIRECTIONS

In the past two decades, increasing evidence supports the notion
that GVL effects could be, at least partially, separated from
GVHD both in animal models and in the clinic. Recently,
Fanning et al. (18) have demonstrated that VP spectratyping can
identify T cells involved in antihost and antitumor reactivity and
that tumor presensitization can aid in the separation of GVHD
and GVL responses. However, no studies have demonstrated the
successful use of this technique for separating GVL effects from
GVHD in patients who have undergone allo-HSCT. In addition,
several other questions remain to be answered in the future.
First, although preclinical experiments have demonstrated the
feasibility of a number of strategies for enhancing or preserving
anti-leukemia activity without compromising GVHD, planned
prospective studies are required to evaluate the clinical efficacy
and to move these approaches from preclinical research to
the standard-of care. Second, it remains uncertain whether the
available methods for inducing anti-leukemia activity without
causing GVHD can be successfully used in different transplant
modalities, especially haploidentical allografts. Third, little is
known about the immunological mechanisms underlying the
separation of GVL effects from GVHD. Therefore, further studies
are imperative.

In summary, with the elucidation of the immune mechanisms
of both GVL effects and GVHD, the advances in the
establishment of novel approaches for the prevention and/or
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treatment of leukemia relapse and GVHD, as well as the
evaluation of these new methods based on prospective clinical
trials, an increasing number of patients will benefit from the
successful separation of GVL effects from GVHD, ultimately
leading to superior survival.
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Allogeneic hematopoietic cell transplantation (HCT) is a curative therapy for hematological
malignancies (i.e. leukemia and lymphoma), because graft-versus-leukemia (GVL) activity
mediated by alloreactive T cells can eliminate residual malignant cells and prevent relapse.
However, the same alloreactive T cells also mediate a severe side effect, graft-versus-host
disease (GVHD), and prevention of GVHD while preserving GVL activity remains an elusive
goal. The immune checkpoint molecule PD-L1 and its interaction with PD-1 receptor in
regulating cancer immunity is under intensive and wide-spread study, but knowledge
about this interaction in regulating GVHD and GVL activity is very limited. In this review,
we summarize the literature exploring how PD-L1 interaction with its receptors PD-1 and
CDB80 regulate GVHD and GVL activities, how PD-L1 signaling regulates T cell metabolic
profiles, and how a differential role of PD-L1 interaction with PD-1, CD80 or both may
provide a novel avenue to prevent GVHD while preserving strong GVL effects.

Keywords: HCT, GVHD, alloreactive, T cell, PD-L1, PD-1, CD80

INTRODUCTION

Hematopoietic cell transplantation (HCT) provides curative therapy for hematological
malignancies, such as lymphoma and leukemia, owing to graft-vs.-leukemia/lymphoma (GVL)
effects mediated by alloreactive T cells (1-5). However, the same alloreactive T cells also mediate
a severe side effect, called graft-vs.-host disease (GVHD). Prevention of GVHD while preserving
GVL effect remains a long-sought and elusive goal.

Alloreactive T cells are activated by host antigen presenting cells (APCs) in lymphoid tissues
early after HCT, and they then migrate to GVHD target tissues that were initially damaged by
conditioning regimen to cause tissue inflammation and GVHD (6, 7). Acute GVHD is characterized
by systemic lymphocyte infiltration and uncontrolled inflammation involving the release of
damage-associated molecular pattern (DAMP) factors in target organs such as the gut, liver, lung,
and skin (8-12). Chronic GVHD is a chronic autoimmune systemic syndrome characterized by
moderate lymphocytic inflammation and fibrosis (13-16). Chronic GVHD and acute GVHD both
affect the gut, liver, and skin, but chronic GVHD differs from acute GVHD in attacking other target
tissue such as salivary and lacrimal glands and resembles a systemic auto-immune disease, like
lupus, with dysregulated tolerance mechanisms (17-19).
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GVHD pathogenesis is regulated by multiple factors,
such as T regulatory CD4" cells (Treg), donor APCs, B
regulatory cells (Breg), myeloid-derived suppressor cells
(MDSC), and immune checkpoints including interactions of
programmed death ligand 1 (PD-L1) with programmed death-1
(PD-1) and CD80 (20-26). Although immune checkpoint
regulation of tumor immunity is under intensive study (27),
immune checkpoint regulation of GVHD and GVL effects,
and especially their regulation by PD-L1 interaction with
CD80, is not yet fully understood. In this review, we focus
on how PD-L1 interaction with PD-1 and CD80 differentially
regulates auto- and allo-immunity. We also discuss how these
interactions can separate GVL activity from GVHD in preclinical
animal models and highlight the recent clinical application
and challenges of PD-L1/PD-1 blockade after HCT for
augmenting GVL activity.

PROGRAMMED DEATH LIGAND-1
(PD-L1)-MEDIATED SIGNALING
PATHWAYS

PD-LI, (also known as CD274 or B7H1), is a member of the
B7 family of immuno-coinhibitory and costimulatory molecules
and functions as an immune checkpoint via its interaction with
its receptors PD-1 and CD80 (also known as B7.1). PD-L1 is
an Ig-V like transmembrane protein constitutively expressed
by hematopoietic cells such as T, B and dendritic cells and by
parenchymal cells in response to cytokine (i.e., IFN-y) induction.
PD-L1 was co-discovered in 2000 by two groups who reported
it to have conflicting functions in the regulation of T cell
activation, proliferation and apoptosis (28, 29). The Chen group
first discovered and characterized the function of PD-L1 via
cloning a homolog related to the B7.1 and B7.2 gene sequence,
sequencing it and creating an expression plasmid containing the
extracellular portion of PD-L1 in frame with the Fc portion of
murine IgG2a (29). They found that costimulation of purified
murine T cells in the presence of anti-CD3 and PD-LI-Ig led
to an increase in T cell proliferation and IL-10 production,
with moderate increase in IL-2 production—indicating a co-
stimulatory signal mediated by the PD-L1 (29). On the other
hand, costimulation of T cells with PD-L1-Ig produced by the
Sharpe group led to a reduction in T cell proliferation and
reduction in IL-10 production, indicating a coinhibitory signal
mediated by PD-L1 (28).

Early in vivo studies on the role of PD-L1 were also conflicting.
Tissue-specific transgenic expression of PD-L1 under the insulin
promoter in islet beta cells augmented the rejection of islet
grafts, which was associated with increased proliferation and
reduced apoptosis of infiltrating CD8™ T cells (30). However, in a
cardiac allograft model, treatment with PD-L1-Ig was associated
with prolonged allograft survival and reduced lymphocytic
infiltrate in the graft (7). Further characterization of the
interactions of PD-L1/PD-1 and PD-L1/CD80 in unraveling the
dual properties of the PD-L1-mediated signaling pathways are
described below.

PD-L1/PD-1 Signaling Pathway

The role of PD-L1 in regulating the immune response has been
best characterized via its interaction with its dominant receptor
PD-1, also termed Pdcdl (6, 7, 23, 24). PD-1 is a monomeric
co-inhibitory receptor that was originally identified in the
2B4.11T cell hybridoma cell line as being upregulated upon
induction of activation-induced apoptosis following stimulation
with PMA and ionomycin (21). PD-1 expressed by activated T
cells upon stimulation, is localized to the immunological synapse
near the TCR and functions to attenuate T cell adaptive immune
responses by inhibiting T cell proliferation and inducing T
cell exhaustion, anergy, and apoptosis (6, 7). The importance
of PD-1 in maintaining peripheral tolerance was highlighted
by the generation of PD-17/~ mice that develop Lupus-like
arthritis and glomerulonephritis. Peripheral T and B cells
from these mice exhibit hyper-reactivity upon stimulation
(27, 31). The primary intracellular molecular mechanism
responsible for PD-1 attenuation of the T cell response is
attributed to the function of the immunoreceptor tyrosine-based
inhibitory motif (ITIM) located in the cytoplasmic tail of
PD-1 (7, 32). PD-L1/PD-1 ligation induces phosphorylation
of this ITIM and recruits the protein-tyrosine phosphatases
SHP1/2, in a TCR-stimulation dependent manner (33). Due
to the proximity of the PD-1 cytoplasmic tail in the synapse
to the TCR phosphorylation signaling cascade, SHP-1/2
phosphatase localization to PD-1 leads to dephosphorylation
of TCR downstream signaling molecules, such as PI3K,
ZAP70, and PTEN (34, 35). Collectively, dephosphorylation
of this cascade leads to cell-cycle arrest, reduction in T cell
proliferation/expansion and exhaustion/apoptosis, which can
be reversed via PD-L1/PD-1 blockade to restore T cell function
(36-38).

More recently, work by the Boussiotis group (39) has
described a link between PD-L1/PD-1 signaling in the regulation
of T cell metabolism by restricting nutrient uptake and utilization
to inhibit T cell function (discussed below). Taken together,
the PD-L1/PD-1 pathway inhibits the TCR signaling cascade to
dampen the T cell immune response to maintain peripheral T
cell tolerance.

PD-L1/CD80 Signaling Pathway

In addition to interacting with PD-1, PD-L1 binds to and signals
through a second receptor, CD80 (B7.1, B7-1). CD80, a member
of the B7-super family, is a dimeric transmembrane protein, is
constitutively expressed by T cells and is further upregulated
upon T cell activation (22). Generally recognized for its function
as a costimulatory ligand (along with CD86) for CD28, CD80
was first identified as a receptor on T cells for PD-L1 and
was characterized by its ability to bidirectionally inhibit T cell
responses (40, 41). The sites on PD-L1 that bind, respectively,
to CD80 and PD-1 partially overlap, and the affinity of PD-
L1 for CD80 is ~3-fold lower than its affinity for PD-1 (41).
Using beads coated with anti-CD3 and CD80-Ig fusion protein
or human IgG-Fc as a control, the authors stimulated CTLA4 ™/~
CD28/~ T cells (T cells deficient for the two known binding
partners of CD80). Under these conditions, costimulation with
CD80-Ig decreased the proliferation of double-deficient T cells,

Frontiers in Immunology | www.frontiersin.org

December 2018 | Volume 9 | Article 3061


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Cassady et al.

PD-L1 Regulation of GVHD

indicating that CD80 can signal through PD-L1 expressed by
T cells to inhibit proliferation (41). Furthermore, using beads
coated with anti-CD3 and PD-L1-Ig fusion protein or human
IgG-Fc as a control, the authors stimulated WT T cells and PD-
17/= T cells. Under these conditions, costimulation with PD-
L1-Ig decreased the proliferation of PD-17/~ T cells, indicated
that PD-L1 can signal through CD80 expressed by T cells to
inhibit proliferation (41). Taken together, these results suggest
a bi-directional inhibitory signal mediated by PD-L1/CD80
interaction.

in vivo studies using an anti-PD-L1 mAb that specifically
blocks PD-L1/CD80 interaction while preserving PD-L1/PD-
1 interaction have established PD-L1/CD80 “reverse signaling”
into T cells as being pro-tolerogenic. In a murine model
of immunization, blockade of PD-L1/CD80 interaction led to
increased expansion and reduced induction of T cell anergy
during the contraction phase following immunization (42).
Moreover, in models of both Type-1 diabetes (T1D) and cardiac
allograft transplantation, blockade of PD-L1/CD80 led to the
increased production of proinflammatory cytokines by T cells
and exacerbated T1D and graft rejection, respectively (43, 44).

On the other hand, agonistic anti-CD80 mAb interaction
with naive CD41 T cells induced an increase in intracellular
Ca2" influx and led to phosphorylation of the Th1-promoting
transcription factor T-bet (pT-bet). Phosphorylated T-bet
localized to the Ifng locus and subsequently increased IFN-y
expression (45). Therefore, the impact of signaling mediated
by PD-L1/CD80 interaction on T cell activation and tolerance
induction requires further studies.

PD-L1/CD28 Co-stimulatory Signaling
Pathway Crosstalk

In addition to the direct effects of PD-L1 on T cell activation,
expansion, and apoptosis exerted through its receptors PD-1
and CD80, PD-L1 signaling also exhibits cross-talk with another
T cell co-stimulatory pathway, the CD28 signaling pathway.
This canonical signaling pathway functions to complement the
signals received via ligation of the TCR to activate the NF-
kappaB transcriptional pathway and augment T cell survival and
proliferation (46). Two groups recently co-discovered that the
functional blockade of the PD-L1/PD-1 signaling pathway, which
promotes anti-viral and anti-tumor immunity, is contingent on
interruption of the co-stimulatory signaling cascade received
from CD28 (47, 48). However, the interplay between PD-
L1/CD80 pathway and CD28 pathway was not investigated.
Additionally, the effect of interactions between the PD-LI
signaling pathway and CD28 on alloreactive T cells remains
unexplored.

PD-L1/PD-1 INTERACTION IN
REGULATING ACUTE GVHD

The PD-Ll-mediated signaling pathway serves as a critical
immunological checkpoint of the alloreactive T cell response
after HCT in both animal models and humans. Early
studies performed by Blazar et al. demonstrated that the

PD-L1/PD-1 interactions following HCT are critical for
preventing GVHD (20). Following HCT (GVHD murine model:
C57BL/6—B10.BR), the investigators treated HCT recipients
with either a blocking PD-L1-IgG2a protein or anti-PD-1 mAb
(clone J43). Recipients treated with either method of PD-L1/PD-
1 blockade exhibited increased clinical signs of GVHD and
mortality compared to control IgG-treated recipients (20).
Additionally, recipients of PD-17/~ donor T cells showed
increased mortality after HCT compared to recipients of WT
donor T cells, indicating a critical role for PD-1 in preventing
pathogenic effects of alloreactive T cells (20).

Because PD-1 interacts with a second ligand, PD-L2, to
mediate coinhibitory signals to T cells (49), additional work
by the Blazar group showed that the PD-L1/PD-1 signaling
pathway dominates the PD-L2/PD-1 signaling pathway in the
regulation of alloreactive T cell pathogenesis during GVHD
(50). Hematopoietic cells upregulate expression of both PD-L2
and PD-L1 after HCT, but only PD-L1 is broadly expressed
by parenchymal cells in host GVHD target tissues. Blockade of
PD-L1/PD-1 interaction, but not PD-L2/PD-1 interaction can
prevent GVHD after HCT (50). Together, these studies identified
PD-L1/PD-1 interaction as having a dominant role in regulating
alloreactive T cell expansion and pathogenesis to prevent GVHD
after HCT.

PD-L1/CD80 INTERACTION IN
REGULATING ACUTE GVHD

Our group has carried out experiments to elucidate how
PD-L1/CD80 interaction impacts PD-L1/PD-1 interaction.
First, we found that PD-L1/CD80 interaction augments the
expansion of donor natural regulatory CD41 T cells (nTregs)
after HCT in a minor MHC-mismatched model of GVHD
(DBA/2—BALB/c) (22). Survival of WT donor-derived nTregs
after HCT was lower in PD-L17/~ recipients than in WT
recipients, which was associated with increased severity of
GVHD (22). Moreover, treatment of HCT recipients with
either anti-PD-1 mAD or anti-PD-L1 mAb (clone 43H12 which
specifically blocks PD-L1/CD80 interaction), demonstrated that
PD-L1/CD80 interaction but not PD-L1/PD-1 interaction is
responsible for the augmentation of donor nTreg cell survival
after HCT (22). Finally, neutralization of IFN-y, a potent
inducer of PD-L1 expression in APCs, led to a reduction in
PD-L1 expression by host APCs, a reduction in the number
of peripheral nTreg cells and increased severity of GVHD
(22).

In a subsequent study, our group also characterized the effect
of host parenchymal cell PD-L1 expression on donor alloreactive
CD8* T cell pathogenesis in GVHD target tissues after HCT
(51). First, we observed that anti-CD3-conditioning prevent
induction of acute GVHD, and this effect depends on host-
tissue expression of PD-L1. In three murine models of GVHD,
we found that increased parenchymal expression of PD-L1 was
inversely correlated with the severity of GVHD in the colon,
liver, lung and skin (51). Moreover, hepatocyte specific expression
of PD-L1-Fc protein induced via hydrodynamic injection of
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plasmids encoding PD-L1-Fc led to hepatocyte expression of PD-
L1, high levels of serum PD-L1, reduced numbers of CD8™ T cells
infiltrating the liver, and resolution of GVHD (51).

Although this study demonstrated a clear requirement for
PD-L1 expression by parenchymal cells in order to tolerize T
cells infiltrating the liver, but the distinct contributions of PD-
L1/PD-1 vs. PD-L1/CD80 interactions remained unclear. We
subsequently evaluated the separate contributions of the two PD-
L1-mediated signaling pathways in regulating GVHD induced
by both CD4" and CD8" T cells. As depicted in the diagram
(Figure 1), first, using MHC-mismatched C57BL/6 donors and
BALB/c recipients, we showed that PD-17/~ donor alloreactive
CD4™" T cells had decreased proliferation and apoptosis when
transferred into PD-L17/~ hosts compared WT hosts (25). PD-
L1/~ recipients of PD-17/~ T cells also exhibited a reduction
in the severity of GVHD when compared to WT recipients,
indicating that the interaction of recipient PD-L1 with CD80
expressed by donor CD4" T cells in the absence of PD-
1 increases their expansion, survival and pathogenesis (25).
This phenomenon was recapitulated by blocking PD-L1/CD80
interaction on PD-17/~ T cells in vivo. In contrast, treatment
of allogeneic recipients of PD-1*/* CD4" T cells with anti-PD-
L1 43H12 mAb (anti-PD-L1 mAb which specifically blocks PD-
L1/CD80 interaction) on day 5 after HCT led to a reduction in
proliferation and apoptosis, leading to an augmentation of donor
T cell survival and an augmentation of GVHD (25). Finally, in
vivo expression of PD-L1-Fc protein via hydrodynamic injection
augmented PD-17/% CD4" T cell proliferation and apoptosis
leading to an amelioration of GVHD (25). Taken together, these
results demonstrate the dual nature of PD-L1/CD80 signaling
pathway: PD-L1/CD80 interaction augments T cell proliferation;
this interaction also augments activation induced apoptosis
mediated by PD-L1/PD-1 interaction. Thus, PD-L1 interaction
with PD-1 and CD80 simultaneously is required to effectively
ameliorate alloreactive T cell-mediated GVHD.

DIFFERENTIAL PD-L1/PD-1 AND
PD-L1/CD80 INTERACTIONS SEPARATE
GVL EFFECTS FROM GVHD

More recent studies investigating the role of PD-L1 expression
on donor lymphoid cells and host tissue following HCT
have provided further insight into the complexity of PD-
L1-mediated signaling pathways. Before HCT, donor T cells
express low levels of PD-L1. PD-L1 expression is upregulated
on allogeneic but not syngeneic murine donor T cells within
5 days after HCT. PD-L1 is induced within hours after
stimulation of human CD4" and CD8" T cells in wvitro
(52). Additionally, genetic ablation of Pdll, the gene that
encodes PD-L1, in donor T cells led to a reduction in
the severity of GVHD in mice, which was associated with
reduced production of proinflammatory cytokines (IFN-y, TNF-
a) and reduced expression of gut homing and chemokine
receptors (52). PD-L17/~ donor T cells also exhibited reduced
proliferation and yield in lymphoid tissues after HCT, together
with increased apoptosis associated with increased expression of

FasL and reduced expression of the anti-apoptotic protein Bcl-xL
(52).

Our group recently performed a thorough examination of the
role of donor T cell expression vs. host parenchymal expression
of PD-L1 on the separation of GVHD from GVL activity (26).
Using both murine and xeno-GVHD models in which selective
depletion of CD4™ T cells early after HCT can prevent GVHD
while preserving GVL activity, we investigated the differential
expression of both PD-L1 and its receptors on donor T cells and
in target tissues on the development of GVHD. After CD4™ T
depletion, IFN-y produced by donor CD8™ T cells upregulated
expression of PD-L1 by both host tissues and donor CD8* T
cells. The relative expression of PD-1 and CD80 by donor CD8"
T cells depends on their location. Donor CD8" T cells in the
lymphoid tissues had preferential expression of CD80, while
those in GVHD target tissues had preferential expression of PD-
1. The dominant interaction of PD-L1 with CD80 in lymphoid
tissues promoted donor CD8™ T proliferation and survival, thus
preserving GVL effects (26). On the other hand, the dominant
interaction of PD-L1 with PD-1 on donor CD8" T cells in
GVHD-target tissues promoted tolerance through induction of
apoptosis, anergy, and exhaustion of CD8" infiltrating T cells
(26). Therefore, the outcome of PD-L1-mediated signaling on
GVHD and GVL effect depends on the microenvironment and
on T cell expression of CD80 and PD-1.

PD-L1 PATHWAY REGULATION OF
ALLOREACTIVE T CELL METABOLISM

As in all cells, immune cells require energy to execute cellular
functions, such as survival, proliferation, and cytokine secretion
(53). This required energy is provided as adenosine triphosphate
(ATP) by several metabolic pathways. The first is glycolysis,
which involves the conversion of glucose to pyruvate in
the cytosol. The second pathway is the tricarboxylic acid
(TCA) cycle (also called the Krebs cycle), which donates
electrons to the electron transport chain located in the
mitochondria to fuel oxidative phosphorylation (OXPHOS)
or respiration. This OXPHOS process generates ATP in the
mitochondria. Other substrates, such as fatty acids via f-
oxidation (also called fatty acid oxidation [FAO]), can replenish
the TCA cycle to fuel OXPHOS. Moreover, the preferential
use of glycolysis vs. OXPHOS depends on oxygen availability
(53).

T cell proliferation and rapid expansion is a highly dynamic
process that taxes intracellular bioenergetics (54). Much like the
characteristic “Warburg Effect” observed in malignant cells, the
activation and proliferation of T cells requires an immediate
switch from a quiescent metabolic state that relies on OXPHOS
to an active metabolic state that relies on glycolysis to support
rapid flux of ATP, production of biosynthetic intermediates, and
synthesis of macromolecules for the process of cell division (55—
57). During resolution of the immune response, a subset of T cells
augment mitochondrial capacity and revert to multi-substrate
OXPHOS, thereby forming memory T cells to provide long-term
adaptive immunity (56, 58).
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FIGURE 1 | Impact of PD-L1/CD80 interaction on T cell proliferation, PD-1-dependent T cell apoptosis, and GVHD severity. (A) Activated alloreactive Tcon cells
upregulate expression of PD-1 and CD80 that interact with PD-L1 expressed by host tissue cells (e.g., APCs) after allogeneic HCT. The interactions cannot prevent
induction of GVHD. (B) Blockade of PD-L1/CD80 interaction reduces alloreactive Tcon cell proliferation and apoptosis, and reduction of apoptosis outweighs
reduction of proliferation, resulting in expansion of alloreactive Tcon cells and worsening GVHD. (C) In the absence of PD-1 (i.e., lack of PD-L1/PD-1 interaction),
PD-L1/CD80 interaction per se augments alloreactive Tcon cell proliferation with no impact on apoptosis, resulting in expansion of alloreactive T cells and worsening
GVHD. (D) In the absence of PD-1, blockade of PD-L1/CD80 interaction reduces Tcon cell proliferation and reduces Tcon expansion and ameliorates GVHD. Adapted

In the context of HCT and GVHD, the kinetic metabolic
phenotype of alloreactive T cells remains controversial.
Consistent with the canonical paradigm of T cell metabolism
during activation and expansion is the recent observation by
Rathmell et al. that deletion of Glutl, the primary glucose
transporter expressed by T cells, reduces the severity of
alloreactive T cell mediated GVHD (59). The reduced severity
of GVHD was associated with the failure of Glut1™/~ T cells,
especially CD4™ T cells, to expand in vivo (59). Additionally, a
thorough follow-up study by the Yu group tracked the metabolic
profile of alloreactive T cells after HCT (60). In comparison to
syngeneic T cells, alloactivated T cells isolated from recipients
with GVHD exhibit a switch from fatty acid oxidation (FAO)
in the mitochondria to glycolysis over time after HCT. This
change occurred without a subsequent reversion to FAO over
time, suggesting that these cells must exhibit an increased
reliance on glutaminolysis and the pentose phosphate (PPP)
pathway for macromolecule biosynthesis in the absence of the
tricarboxylic acid (TCA) cycle (60). In this model, inhibition
of glycolysis, either by inhibiting mTorcl (a key molecular
regulator of glycolysis) or 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase 3 (PFKFB3) (a rate limiting step in the
glycolytic pathway), reduced the number of alloactivated Thl
cells and ameliorated GVHD (60).

These observations were contradicted by results reported by
Byersdorfer et al. who showed that increased Glutl expression

and the switch to glycolysis after alloactivation is merely an in
vitro phenomenon. Glutl expression by T cells remained quite
static after HCT, while fatty acid uptake and OXPHOS increased
in alloactivated T cells by 7 days after HCT (61, 62). Moreover,
inhibition of fatty acid uptake by treatment with the irreversible
carnitine palmitoyl transerase I (CPT1A; the rate limiting enzyme
of fatty acid transport into the mitochondria) inhibitor etomoxir
(Etx) induced T cell apoptosis and reduced GVHD severity (61,
63). Finally, an early increase in both glycolysis and OXPHOS in
alloactivated T cells has been reported by groups working with
Blazar groups (50, 63).

While each of these models has shown some promise in the
manipulation of T cell bioenergetics for GVHD prevention, the
specific metabolic programs utilized by alloactivated T cells after
HCT remain controversial, and a definitive and effective regimen
for targeting alloreactive T cell metabolism for the prevention of
GVHD remains elusive.

Of interest, Boussiotis et al. recently showed that ligation of
PD-1 on human CD4™ T cells in vitro via PD-L1-Ig stimulation
led to upregulation of CPT1A expression with increased fatty
acid uptake and enhanced OXPHOS activity, accompanied
by downregulation of Glutl expression and glycolysis via
inhibition of the PI3K/AKT/mTOR pathway (39). Consistently,
in vivo blockade of PD-LI signaling using anti-PD-L1 mAb
(clone 10F.9G2) that blocks both PD-L1/CD80 and PD-L1/PD-
1 interactions augmented GVHD and led to an increase in
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leads to increased glycolysis, proliferation, expansion, and IFN-gamma production. In GVHD target tissues, PD-L1 expressed by parenchymal cells interacts with
PD-1 expressed by donor T cells and induces their anergy, exhaustion or apoptosis (depending on the microenvironment) to establish T cell tolerance and prevent
GVHD. IFN-gamma produced by donor T cells can augment PD-L1 expression and PD-L1/PD-1 interaction reprograms donor T cells toward a quiescent metabolic
phenotype. On the other hand, autocrine or paracrine IL-2 signaling can overcome PD-L1/PD-1 interaction to maintain donor T cell effector function.

Glutl expression and glycolysis with a subsequent reduction
in mitochondrial respiration (OXPHOS) (64). In contrast, it
was also reported that in vivo after HCT, alloreactive T cells
transplanted into PD-L17/~ recipients exhibited accelerated
expansion and pathogenesis; in this situation, absence of host
PD-L1 was associated with an increase in both glycolysis and
OXPHOS in proliferating donor T cells during expansion (50).
Specifically, donor T cells from PD-L17/~ recipients exhibited
an increase in Glutl expression, lactate production (indicative
of increased glycolysis), oxygen consumption [indicative of
increased utilization of O2 in the electron transport chain
(ETC)], mitochondrial membrane potential and ROS production
(both indicators of increased mitochondrial respiration) (50). In
contrast, the same group reported that PD-L1 deficiency in donor
T cells reduces acute GVHD with reduced aerobic glycolysis,
oxidative phosphorylation, and fatty acid metabolism in the
spleen (52).

The observations with PD-L1~/~ recipients suggest that in
the absence of host PD-L1, PD-L1 interactions with PD-1 and
CD80 among donor cells may modulate donor T cell metabolism.
In addition, PD-L1/CD80 interaction may play an important
role in augmenting donor cell expansion in lymphoid tissues.
We recently demonstrated that PD-L1 expressed by alloactivated
donor T cells augment donor T cell expansion in lymphoid
tissue through T cell-T cell interaction to augment GVL

(26). Importantly, this expansion required donor PD-L1/CD80
interaction (26). Whether and how PD-L1/CD80 interactions
among donor T cells affects alloactivated donor T cell metabolism
needs to be further addressed.

SUMMARY

Current literature indicates that regulation of GVHD and GVL
activity of alloreactive T cells via PD-L1 interaction with PD-
1 and CD80 depends on both the tissue compartment and
effector cell composition. As depicted in (Figure2), in the
lymphoid tissues, donor cells express higher levels of CD80
and PD-L1 but low levels of PD-1. Here, PD-L1 interaction
can augment donor T cell expansion, effector function, and
GVL activity. This expansion event may be associated with a
PD-L1/CD80 dependent increase in the glycolysis of effector T
cells. In contrast, donor T cells express higher levels of PD-1
and lower levels of CD80 in GVHD target tissues, and at the
same time, host-tissues express high levels of PD-L1. Here, the
simultaneous PD-L1 interaction with PD-1 and CD80 can lead
to infiltrating T cell anergy/exhaustion and apoptosis. This PD-
L1/PD-1 dominant environment may promote the reversion to a
quiescent metabolic phenotype (OXPHOS) in T cells to support
reduction in effector T cell function. It should be noted, however,
that this mechanism is effective in preventing GVHD only in
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the absence of donor CD4™ T cells or lack of IL-2, because IL-
2 from CD4™ T cells can help CD8" T cells or help CD4™" T cells
through autocrine signaling to become resistant against PD-L1-
mediated anergy, exhaustion, and apoptosis, perhaps through the
promotion of glycolysis (26).

That the 2018 Nobel Prize Award in Medicine was in
part awarded to Tasuko Honjo for the discovery of PD-1
highlights the attention that this pathway has achieved abroad
and in the clinic for treating cancer. Unfortunately, while much
success has been realized with regards to the treatment of
cancer with anti-PD-1 mAbs, there are significant side-effects
to the non-specific activation of the adaptive immune response
(65, 66). Of particular interest to our studies and this review
is patient outcome after treatment of relapsed hematological
malignancies following HCT (67, 68). Multiple groups have
now documented the use of anti-PD-1 mAbs post-HCT for
the treatment of relapsed hematological malignancies, such as
Hodgkin’s lymphoma (67, 69, 70). While outcomes have been
favorable regarding cancer-free progression, anti-PD-1 treatment
after HCT is associated with the induction of alloimmunity
in the form of T cell-mediated acute graft-vs.-host disease
(aGVHD) (67, 69). Thus, while the PD-L1/PD-1 pathway is
a master regulator of immune-tolerance and can be taken
advantage of for the augmentation of anti-tumor immunity,
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The Role of
Co-stimulatory/Co-inhibitory Signals
in Graft-vs.-Host Disease

Sandeep Kumar', Nicholas D. Leigh'" and Xuefang Cao "%

" Department of Immunology, Roswell Park Comprehensive Cancer Center, Buffalo, NY, United States, ? Department of
Microbiology and Immunology, Marlene and Stewart Greenebaum Comprehensive Cancer Center, University of Maryland,
Baltimore, MD, United States

Allogeneic  hematopoietic  cell  transplantation  (allo-HCT) is an effective
immunotherapeutic approach for various hematologic and immunologic ailments.
Despite the beneficial impact of allo-HCT, its adverse effects cause severe health
concerns. After transplantation, recognition of host cells as foreign entities by donor
T cells induces graft-vs.-host disease (GVHD). Activation, proliferation and trafficking of
donor T cells to target organs and tissues are critical steps in the pathogenesis of GVHD.
T cell activation is a synergistic process of T cell receptor (TCR) recognition of major
histocompatibility complex (MHC)-anchored antigen and co-stimulatory/co-inhibitory
signaling in the presence of cytokines. Most of the currently used therapeutic regimens
for GVHD are based on inhibiting the allogeneic T cell response or T-cell depletion (TCD).
However, the immunosuppressive drugs and TCD hamper the therapeutic potential of
allo-HCT, resulting in attenuated graft-vs.-leukemia (GVL) effect as well as increased
vulnerability to infection. In view of the drawback of overbroad immunosuppression,
co-stimulatory, and co-inhibitory molecules are plausible targets for selective modulation
of T cell activation and function that can improve the effectiveness of allo-HCT. Therefore,
this review collates existing knowledge of T cell co-stimulation and co-inhibition with
current research that may have the potential to provide novel approaches to cure GVHD
without sacrificing the beneficial effects of allo-HCT.

Keywords: allogeneic hematopoietic cell transplantation (allo-HCT), graft-vs.-host disease (GVHD),
graft -vs.-leukemia (GVL) effect, T cells, co-stimulation/co-inhibition

INTRODUCTION

Hematopoietic cell transplantation (HCT) is a proven therapeutic approach for patients suffering
from various hematologic and immunologic diseases (1). HCT is an immunotherapy procedure
during which a healthy donor provides hematopoietic cells including stem and progenitor
cells to a diseased host. Transplantation of donor-derived cells is an attempt to re-establish
hematopoietic and immunological activities in the host. HCT is effective for a number of
diseases including various hematologic malignancies, non-cancerous diseases including aplastic
anemia, thalassemia, sickle cell anemia, and severe combined immunodeficiency (2). Apart from
hematologic malignancies such as leukemia, lymphoma, and myeloma, HCT showed positive yet
limited effects in patients taking chemotherapeutic regimens for solid tumors. For example, uses
of HCT with anticancer regimens were reported to be effective in germ cell tumors, soft tissue
sarcomas, and neuroblastoma (3).
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Based on the use of conditioning regimens, HCT can
be categorized into myeloablative and non-myeloablative
transplantation. In myeloablative transplantation, patients
usually go through a high dose of chemotherapy or radiation
exposure prior to HCT while non-myeloablative transplantation
is a reduced intensity transplantation procedure that is
performed after less intensive chemotherapy (4). Based on
human leukocyte antigen (HLA) phenotyping, HCT can be
categorized into allogeneic HCT (allo-HCT) and syngeneic
HCT (syn-HCT). Allo-HCT is a potentially curative procedure,
for a variety of health concerns including cancerous and non-
cancerous conditions (5). Based on HLA phenotyping and
source of donor hematopoietic cells, allo-HCT can be further
divided into match related, match unrelated and haploidentical
HCT. In match related allo-HCT, the donor is a biological family
member that bears 10 major HLAs identical to the host. In
match unrelated allo-HCT, the donor is genetically unrelated yet
possesses 10 major HLAs identical to the host. Haploidentical
donor is typically a family member with HLAs half-matched to
the host. All of these major types of allo-HCT have demonstrated
beneficial effects in patients. However, a major limitation is the
prevalence of adverse effects in the host known as graft- vs.-host
disease (GVHD), which remains a major cause of morbidity and
mortality in allo-HCT patients (6). In allo-HCT, donor immune
cells recognize the host as a foreign entity and subsequently
attack and damage normal host tissues and organs. Based on
the occurrence timeline and target organs, GVHD is divided
into acute GVHD (aGVHD) and chronic GVHD (cGVHD).
Prevalence of aGVHD is associated with factors including
differences in HLA phenotypes (7), previous pregnancy of
donor and advanced age of either the donor or the recipient
(8). Prevalence of cGVHD can occur due to HLA-mismatched
donor or from an HLA-matched unrelated donor (9), or patients
that may have already experienced aGVHD (10). Patients with
aGVHD who fail to respond adequately to corticosteroids are
known as steroid resistant (SR) and require salvage treatment,
with anti-T cell antibodies being the most commonly utilized
group of agents (11). These currently practiced clinical strategies
have shown limited success in controlling GVHD. Therefore,
novel approaches including those targeting T cell activation are
being vigorously pursued in order to cure GVHD.

Donor-derived T cells play a central role in GVHD (12).
The inflammatory cytokines produced by allo-reactive effector
CD4" and CD8" T cells are involved in the pathogenesis of
GVHD (13). Cytokines produced by the conditioned host cells
and donor T cells contribute to allo-reactive T cell activation,
proliferation and trafficking to the target organs including skin,

Abbreviations: Allo-HCT, allogeneic hematopoietic cell transplantation; BMT,
bone marrow transplantation; IL, interleukin; TNF-a, tumor necrosis factor alpha;
IFN-y, interferon gamma; TGE, transforming growth factor; GVHD, graft-vs.-host
disease; GzmB, granzyme B; MLN, mesenteric lymph node; TCD, T cell depletion;
MHC, major histocompatibility complex; TCR, T cell receptor; PD-1, programmed
cell death protein 1; CTLA-4 or CD152, cytotoxic T-lymphocyte-associated protein
4; MoAbs, monoclonal antibodies; DC, dendritic cells; APCs, antigen presenting
cells; CD, cluster of differentiation; Treg, regulatory T cell; iNKT, invariant NKT;
ITAMs, immunoreceptor tyrosine-based activation motifs.

gut and liver (14). Aside from soluble cytokines, direct contact-
dependent cytotoxic damage of host cells by donor T cells also
contributes to the pathology of GVHD (15, 16). Once activated,
allo-reactive effector T cells migrate to target tissues, where they
deliver their destructive potential mediated by Fas ligand, TNF-
o, TNF-related apoptosis-inducing ligand (TRAIL), perforin,
granzymes (Gzm), and IFN-y that lead to apoptosis in epithelial
target cells (17). Later, allo-reactive memory T cells are generated
and cause persistent host tissue injury (18). The damage inflicted
by donor T cells provides the rationale for T cell depletion (TCD),
which has been shown to be effective in the prevention of GVHD
(19). However, overall TCD eliminates all T cell subsets and
leads to defective immunity that results in a disease prone host.
Therefore, there is an urgent need for a therapeutic approach that
attenuates allo-reactive T cell function without compromising
overall T cell immunity.

T cell activation is a complex yet highly regulated process.
Binding of T cell receptor (TCR) to the major histocompatibility
complex (MHC)-anchored antigen peptides is the first step of
T cell activation. However, this activation is not optimal in
the absence of co-stimulatory signals. Co-stimulatory molecules
potentially regulate various functions of T cells including
activation, proliferation, differentiation and survival. Common
examples of co-stimulatory molecules are CD28, ICOS, CD40,
CD30, CD27, OX40, and 4-1BB. Optimal activation of T
cells comprises various inter-cellular and intra-cellular events
including engagement of TCR, recruitment of tyrosine kinases to
TCR complex, subsequent signal transduction into the nucleus
and initiation of transcription and translation. On the other
hand, negative regulation of T cell activation is mediated by co-
inhibitory signals such as CTLA-4, PD-1, TIM-3, and LAG-3
(20). During GVHD development, co-stimulatory/co-inhibitory
molecules are involved in the functional alloreactivity of immune
cells which is associated with up-regulated expressions and
activities of several co-stimulatory/co-inhibitory signals (21). For
example, expressions of co-stimulatory molecules CD134 (0X40)
and CD154 (CD40 Ligand) are up-regulated on CD4" and CD8"
T cells in aGVHD patients (21). In this review, we explore various
components of co-stimulatory/co-inhibitory pathways in the
setting of allo-HCT and aim to illuminate their potential roles in
GVHD. This review also attempts to discuss co-stimulatory/co-
inhibitory molecules that can be targeted as potential therapeutic
options for GVHD.

RELEVANCE OF T CELL
CO-STIMULATION/CO-INHIBITION
MOLECULES IN GVHD

A cascade of cellular and molecular interactions are responsible
for T cell activation, differentiation, migration, and effector
function during GVHD. In addition to TCR-mediated “signal
one,” co-stimulatory molecules provide “signal two” that is
essential to fully activate T cells while avoiding anergy (22).
In the form of “signal two,” the involvement of various
molecular pathways can lead to positive as well as negative
regulation of T cell function. Therefore, they have been
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classified as co-stimulatory and co-inhibitory signals. The
majority of co-stimulatory/co-inhibitory molecules belong to
either immunoglobulin superfamily (Ig-SF) or TNF receptor
superfamily (TNFR-SF). Both of these receptor families are
integral in T cell regulation and are dynamically and temporally
regulated. In addition, there are several other co-stimulatory
molecules that are different in structure and functions when
compared to Ig-SF and TNFR-SF. One example is the nectin
and nectin-like co-stimulatory family. Here we summarize the
roles of various co-stimulatory/co-inhibitory molecules in the
pathogenesis of GVHD.

Ig-SF Co-signaling Molecules

Many Ig-SF members have been thoroughly studied for their
involvement in the activation, tolerance, and functionality of T
cells. The best known Ig-SF members include CD28, cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), B7-1 (CD80),
B7-2 (CD86), inducible co-stimulator (ICOS), B7-H2, and
programmed cell death protein 1 (PD-1), B7-H1 (PD-L1), and
lymphocyte-activation gene 3 (LAG-3) (23). Here, we will discuss
their roles in the context of GVHD.

Because CD28-mediated co-stimulation has an important role
in the initiation and maintenance of T cell response, several
studies were carried out to explore whether CD28 is critical
for the development of GVHD. These studies demonstrated
that CD28 is involved in GVHD and the severity of GVHD
could be decreased by the administration of agents that block
CD28 function (24, 25). Beneficial outcomes in GVHD due to
the interruption of CD80/CD28 axis are well-established (24).
Using anti-B7-1 (also known as CD80) plus anti-B7-2 (also
known as CD86) monoclonal antibodies, it was demonstrated
that B7-1 expression on donor T cells is critical for maximal
GVHD lethality induced by either CD8" or CD4% T cells
(24). This outcome was later corroborated by another approach
advocating antisense gene therapy targeting B7-1 that resulted
in diminished rejection of allogeneic graft (26). Another notable
finding is that a CD28 superagonist has the ability to decrease
GVHD via increasing immunosuppressive T regulatory (Treg)
cells (27). This further emphasizes the complexity of modulating
co-stimulation in GVHD. However, this finding will unlikely be
clinically applicable due to the catastrophic clinical trial with
CD28 superagonist (28, 29).

ICOS (CD278) is a member of Ig-SF expressed on activated T
cells that contributes to the induction of GVHD in the absence of
B7/CD28 co-stimulation (30). Blocking of CD28 and ICOS while
sparing CTLA-4 represents a promising approach to abrogate
pathogenic T cell response following allo-HCT (30). It was
reported that interaction between B7-related protein-1 (B7RP-
1) and ICOS is important because blockade of this interaction
suppresses allo-reactive T cells and reduces lethal aGVHD (31).
However, a surprising result was that ICOS played differential
roles in CD4% and CD8" T cell-mediated GVHD (32). ICOS
deficiency was found to increase CD8" T cell mediated GVHD,
while it played the expected role in CD4" T cells—that is,
decreased GVHD with ICOS deficiency. Intercellular adhesion
molecule (ICAM) is also a member of Ig-SF that binds
to lymphocyte function-associated antigen 1 (LFA1) receptor.

Blocking of CD28/B7 and LFA1/ICAM pathways can effectively
prevent GVHD in MHC-mismatched mouse models (33).

In contrast to these co-stimulatory Ig-SF members, there
are several Ig-SF members that induce inhibitory effects on T
cell activation and function. CTLA-4 possesses similar structure
to CD28. Due to this structural similarity, CTLA-4 acts as a
competitor to CD28 (34, 35). An intriguing study demonstrated
that lethality of aGVHD is highly dependent on CD28/CTLA-
4 competition (34). Use of CTLA4-Ig has been found to
improve survival rate in mice suffering from GVHD (36).
Since CD47CD25% Treg T cells constitutively express CTLA-
4 and activated T cells express B7-1 and B7-2, interaction
between CTLA-4 and B7-1/B7-2 among T cells may represent
an important mechanism for suppression (37). Also, donor Treg
cells interact with host APCs via B7-1/B7-H1 but not PD-1/B7-
H1 axis that augments donor Treg survival and expansion (38).
B7-H4 is another co-inhibitory molecule that has shown an
important role in GVHD (39). B7-H4 expressed on human bone
marrow-derived mesenchymal stem cells inhibits T cell activation
and proliferation via induction of cell cycle arrest and inhibition
of NF-«kB nuclear translocation (39). PD-1 (CD279) is another
co-signaling molecule that induces an inhibitory effect on T
cell activation and proliferation. PD-1 has also demonstrated
an important role in the suppression of GVHD (40). PD-1H is
a subtype of PD-1 that was recently identified as an Ig-SF co-
inhibitory molecule, with a study showing that a single injection
of PD-1H agonistic MoAb protects mice from GVHD (40). LAG-
3, also known as CD223, is a type I transmembrane protein
with four extracellular Ig-like domains. Elimination of LAG-3
signaling resulted in increased GVHD (41).

In summary, most of these studies concluded that blocking
Ig-SF co-stimulatory molecules had the ability to decrease
GVHD, while abrogation of Ig-SF co-inhibitory signaling
increases GVHD. However, complicated and differential roles
were reported regarding the function of some receptor/ligand
pairs on various T cell subsets. Further studies are required for
exploitation of these molecules as therapeutic targets.

TNFR-SF Co-signaling Molecules

TNFR-SF is another extensively studied co-signaling receptor
super family involved in T cell activation. TNFR-SF members
bind to TNF-SF ligands and mediate their action via downstream
signaling molecules including TNFRSF1A-associated death
domain (TRADD), TNF receptor associated factors (TRAF),
TNF-dependent recruitment of the protein kinase (RIP) and
Fas-associated protein with death domain (FADD) (42). TNFR-
SEF members include TNFR1, TNFR2, OX40, CD40, Fas, decoy
receptor 1, 2, and 3, CD27, CD30, 4-1BB, death receptor 3
(DR3), DR4, DR5, and DR6, receptor activator of nuclear factor
kB (RANK), osteoprotegerin (OPG), TNF-like weak inducer of
apoptosis (TWEAK) receptor, trans membrane activator and
CAML interactor (TACI), herpes virus entry mediator (HVEM),
glucocorticoid-induced TNF receptor (GITR), orphan receptor
in the TNF family (TAJ), and receptor expressed in lymphoid
tissues (RELT). Here, we will discuss how various TNFR-SF
members are involved in GVHD.
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0X40 (also known as CD134) was reported as an option to
attenuate GVHD aggravation because it has negative baseline
expression yet rapid upregulation after activation (43). OX40
is an activation-induced co-stimulatory molecule, expressed by
activated CD4™", CD8" T cells and Treg cells after TCR ligation
(44, 45). OX40L (also known as CD134L) is the binding target for
0X40. APCs including DCs, B cells, and macrophages express
OX40L on their surface. CD40 or LPS stimuli are important
for the activation of OX40/OX40L axis (44, 45). Several studies
suggest a potential role of OX40/0OX40L axis in GVHD using
various approaches such as antagonistic anti-OX40L MoAb or
OX40KO donor or OX40LKO host mice (44-46). The depletion
of OX40 from allogeneic graft has been found to suppress
GVHD severity without hampering GVL effect or immunity
against infectious pathogens (43). Although both CD4" and
CD8™ T cells demonstrate elevated expression of OX40, major
OX40 effect was observed in CD4™ T cell-mediated GVHD. Of
note, the OX40/OX40L axis is not directly linked to CD28/B7
pathway (46, 47). Interestingly, triggering the OX40/OX40L axis
on CD4TCD25" Treg cells may block their suppressive function
(45). A similar study suggests that OX40 blockade might be
crucial to optimize the use of Treg cells to prevent GVHD (48).

CD137 (TNFRSF9), commonly known as 4-1BB, is an
inducible type I membrane protein of TNFR-SF (49). 4-1BB plays
an important role in co-stimulation of CD4" and CD8™ T cells
following antigenic or mitogenic activation (50). CD8" T cells
are more responsive to early activation and proliferative signals
trigged by the TCR and 4-1BB, while the function of the 4-1BB/4-
1BBL axis is reciprocal to the CD28/B7 co-stimulatory signals
(49). Several studies suggest that 4-1BB plays an important
role in GVHD (49, 51, 52). In a murine model of aGVHD, it
was observed that administration of epitope-specific anti-4-1BB
MoADb increases host-reactive cytotoxic T cell population (49). In
addition, in vitro exposure of donor T cells to 4-1BBL MoAb may
attenuate GVHD (51).

CD40 is a member of TNFR-SF expressed mainly on APCs
that binds to CD154 (also known as CD40L) expressed on T cells
(53). Blockade of CD40/CD40L was found to decrease T cell-
mediated GVHD (54, 55). CD40L deficiency can be exploited
for GVHD management (56). In a murine model of cGVHD,
an agonistic CD40 moAb prevented donor CD8" T cell anergy.
Subsequently activated donor CD8™ T cells deleted host CD4™
T cells and host B cells involved in autoantibody production,
leading to decreased cGVHD (57). Furthermore, activated donor
CD8" T cells induced full engraftment of donor hematopoietic
cells and exhibited an increased GVL effect (57). In addition,
simultaneous use of CD40 and CD28 antagonists has shown a
benefit in the attenuation of aGVHD (58). Both CD40-activated
B cells and immature DCs can function as professional APCs to
induce antigen-specific Treg cells (59). However, CD40-activated
B cells are more potent in expanding Treg cells which is more
efficient in attenuating GVHD (59). Together, these studies
suggest a therapeutic potential for targeting CD40 in GVHD
management.

CD27 receptor is an important member of TNFR-SF that is
required for the generation and long-term maintenance of T cell
immunity (60). It binds to ligand CD70, and plays a key role

in regulating B cell activation and immunoglobulin synthesis
(60). A study carried out with CD27 knockout mice reveals
that CD27 is essential in CD4* and CD8% T cell activation
and memory formation (61). A clinical study showed that
patients who developed cGVHD had proportional increase in
CD27" B cells in the first year after HSCT (62). However, our
recent studies with mouse models demonstrate that CD27/CD70
pathway surprisingly provides immunosuppressive signaling
during GVHD. The absence of CD27/CD70 signaling in both
donor T cells and the host significantly increases T cell expansion
and effector function, which subsequently leads to increased
GVHD lethality (63, 64). Another surprising and complex result
was found with GITR, with GITR™/~ CD4* T cells mediating
increased GVHD vs. WT controls and GITR™/~ CD8" T cells
showing decreased alloreactivity (65).

Taken together, members of TNFR-SF have demonstrated
significant therapeutic potential in GVHD. However, results
also show that these co-signaling molecules form a complex
system. Further methodical and extensive study is needed to fully
delineate the roles for these co-stimulatory and co-inhibitory
molecules in GVHD.

Other Co-signaling Molecules

Apart from the two major co-stimulatory/co-inhibitory super
families, there are several other co-stimulatory molecules that
are structurally or functionally different. Nectin and nectin-like
(Necl) molecules are immunoglobulin like type I trans membrane
glycoproteins that possess property of Ca++ independent
cellular adhesion (66). The known members of this family are
Nectin-1, Nectin-2, Nectin-3 and Nectin-4, Nectin-5, Necl-1,
Necl-2, Necl-3, Necl-4, and Necl-5.

Thus far, literature is not abundant for the role of Nectins
or Necls in GVHD. Nectin-2 is a ligand for DNAX accessory
molecule (DNAM-1, also known as CD226) and involved in NK
and T cell-mediated cytotoxicity (67). DNAM-1 is involved in
regulating NK cell IFN-y production and cytotoxicity against
various cancer and infected cells (68). NK cells suppress
GVHD by attenuating activation of alloreactive T cells without
hampering GVL effect (69). Thus, manipulating Nectins and
Necls on NK and T cells may represent a novel approach to
manage GVHD. In support of this rationale, absence of DNAM-1
on the donor graft attenuates GVHD in MHC-mismatched and
MHC-matched allo-HCT, whereas it is not critical for GVL effect
against CD155 (another DNAM-1 ligand)-expressing and CD155
non-expressing leukemias. In addition, absence of DNAM-1
promotes the expansion and suppressive function of Treg cells
after allo-HCT (70).

Cytotoxic and regulatory T cell molecule (CRTAM) is a
member of Necls family. It is a MHC I-restricted T cell
associated molecule and its expression is restricted to activated
NKT and CD8*' T cells (71, 72). Interestingly, CD4" T cells
that express CRTAM upon activation gained the characteristics
of CD8T T cells. Further analysis of CRTAM*TCD4" T cells
revealed IFN-y production, expressions of CTL-related genes
like eomesodermin, GzmB, and perforin, and cytotoxic function.
Furthermore, CRTAM™ T cells traffic to mucosal tissues
and inflammatory sites where they release IFN-y and deliver

Frontiers in Immunology | www.frontiersin.org

December 2018 | Volume 9 | Article 3003


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kumar et al.

Co-signaling in GVHD

cytotoxic activity (73). These features would make it interesting
to study the possible involvement of CRTAM in GVHD.

Leukocyte immunoglobulin (Ig)-like receptors (LILRs) or
immunoglobulin-like transcript (ILT) family or CD85 genes are
a family of inhibitory and stimulatory receptors (74). Several
members from this family have been discovered including ILT2,
ILT3, and ILT5. ILT2 is expressed on activated T cells and may
function to shut down T cell activation, culminating in T cell
death or induction of anergy (75). The expression of HLA-G
(an ILT2 ligand) during allogeneic recognition is associated with
better graft acceptance (76). The interaction of HLA-G with
ILT2 is associated with immunosuppressive mechanisms that
require expansion of myeloid-derived suppressor cells (MDSCs).
Induction of MDSCs by ILT2/HLA-G axis can prevent allograft
rejection (77). Another member of ILT family, ILT3, is crucial for
the tolerogenic activity acquired by DCs exposed to allogeneic
antigen-specific CD8' T suppressor cells (78). A derivative of
ILT3, ILT3-Fc, can serve as a potent immune regulatory agent
that attenuates allograft rejection in humanized NOD/SCID mice
by induction of CD81 T suppressor cells (79). A recent study
suggests that a subset of allo-HCT recipients generate antibodies
directed to surface molecules of DCs, in particular ILT5. The
ILT5-specific antibodies can mediate depletion of ILT5-bearing
cells. ILT5 expression has been observed in some leukemic cells,
indicating that it might be a target for GVL effect (80).

T cell immunoglobulin mucin (Tim) family members regulate
immune responses, autoimmunity, and allergy (81). Members of
Tim family have also been reported to be involved in GVHD
(82, 83). Tim-3 is a member of Tim family expressed on
Thl cells. Tim-3 binds to galectin-9 and negatively regulates
Th1 response. During immune homeostasis, Tim-3 interaction
with galectin-9 leads to the deletion of Tim-3T T cells.
Tim-3 is up-regulated on activated T cells during GVHD
(84). Blockade of Tim-3/galectin-9 interaction by infusion of
a Tim-3-Ig fusion protein or Tim-3 knockout in donor T
cells increases T cell proliferation and GVHD lethality (84).
Inhibition of Tim-3 in aGVHD augments the activation of
effector T cells expressing IFN-y or exerting cytotoxic activity
(82). A proteomic study also identifies increased levels of
soluble Tim-3 in plasma of subjects with mid-gut and upper-gut
GVHD (83).

Taken together, other co-signaling molecules besides Ig-SF
and TNFR-SR may be important regulators of T cell function
during allo-HCT. These molecules add complexities to T cell co-
signaling that we need to comprehensively study to explore their
therapeutic potential in GVHD.

CO-SIGNALING RECEPTOR SIGNAL
TRANSDUCTION PATHWAYS IN GVHD

T cell activation is triggered by two signals (TCR/MHC and
co-stimulatory) in the presence of cytokines. Activation of
TCR and subsequent engagement of CD4 or CD8 co-receptor
induce the recruitment of tyrosine phosphatase CD45 (85),
which dephosphorylates Src family tyrosine kinases FYN and
lymphocyte protein tyrosine kinase (LCK) (86). Activation of

LCK resulted in phosphorylation of immunoreceptor tyrosine-
based activation motif (ITAM) on CD3 in the TCR complex
(86). Phosphorylation of ITAMs activates zeta-chain associated
protein kinase-70 (ZAP-70). Activation of ZAP-70 leads to
phosphorylation of ZAP-70 substrates including adapters like
SLP76 and inducible T cell kinase (ITK). ITK phosphorylates
phospholipase C yl (PLCyl) that leads to the hydrolysis
of phosphatidylinositol 4, 5-bisphosphate (PIP2) and second
messengers diacylglycerol (DAG) and inositol trisphosphate
(IP3). DAG activation leads to subsequent activation of PKC-
0 that induces MAPK/ERK pathways and ultimately leads to
the activation of transcription factor NF-kB (86). IP3 causes
release of Ca++ from the endoplasmic reticulum that promotes
influx of external Ca++4 into the cells due to the formation
of Ca++ dependent channel (87, 88). Then Ca++ binds to
calmodulin and activates calcineurin (a phosphatase) that up-
regulates transcription of IL-2 through NFAT (87, 88). These
signaling events set in motion various immune responses
including antibody production, activation of phagocytic cells
and direct cell killing (87, 88). In this section we will describe
how various co-stimulatory/co-inhibitory signal transduction
pathways contribute to GVHD.

The CD28/B7 pathway is highly important in the pathogenesis
of GVHD. Several studies were performed to understand the role
of CD28/B7 axis in signal transduction (89-91). The patterns of
tyrosine phosphorylation in T cells triggered by CD28 interaction
with B7-1 and B7-2 are identical, but different from the tyrosine
phosphorylation induced by TCR-MHC interaction (89). The
major difference is adapter protein Grb2 that is regulated by
TCR both in vivo and in vitro whereas in vivo study reveals
no apparent regulation of Grb2 complex in response to B7-
1 or B7-2 (89). The other unique protein is adaptor protein
p62 that is phosphorylated in B7-1 and B7-2 signaling but not
in TCR signaling (89). B7-1 and B7-2 do not activate Raf-
1/ERK2 cascade in MAP kinase pathway. Instead, B7-1 and B7-2
cooperate with intracellular Ca++ increase and PKC activation
to stimulate Jun kinases (90). CD28 binding to B7 contributes
to setting the level of TCR-induced phosphorylated LAT for
recruiting signaling complexes, while CD28 signaling further
boosts multiple pathways by facilitating PLCy1 activation (91).
A recent work revealed that CD28 and ITK signaling regulate
the trafficking of self-reactive T cells to target tissues in an
autoimmune disease model, and pharmacological inhibition of
ITK prevented this trafficking (92). Another co-stimulatory
molecule, ICOS potentially activates PI3K pathway (93). ICOS
signal transduction has been studied in GVHD. It was observed
that PI3K-independent ICOS signaling mechanisms contribute
to T cell co-stimulation during GVHD. Interestingly, CD4™
T cells preferably transduce via ICOS/PI3K signaling pathway,
whereas CD8' T cells induce GVHD in a PI3K-independent
ICOS signaling mechanism (93). The OX40/OX40L axis induces
activation of PLC signal transduction pathway (94). Interestingly,
in vivo blockade of OX40/OX40L axis inhibited GVHD via a
mechanism that did not require CD28 signaling, Stat-4, or Stat-
6 signaling (47). CD27 is another member of TNFR-SF co-
stimulatory family that is involved in GVHD. The CD27/CD70
axis transduces signals leading to the activation of NF-kB and
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MAPKS/JNK signaling via TRAF2 and TRAF5 (61). However,
in the setting GVHD, literature is still inadequate on how these
signal transduction pathways regulate allogeneic T cell response.

On the other hand, co-inhibitory molecules are highly
important in immune regulation during GVHD. CTLA-4 ligation
has been reported to downregulate activity of transcription
factors including AP-1, NFAT, and NF-kB in activated CD4%"
T cells. Reduced DNA-binding by AP-1 and NFAT complexes
in the nucleus was observed due to CTLA-4 ligation (95). PD-
1 signaling attenuates various steps of T cell signaling by TCR
including phosphorylation of ZAP70 and PKC6 activation (96).
CTL-4 ligation induces inhibitory effect on AKT but not on
PI3K activation (97). In contrast, PD-1 signaling inhibits PI3K
activity (96). These results support the current model of T
cell co-stimulation vs. co-inhibition in which CD28 signaling
promotes GVHD whereas CTLA-4 signaling inhibits GVHD
(98). Interestingly of note, it appears that the inducible co-
stimulatory ICOS and the co-inhibitory PD-1 may converge on
PI3K to modulate T cell response.

Altogether, these co-signaling receptor signal transduction
pathways may play a very important role in GVHD but further
studies are required to exploit these pathways for more effective
therapeutic intervention.

THERAPEUTIC REGIMENS IN GVHD
MANAGEMENT

Currently, a spectrum of therapeutic regimens are available
to treat GVHD. Several drugs are used before and after allo-
HCT to suppress allogeneic immune response. For examples,
glucocorticoids including methylprednisolone and prednisone
are commonly used and can effectively control GVHD in some
patients. Mycophenolate mofetil, cyclosporine, and methotrexate
(MTX) are also used to manage GVHD (99). Methylprednisolone
or prednisone has also been used in combinations with other
drugs including cyclosporine and MTX to control aGVHD
(100). Other regiments including antithymocyte globulin,
denileukin diftitox, infliximab, sirolimus, and tacrolimus are
available now or are in clinical trials as supplemental drugs
to standard treatment. However, steroid resistance (SR) in
GVHD patients has been a rising concern. Therefore, studies
are underway to investigate therapeutic options that can
ameliorate GVHD in SR patients. Several examples of such
drugs are daclizumab, etanercept, extracorporeal photopheresis,

infliximab, pentostatin, rituximab, tacrolimus, thalidomide, and
imatinib mesylate. Although these drugs are effective to control
GVHD to a certain extent, detrimental side effects are still
common and serious. These side effects include diarrhea,
nausea, infection, diabetes, psychosis, insomnia, anemia, renal
dysfunctions, neurotoxicity, hypertension, infusion reactions,
hepatitis reactivation, hypertriglyceridemia, renal insufficiency,
and cytopenia (101). Considering these severe side effects caused
by the current therapeutic regimens, there is an urgent need
for novel therapeutic interventions with minimal toxicity in
GVHD. In response to this need, clinical trials are being carried
out targeting co-signaling molecules to prevent or treat GVHD.
Several ongoing trails are listed as a summary in Table 1.

RECENT ADVANCEMENTS IN ALLO-HCT

Allo-HCT studies have been very productive in recent years, with
discovery of new drug targets and diagnostic approaches. One
example is aurora kinase A (AURKA). This kinase is associated
with cellular division and proliferation and its defective form
is associated with cancer. A recent study carried out a
comprehensive elucidation of T cell transcriptome in non-human
primate aGVHD. Results suggest that AURKA can be a potential
target for preventing GVHD (102). Another newly introduced
therapeutic target is soluble suppression of tumorigenicity 2
(sST2). The main function of sST2 is to sequester IL-33. As a
result, IL-33 is not available to membrane bound ST2 (mST2)
on Th2 cells and ST2TFoxP3" Treg cells. Blocking of ST2 in
peritransplant period attenuated GVHD severity and lethality
(103).

A proper diagnosis is crucial for GVHD management.
Recently, increased serum ferritin levels in allo-HCT patients
have been correlated with GVHD, suggesting that ferritin can
serve as a diagnosis marker in combination with other laboratory
markers (104). HMGBI is a mediator of inflammation that plays
an important role in Treg/Th17 homeostasis. HMGB1 expression
is reported to be positively correlated with aGVHD severity and
may therefore also serve as diagnostic marker (105). In addition,
several microRNAs may serve as biomarkers as GVHD. For
example, the main function of miR-181a is modulation of T cell
function via downregulation of IFN-vy. Interestingly, the level of
miR-181a reduces significantly prior to the onset of aGVHD and
its reduction seems to indicate the severity of aGVHD (106).
Significant levels of another microRNA, miR-586, were observed

TABLE 1 | Currently ongoing clinical trials involving co-stimulatory or co-inhibitory signals.

Status Study title

Co-signaling molecules involved

Active, not recruiting

Adoptive immunotherapy with activated marrow infiltrating lymphocytes and
cyclophosphamide graft-vs.-host disease prophylaxis in patients with

Using anti-CD3/CD28 activated lymphocytes as treatment of
relapse after allo-HCT for patients with hematologic malignancies

relapse of hematologic malignancies after allogeneic hematopoietic cell

transplantation

Recruiting
transplantation for pediatric sickle cell disease

Not yet recruiting
Active, not recruiting

Abatacept for GVHD prophylaxis after hematopoietic stem cell

CD40-L blockade for prevention of acute graft-vs.-host disease
Bridging Pediatric and Adult Biomarkers in graft-vs.-host disease

Co-inhibitory abatacept (CTLA4-Ig) added to standard GVHD
prophylaxis regimen

CD40-L blockade for prevention of GVHD

ST2 as a predictive biomarker for GVHD diagnosis and prognosis
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in plasma at day 7 post allo-HCT and miR-586 could be a
potential biomarker for predicting aGVHD and may also be
targeted for GVHD management (107).

Due to serious side effects of the currently practiced regimens
such as MMF or MTX, new therapeutic targets with less side
effects are being vigorously pursued. For example, a study
carried out on cyclosporine A based GVHD prophylaxis with
enteric-coated mycophenolate sodium instead of MMF or MTX
reported to reduce GVHD with less side effects (108). Another
major problem in GVHD management is drug resistance,
especially, SR. Therefore, a study carried out to test genetic
disruption of the glucocorticoid receptor gene. This study
provides clinical protocols for producing and administering
high-purity genetically-engineered virus-specific T cells that are

resistant to the suppressive effect of corticosteroids (109). In
addition, Ruxolitinib, a JAK1/2 inhibitor has been found effective
in SR patients with aGVHD and cGVHD (110). The aBTCR is
highly important in the pathogenesis of GVHD because it is the
primary signal for activating T cells. The humanized MoAb of
GZ-aBTCR attenuates the function T cells, suppresses clinical
signs of GVHD and increases the survival of patients (111). It
is most desirable that allo-HCT may cause high GVL effect and
negligible GVHD. A recent study has shown the importance
of cytolytic T cells in the enhancement of GVL response. The
adoptive transfer of naive donor-derived CD8™ cytolytic T cells
has evolved as a promising strategy to improve GVL effect (112).

In conclusion, the recent development in GVHD therapy and
diagnosis has opened a new dimension of innovative strategies

- —
N S

- . .
»2 TCR stimulation
co-stimulation
co-inhibition

-
S mm—--

more specific approach to control GVHD.

Graphical summary
Allogeneic
Donor hematopoietic cell  Host
transplantation

FIGURE 1 | Graphical summary. A diagrammatic illustration of GVHD occurrence post allo-HCT. Briefly, a healthy donor provides hematopoietic cells to a diseased
host. Post-transplantation, donor-derived T cells activate, proliferate and migrate to target tissues. T cell activation requires three basic signals: first, T cell
receptor/MHC signal; second, co-stimulatory signal; and third, cytokines. Due to the critical role of T cells in GVHD pathogenesis, T cell depletion (TCD) and
suppression account for most established therapeutic approaches. However, overall T cell depletion and suppression may give rise to a disease prone host.
Co-stimulatory molecules (depicted with + signs) are highly important for optimal activation of T cells. In contrast, co-inhibitory molecules (depicted with — signs) are
important to down-regulate T cell activation preventing excessive immune response. Innovative manipulation of co-stimulatory/co-inhibitory signals may represent a
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toward a potential cure for the adverse side effects of allo-HCT.
However, further study is required to bring these novel strategies
to the bedside.

FUTURE PERSPECTIVES

Allo-HCT has demonstrated a beneficial impact for patients
suffering from various health ailments. However, prevalence of
GVHD either acute or chronic poses a severe health concern and
remains a major obstacle for more successful application of allo-
HCT. Although a number of therapeutic options are currently
available to manage GVHD, these regimens have serious adverse
effects. Due to the central role of T cells in GVHD pathogenesis,
most of the therapeutic regimens are targeted at TCD and T
cell suppression. However, because T cells are essential in tumor
immunity and infection control, these strategies of overall T
cell suppression undesirably compromise host health. Therefore,
more specific modulation of T cell function is required for
successful GVHD treatment. In this setting, further elucidation
of how co-stimulatory and co-inhibitory molecules modulate
allogeneic immune response may reveal feasible targets that can
bring beneficial outcomes. Of note, recent mouse models and
human studies have demonstrated that intestinal microbiota are
involved in inducing GVHD and one potential mechanism is
influencing reconstitution of various T cell subsets after allo-HCT
(113-115). It remains to be determined whether microbiota may
modulate T cell co-signaling during allo-HCT.

Past studies have clearly demonstrated the important roles
of several co-stimulatory/co-inhibitory molecules in GVGD,
including CD28, CTLA-4, PD-1, OX40, and CD27. However,
many other molecules are yet to be studied for their impact
in allo-HCT. For example, leukocyte-associated Ig-like receptor
(LAIR) molecules belong to the Ig-SF that contain one Ig-
like domain and two cytoplasmic ITIM domains. These LAIR
molecules may function as an inhibitory receptor on NK cells, T
cells, B cells, monocytes, DCs and most thymocytes (116). CD96,
also known as Tactile (T cell activation, increased late expression)
is expressed on CD4" and CD8" T cells, NK cells and also
present on selected B cells (117). Human CD96 interacts with
nectin and nectin-like proteins and regulates NK cell function
(118). CD160 is found on a subpopulation of cytolytic T cells and
NK cells and functions as a broad specificity receptor for MHC
I and associated molecules. The binding of CD160 to MHC I
resulted in inhibition of cell-mediated cytotoxicity by CD8" T
cells and NK cells (119). Considering the roles of T cells and
NK cells in GVHD, these molecules could be involved in the
pathogenesis of GVHD. CD200, also known as OX-2, is another
Ig-SF membrane glycoprotein primarily expressed on myeloid
lineage and inhibits myeloid cell activity (120). The involvement
of myeloid cells in allo-HCT suggests that CD200 may play a
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Hematopoietic Cell Transplantation

Wei Du'' and Xuefang Cao "#*

" Department of Immunology, Roswell Park Comprehensive Cancer Center, Buffalo, NY, United States, ? Department of
Microbiology and Immunology, Marlene and Stewart Greenebaum Comprehensive Cancer Center, University of Maryland,
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Allogeneic hematopoietic cell transplantation (allo-HCT) is a potentially curative treatment
for hematologic malignancies, and other hematologic and immunologic diseases.
Donor-derived immune cells identify and attack cancer cells in the patient producing a
unique graft-vs.-tumor (GVT) effect. This beneficial response renders allo-HCT one of the
most effective forms of tumor immunotherapy. However, alloreactive donor T cells can
damage normal host cells thereby causing graft-vs.-host disease (GVHD), which results
in substantial morbidity and mortality. To date, GVHD remains as the major obstacle
for more successful application of allo-HCT. Of special significance in this context are a
number of cytotoxic pathways that are involved in GVHD and GVT response as well as
donor cell engraftment. In this review, we summarize progress in the investigation of these
cytotoxic pathways, including Fas/Fas ligand (FasL), perforin/granzyme, and cytokine
pathways. Many studies have delineated their distinct operating mechanisms and how
they are involved in the complex cellular interactions amongst donor, host, tumor, and
infectious pathogens. Driven by progressing elucidation of their contributions in immune
reconstitution and regulation, various interventional strategies targeting these pathways
have entered translational stages with aims to improve the effectiveness of allo-HCT.

Keywords: allogeneic hematopoietic cell transplantation (allo-HCT), graft-vs.-host disease (GVHD),

graft-vs.-tumor (GVT) effect, cytotoxic pathways, the Fas/Fas ligand (FasL) system, the perforin/granzyme
pathway, cytokines

INTRODUCTION

Allogeneic hematopoietic cell transplantation (allo-HCT) is a potentially curative treatment for
leukemia, lymphoma, and other hematologic malignancies. It is also an effective therapy for
some non-malignant diseases, such as aplastic anemia, immunodeficiencies, and autoimmune
diseases (1, 2). In allo-HCT, donors and recipients must have at least partially matched human
leukocyte antigen (HLA) genotype to ensure engraftment and decrease the possibility and severity
of graft-vs.-host disease (GVHD) (3). After the recipients are treated with conditioning regimens
that include high-dose chemotherapy or combined with radiotherapy, donor bone marrow cells or
peripheral blood stem cell (PBSCs) mobilized by granulocyte colony-stimulating factor (G-CSF) are
infused to the recipients. The cells in the allogeneic graft, which include hematological stem cells
and pre-existing immune cells, are not only important for re-establishing the hematological system,
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but also critical for reconstitution of immunity against tumor and
infectious pathogens (4). In case of malignant diseases, donor
immune cells are able to attack and eradicate residue malignant
cells. This unique immune response has been defined as the
graft-vs.-tumor (GVT) effect (5). However, the development of
GVHD may limit the success of allo-HCT, which results from
donor allogeneic T cells damaging normal recipient tissues as
foreign (4, 6, 7). Acute GVHD may develop within a few weeks
after allo-HCT, characterized by damage to susceptible organs,
causing skin lesion, liver dysfunction, and diarrhea. Chronic
GVHD occurs later leading to further damage to connective
tissue, respiratory tract, and exocrine glands. Multiple modalities,
including T cell depletion (TCD), immunosuppressive agents and
different conditioning regimens, have being utilized to prevent
or treat GVHD. Nevertheless, these strategies are not always
effective, and may adversely cause infection, cancer relapse, or
secondary malignancies (4, 6). Therefore, the “holy grail” of allo-
HCT remains the separation of the adverse GVHD from the
desired GVT effect.

It has been established that many types of donor-derived
immune cells, such as different subsets of T cells (4, 8), B cells
(9, 10), and NK cells (11, 12) are involved in mediating GVHD
and GVT effect. Donor-derived T cells remain the main player
for both GVHD and GVT response. Simply depleting T cells
from the allo-graft could successfully prevent GVHD (13), but
increases the risk of cancer relapse (14). Most of the therapeutic
approaches for GVHD are targeting T cells, such as T cell
modulation in different stages of transplantation (15, 16), co-
stimulatory and co-inhibitory modulation (17-21), and targeting
cytokines produced by T cells (22-24). The most practiced
GVHD therapy still use glucocorticoids that have strong and
broad anti-inflammatory effects including suppression of T cell-
mediated cytotoxicity (25).

Both CD4T and CD8' T cells can cause GVHD (26). At
the molecular level, a number of pathways have been described
for allogeneic T cell-mediated cytotoxicity, including Fas/Fas
ligand (FasL), perforin/granzymes, and cytokines such as tumor
necrosis factor o (TNFa), interferon y (IFNy), and TNF-related
apoptosis-inducing ligand (TRAIL) (27-29) (Figure 1). Many
studies have examined these pathways in allo-HCT. Interestingly,
most of these T cell-derived cytotoxic molecules can affect
both target cells and T cells themselves, while different T cell
subsets (e.g., CTLs vs. Tregs) can use the same molecule to
perform distinct functions thereby causing different impact on
GVHD and GVT response (28, 30-32). In principle, the Fas/FasL
pathway has been reported to function mainly in CD4t T
cell-mediated GVHD, while the perforin/granzyme pathway is
essential in CD8' T cell-mediated GVHD (33). In addition,
many reports have demonstrated the importance of cytokines in
regulating GVHD and GVT effects (34-39). In this review, we

Abbreviations: Allo-HCT, allogeneic hematopoietic cell transplantation; GVHD,
graft-vs.-host disease; GV'T, graft-vs.-tumor effect; TCD, T cell depletion; MHC,
major histocompatibility complex; TCR, T cell receptor; FasL, Fas ligand; GzmA,
granzyme A; GzmB, granzyme B; TNF-a, tumor necrosis factor alpha; IFN-
y, interferon gamma; TRAIL, tumor necrosis factor (TNF)-related apoptosis-
inducing ligand.

provide updates for research progress and treatment strategies
targeting these cytotoxic pathways.

Fas/FasL PATHWAY IN ALLO-HCT

Fas, also known as CD95, belongs to TNF receptor superfamily
and is expressed in multiple organs, playing a crucial role in
extrinsic programmed cell death. FasL, also known as TNFL6,
is predominantly expressed on activated T cells, macrophage,
and neutrophils. Fas is a type I transmembrane receptor protein,
existing as a homotrimer. Once engaged by FasL, Fas will
trigger the formation of the death-inducing signaling complex
(DISC). Subsequently, Fas interacts with the adaptor protein Fas-
associated death domain protein (FADD) through homologous
domain (40). This triggers the autocatalytic cleavage of pro-
caspase 8 into caspase 8 and activation of downstream molecules,
such as caspase 3, caspase 6, and caspase 7, which eventually
induce apoptosis. Caspase 8 can activate the mitochondrial cell
death pathway as well, resulting in activation of cytochrome c and
caspase 9 (40).

Fas or FasL deficiency in mice (Fas receptor mutation Ipr
mice and FasL deficiency gld mice) causes accumulation of
TCRafTCD37B220"CD4~CD8~ double negative (DN) T cells
and systemic lupus erythematosus like autoimmune disease,
which indicated Fas/FasL pathway plays an important role in
T cell negative selection in thymus (41, 42). Fas mutation
in human can also cause autoimmune lymphoproliferative
syndrome (ALPS) (43). Activation-induced cell death (AICD),
defined as activated T cells undergoing apoptosis after ligation
of TCR by antigen or mitogen, has critical regulatory function
of T cell response. Fas/FasL pathway is essential for AICD of T
cells, T cell selection during development, as well as mature T cell
re-stimulation by antigens (44, 45).

Fas/FasL in GVHD
Increased expression of Fas and FasL is observed in both CD8™
and CD4" T cells during GVHD (46-48) and is associated
with the severity of GVHD (48, 49). Blockade of Fas/FasL
pathway led to decreased overall mortality in GVHD (50, 51)
and reduced tissue specific organ damage (52). Meanwhile,
single-nucleotide polymorphism (SNP) analysis showed that
SNP of Fas in recipients can be used to improve prognostic
stratification of GVHD (53, 54). Furthermore, selective depletion
of host-sensitized donor lymphocytes by pre-treatment of soluble
FasL can prevent GVHD (54-56). These results indicate that
Fas/FasL is a key molecule in the pathogenesis of GVHD.
Mizrahi et al. (57) found that short-term mobilization of
peripheral blood by FasL reduced GVHD and improved survival
following lipopolysaccharide stimulation, while retaining GVT
activity. Likewise, engineered T cells displaying novel form of
FasL (streptavidin-FasL) eliminated alloreactive T cells without
significantly affecting GVT effect (58). However, the expression
level of Fas failed to serve as a sensitive and specific marker for
GVHD (59).

Variable mechanisms have been proposed for the function
of Fas/FasL pathway in GVHD. Using murine parent to F1
models, it was reported that FasL pathway was important for
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both CD4" and CD8' T cell-mediated GVHD. Host mice
receiving FasL-deficient donor T cells developed significantly less
GVHD compared with WT donor T cells (60). FasL-deficiency
in donor T cell did not affect T cell proliferation, homing,
activation, cytokine production, and anti-tumor activity, but
decreased mature T cell expansion after allo-HCT (50, 60).
However, allo-HCT of FasL-deficient T cells led to decreased
donor cell engraftment and subsequent chimerism (61). On the
recipient side, both Fas-deficient and FasL-deficient mice had
higher GVHD mortality compared with WT mice (62, 63).
Together, these findings show that Fas/FasL pathway in the host
is vital to resist donor cell engraftment and subsequent GVHD,
while important for donor cell engraftment in allogeneic host
to form stable chimerism after non-myeloablative conditioning.
Therefore, how to attenuate Fas-mediated GVHD, while not
affecting donor cell engraftment is a great challenge. Further
study showed brief exposure of unstimulated naive donor
lymphocytes to FasL in vitro preferentially depleted FasL-
sensitive cells, and attenuated GVHD without impairing
engraftment or GVT activity (64). In addition, FasL had been
found to enhance the killing activity of CD25" regulatory T cells
(killer Treg) and abrogate autoimmunity. Infusion of killer Treg
cells increased apoptosis of effector lymphocytes and ameliorated
GVHD severity (65).

Previously, it was believed that CD4t T cells cause
cytotoxicity mainly through Fas/FasL pathway while CD8"
T cells prefer the perforin/granzyme pathway (66). However,
reports afterwards demonstrated that the perforn/granzyme
pathway was involved in cytotoxic function of CD4™ T cells
and Fas/FasL is important for that of CD8T T cells as well,
though the potency was variable (60, 67). Maeda et al. (68)
reported that deficiency in either perforin or FasL in CD8' T
cells decreased the development of GVHD, indicating that both
were required for the function of alloreactive CD8" T cells.
However, another study showed that donor T cell cytotoxicity
via Fas/FasL or perforin was not prerequisite for induction of
GVHD (69). T cells lacking perforin and FasL function can
still cause lethal GVHD after bone marrow transplantation (69).
Furthermore, it was reported that memory CD8™ T cells in the
host mediated resistance to donor cell engraftment through a
mechanism that was independent of FasL and perforin pathways
(70). Sleater et al. (71) demonstrated that the absence of either
perforin or Fas had little impact on rejection of pancreatic islet.
However, simultaneous disruption of both pathways prevented
allograft rejection despite T cell infiltration. These findings
painted a complicated picture about how Fas/FasL in the
host and donor cells affect GVHD. We postulate that the
perforin/granzyme and Fas/FasL pathways comprise alternative
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and required mechanisms for T cell-mediated cytotoxic function
in the context of allo-HCT. In addition, FasL is the critical
for NK cell-mediated cytotoxicity. Donor NK cells have been
found to suppress GVHD while inducing GVT effect after allo-
HCT (72, 73). Olson et al. also showed that co-injection of
donor NK cells with alloreactive T cells decreased host GVHD
severity by reducing cytokine production, T cell activation, and
proliferation, via a mechanism that involved T cell apoptosis
induced by NK cells through the FasL and perforin pathways
(74).

FasL/Fas in Target Organ Damage

Skin, liver, and intestines are typical target organs in acute
GVHD, while primary and second lymphoid organs are also
susceptible. In a human skin explant model, higher GVHD score
was associated with Fas expression in epithelium and blockade
of Fas-mediated apoptosis decreased severity of cutaneous
GVHD damage (75). Likewise, in oral mucosa lesions, allogeneic
lymphocytes from FasL-defective mice did not induce vascular
damage, or epithelial cell death in recipients, suggesting a major
role of FasL by allogeneic lymphocyte-mediated mucosal GVHD
(76). It was found that radiation conditioning prior to allo-HCT
upregulated Fas expression on thymic stromal cells and donor
alloreactive T cells used FasL to medicate thymic GVHD (77).
In addition, bone marrow atrophy is mediated by p53-dependent
up-regulation of Fas (78). Ceramide-rich macrodomains are sites
where Fas is concentrated on cells. Sphingomyelinase-deficient
mice, which cannot generate ceramide, revealed reduced GVHD-
related organ damage, attenuated cytokine storm, and CD8" T
cell proliferation. These results indicate that GVHD-mediated
cutaneous damage is associated with Fas expression in recipients
(79). However, studies of GVHD in liver and intestines are
controversial. Hepatotoxicity is more likely through FasL-Fas
pathway (80), while intestinal GVHD is associated with FasL-
dependent TNFa level (81). Specifically, hepatic lesions were
improved by administration of anti-FasL antibody whereas
intestinal lesions were protected by anti-TNFa antibody but
not by anti-FasL antibody (82). This result indicates that FasL
and TNFa differentially contribute to GVHD pathogenesis.
Contradictory results were also reported that administration
of anti-FasL and anti-TNFa antibodies or using FasL-deficient
donor T cells was not able to prevent intestinal GVHD (52, 82,
83). Furthermore, hematopoietic stem cells are also susceptible
to FasL-induced cell apoptosis. A recent murine model study
indicated that bone marrow cells pretreated with IFNy increased
expression of Fas and related caspases and proapoptotic genes
which cause engraftment failure after allo-HCT (84). Therefore,
it becomes evident that multiple pathways are involved in this
sophisticated network and further investigations need to evaluate
the role of Fas/FasL pathway in crosstalk with other molecules
during GVHD target organ damage.

FasL/Fas System in GVT Effect

Initially, the FasL/Fas system was believed to engage in
GVHD only (32). Depletion of FasL led to decreased lethal
GVHD while GVT activity remained intact, suggesting that
other molecular pathways are responsible for GVT effect (85).

However, another report showed that CD8" T cell-mediated
GVT activity depended on IFNy and FasL but did not require
TNFa, perforin or TRAIL (35). Other studies showed that FasL
and perforin were both required for CD8" T cell-mediated GVT
effect (86), while the perforin/granzyme pathway may be more
dominant in GVT activity mediated by CD8" T cells (60). It is
also possible that CD4™" T cell-mediated GVT effect relies on both
the Fas/FasL and the perforin/granzyme pathways (60). These
studies used different donor-host combinations for allo-HCT and
various tumor models, which may explain the discrepancy on the
contributions of these pathways to GVT effect. While there is not
a comprehensive all-in-one model to quantify the contributions
of various pathways to GVT activity in different cancers that
are enormously heterogenous, it is reasonable to conclude that
the FasL/Fas system is important for GVT effect against certain
tumors.

PERFORIN/GRANZYME PATHWAY IN
ALLO-HCT, GVHD, AND GVT EFFECT

More than 30 years ago, a pore-forming molecule was observed
on cells that were targeted by NK cells (87), which was later
isolated, purified, and named perforin (88). A few years later, Jiirg
Tschopp’s group purified a family of serine protease stored in
cytoplasmic granules in cytotoxic T lymphocytes (CTLs) called
granzymes (89). To date, five different granzymes have been
identified in humans, named A, B, H, K, and M; while for mice,
there are 10 functional granzymes, A, B, C, D, E, E G, K, M,
and N (90). Granzymes and perforin are packaged in CTLs and
natural killer (NK) cells. When the killer cells engage their target
cells, these proteins are released into the target cell membrane
through synaptic cleft, where perforin mediates the influx of
granzymes through forming pores on target cell membrane.
Subsequently, granzymes cleave substrate proteins carrying out
multiple functions. GzmA and B are expressed in CTLs and NK
cells, whereas GzmK is expressed mainly in NK cells (91, 92).
Different granzymes have various substrates specificity. GzmA
and K exhibit tryptase-like activity and cleave substrates after
arginine or lysine, whereas GzmB cleaves its target proteins
after aspartic acid or glutamic acid. Among all these granzymes,
GzmB, which is responsible for apoptosis, is the most extensively
studied (93). Clipped by GzmB, pro-apoptotic BH3-only protein
BID translocated to mitochondria causing cytochrome C release.
Besides activation of mitochondria-mediated apoptosis, GzmB
can directly process caspase-dependent pathways, including the
effector caspase 3 and initiator caspase 8. A recent study also
reported that GzmB directly attacked mitochondria and triggered
increased production of reactive oxygen species (ROS) in target
cells that was involved in causing apoptosis (94). To date, GzmB
has been implicated in autoimmune disease, infection, cancer,
and GVHD (95).

It was reported in 1996 that perforin was involved in the
kinetics of GVHD induced by allogeneic T cells (52). Graubert
et al. (33, 96) further showed that the cytotoxic effect of GzmB
was pivotal for GVHD mediated by CD8' T cells, but not by
CD4™" T cells, and restricted in MHC I-mismatched GVHD.
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Then the contribution of this pathway to the GVT response
was examined a few years later. Tsukada et al. (38) used mouse
leukemia models to show that perforin-deficient donor cells
lost GVT activity, leading to early death of the hosts due to
leukemia outgrowth. On the other hand, a recent report showed
that perforin-dependent CD8' T cell apoptosis after donor
lymphocyte infusion (DLI) impaired T cell proliferation and
limited vaccine-based GVT effect (97). In addition, a recent
published study from Galleu et al. (98) stated that mesenchymal
stromal cells (MSCs) could be induced to undergo apoptosis in a
perforin-dependent manner, which was essential to initiate MSC-
induced immunosuppression after infusion to GVHD patients.
Moreover, the cytotoxic activity delivered by either host CD8"
T cells or host CD56" NK cells was correlated with less
severe GVHD for patients who get MSC therapy. Therefore, the
contribution of the perforin/granzyme pathway to GVHD and
GVT effect is more complicated than initially believed and is
involved in multiple aspects of GVHD.

Perforin/Granzyme Pathway in T
Regulatory Cells

Grossman et al. first showed that human adaptive Treg cells
(converted from CD4" conventional T cells) preferentially
express GzmB and can kill allogeneic target cells in a
perforin-dependent manner (99). On the other hand, human
CD47TCD25" natural Treg cells express GzmA but very
little GzmB. Both Treg subtypes display perforin-dependent
cytotoxicity against autologous target cells, including activated
CD4* and CD8™ T cells, CD14™ monocytes, and both immature
and mature dendritic cells (100). Based on in vitro activation of
human T cells, these findings suggest that the perforin/granzyme
pathway is one of the mechanisms that human Treg cells use
to control immune responses. A recent study from Choi et al.
(101) reported that the hypomethylating agent azacytidine could
drive Foxp3 expression in non-Treg cells and convert them
into Tregs that could suppress GVHD without decreasing GVT
effect in a murine model. And the suppressive function in
those converted Tregs was partially dependent on perforin, but
not GzmB. However, our studies with in vivo mouse tumor
models showed that GzmB is important for natural Treg cell-
mediated suppression of anti-tumor response (102). For natural
Treg cell-mediated allogeneic T cell response, it was learned
that GzmB was not required for donor natural Treg cell-
mediated suppression of murine GVHD (103). Furthermore,
our recent work has proven that GzmB is not required for
natural Treg cell-mediated suppression of GVT effect either
(104). Therefore, it seems that inhibiting GzmB will cause
minimal influence on natural Treg-mediated suppression of
murine GVHD and GVT effect. However, GzmA has recently
been reported to be required for Treg-mediated suppression of
murine GVHD, providing protection against GI tract damage
(105). In a recent clinical study, Ukena S et al. analyzed
CD47CD25MCD127" Treg population from patients with and
without GVHD after allo-HCT and found that higher GzmA
expression in Treg cells had better tolerance to allo-graft
(106).

Perforin/Granzyme Pathway in CD8* and

CD4*CD25~ Conventional T Cells

Using MHC I-mismatched and MHC-fully mismatched murine
models, Graubert et al. reported in 1996 that GzmB was
important for CD8" T cells to cause lethal GVHD. GzmB
deficiency in CD8™ T cells significantly decreased the lethality
and severity of GVHD after transplantation (96). Recent studies
by our lab added to two new discoveries. First, while GzmB~/~
CDS8™' T cells exhibit reduced ability to cause GVHD, which
was expected, surprisingly GzmB~/~ CD8% T cells showed
significantly enhanced GVT activity with several tumor models
(107). GzmB-mediated activation-induced T cell death may
account for the different anti-tumor immune responses between
WT and GzmB~/~ CD8* T cells. Secondly, we have found
that a TLR5 agonist, could not only enhance GVT activity
via activating antigen presenting cells (APCs) (108), but also
stimulate up-regulation of endogenous GzmB inhibitor, Spi6, in
accessory immune cells including APCs. In addition, our new
report showed that Spi6 protects alloreactive T cells from GzmB-
mediated mitochondrial damage, preserving their ability to cause
GVHD without affecting GVT effect (109). Yet our study also
suggests a novel function for Spi6, which contributes to GzmB-
independent protection of intestinal epithelial cells in murine
GVHD (110).

Initially, it was thought that GzmB was not important
for CD4T T cell-mediated GVHD. However, from our study
published recently, we found that GzmB expression was
upregulated in CD4*TCD25~ conventional T cells after allo-
HCT (111). GzmB~/~ CD4+CD25 T cells exhibited enhanced
expansion which was due to decreased activation-induced cell
death (AICD). More GI tract damage and more cytokine
production were observed in the hosts mice receiving GzmB~/~
CD47CD25~ T cells. Using both MHC-mismatched (B6 to
BALB/c) and minor antigen mismatched (129/Sv] to B6) models,
we confirmed that GzmB~/~ CD4+CD25 T cells caused more
severe GVHD compared to WT counterparts (111). On the flip
side, GzmB™/~ CD4*CD25~ conventional T cells partially lost
GVT effect compared with WT T cells (104).

These new results reveal a more complicated paradigm for
this pathway in allo-HCT as GzmB function in different T
cell subsets (CD4" vs. CD8") unexpectedly leads to opposite
outcomes in GVHD and GVT effect. Therefore, simply targeting
GzmB in total T cell population is probably not beneficial
for improving allo-HCT. Instead, disabling GzmB function in
selected CD8™ donor T cells but not in CD4TCD25~ donor
T cells may lead to favorable outcomes desired for allo-HCT
patients.

OTHER CYTOTOXIC PATHWAYS IN
ALLO-HCT

Cytokines and their receptors are involved in different stages
of GVHD, from T cell activation, differentiation, trafficking to
direct tissue injury. In completed clinical trials, blockade of single
cytokines alone, such as TNFa or interleukin-1 (IL-1), failed to
improve clinical outcomes (24, 112) although there were evidence
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showing significant correlation between IL-1, IL-1p, and TNEF-
o and GVHD occurrence (113). The reason for these results is
elusive and related to insufficient insight of complexity of the
cytokine network. Latest advances in immunology and novel
therapeutic agents suggest that the strategy of targeting cytokines
needs to be revisited and may provide salutary effects on GVHD
and GVT management.

TNF«

TNFa is a type II transmembrane protein which can be cleaved
to a soluble form. It has been well-studied and known as a pro-
inflammatory cytokine (114, 115). Holler et al. first reported that
increased blood level of TNFa was observed in acute GVHD
(116). Soluble TNF receptors (TNFRs) were also associated with
GVHD related complications (117). Choi et al. demonstrated
the dynamical change of TNFRI level before and after allo-
HCT and its correlation with high grade II-IV GVHD (118).
Clinical trial investigating the combination of TNFo monoclonal
antibody (Etanercept) plus methylprednisolone as initial therapy
for GVHD found substantial majority of remission, delayed onset
of acute GVHD and reduced organ damage (112). Subsequent
phase II trial revealed that lower TNFRI level was linked
with better prognosis. However, adding Etanercept to standard
prophylaxis did not affect the overall rate of GVHD (119).
In a multicenter prospective study, Etanercept arm had lower
rate of GVHD initially, but achieved similar response in the
end (120). Infliximab, a murine-human chimerized monoclonal
antibody against TNFa, failed to lower the risk of GVHD
in a small prospective study (121). In addition, TNFa has
been a promising target in GVHD prevention particularly in
gastrointestinal system (122). It should be noted that none of
the studies stratify the patients based on their TNFa or TNFRs
levels and these ambiguous findings should prompt us to revamp
the conventional concept of TNFa. On the flip side, TNFa

performs critical regulatory function in Treg cells after allo-HCT
(123). In a murine allo-HCT study, donor Treg cells primed
by TNFa can decrease GVHD, prolong animal survival and
maintain GVT effect (124). Overall speaking, TNFa plays a
fundamental role in allo-HCT, including GVHD initiation and
progression, affecting clinical outcome and response to therapy,
yet it functions much more like a pro-inflammatory cytokine
than a cytotoxic molecule.

IFNy

IFNy plays a central role in host defense by regulating both
innate and adaptive immunity, including specific effects on T cell
differentiation and proliferation (125). IFNy exerts paradoxical
effect in GVHD. Exogenous IL-12 treatment stimulates IFNy-
mediated protection against GVHD after lethal irradiation
conditioning on the day of allo-HCT (126). However, using IFNy
knockout mice, two groups independently reported that neither
donor nor host derived IFNY is required for the development of
GVHD (127, 128). Further studies confirm that the protective
effect of IFNy may depend on IL-12, IL-18, or Fas (129-131).
Although the exact mechanism of IFNy in GVHD remains
unclear, it may implicate that IFNy signaling in recipient non-
hematopoietic cells is more important in the process of GVHD
development (125). In a recent study, Kim et al. (132) showed
that human MSCs, primed with IFNy before infusion, displayed
stronger suppression of GVHD in vivo in an indoleamine 2,3-
dioxygenase (IDO)-dependent manner. On the other aspect,
IFNy production is essential for tumor eradication as well (133).
GVT effect was diminished in the hosts receiving IFNy-deficient
donor cells as IFNy was also shown to promote FasL-dependent
GVT activity of CD8" T cells (35). Furthermore, lack of IFNy
led to impaired Treg function and exacerbated GVHD (134).
Among these studies, we note that IFNy may function as a
cytotoxic molecule as well as a proinflammatory cytokine. While

TABLE 1 | Contribution of different cytotoxic pathways in allo-HCT.

Cytotoxic pathway Influence on GVHD

Influence on GVT Target organs

Contributes to both CD4+ and CD8™ T cell-mediated
GVHD (46-54, 60, 67, 68).

FasL in NK cells inhibits GVHD (72-74).

Involved in CD8T T cell-mediated GVHD (52, 68)
Perforin in NK cells inhibits GVHD (74).

GzmB is involved in CD8* T cell-mediated GVHD (107).
GzmB decreases CD41 T cell-induced GVHD (111).
GzmB does not affect natural Treg cell mediated
suppression of GVHD (103).

Fas/FasL

Perforin

GzmB

GzmA GzmA is required for Treg-mediated suppression of

GVHD (105, 106).

Controversial; Can be either protective against GVHD
(126, 129-132), or dispensable for GVHD (127, 128).
IFNy increases Treg-mediated suppression GVHD (134).
TNFa is associated with GVHD development (112, 119).
TRAIL in T cells decreases GVHD (137).

Soluble TRAIL prevents GVHD (138).

IFNy

TNFa
TRAIL

Controversial; seems more important for CD4+
T cell-mediated GVT (28, 35, 60, 85, 86).

Damage skin, liver, thymus,
HSC, controversial for Gl
(75-84).

Critical for CD8* T cell-mediated GVT (38, 97).  Not defined (31).

GzmB damages CD8* T cell-mediated GVT
(107).

GzmB contributes to optimal GVT induced by
CD4™ T cells (104).

GzmB does not affect natural Treg cell
mediated suppression of GVT (103).

Not defined (31, 105, 107).

No report Protects GI GVHD (105).

IFNy is critical for GVT effect (35, 36, 133). No report

No report
TRAIL is required for GVT effect (37, 136, 137).

Damages skin, liver, Gl (122).
No report
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both functions are involved in GVHD and GVT effect, a better
mechanistic understanding of the INFy signaling is still required
for dissociating the GVT effect from GVHD.

Tumor Necrosis Factor-Related
Apoptosis-Inducing Ligand

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) belongs to TNF superfamily. TRAIL can induce target
cell apoptosis though binding to death receptor (DR) 4 or 5 (135).
TRAIL is upregulated after allogeneic stimulation and does not
affect donor T cell proliferation and cytokine production. It has
been reported that TRAIL contributes to optimal GVT effect
since TRAIL™/~ donor T cells exhibit decreased anti-tumor
activity (37). NK cell-derived TRAIL was also shown to kill acute
lymphoblastic leukemia cells after HCT (136). A study using
over-expression system revealed that TRAILT T cells induced
less GVHD but augmented GVT effect (137), while another study
reported that the level of soluble TRAIL in peripheral blood after
allo-HCT was corelated with better prognosis with less GVHD
(138), suggesting that TRAIL may be a feasible target for GVHD
and GVT management.

CONCLUSION AND PERSPECTIVE

The prevention and treatment of GVHD without impairing
the GVT effect remains a major challenge for allo-HCT. Over
the past decades, intriguing studies in the field of cytotoxic
pathways open new avenues that can potentially diminish
GVHD while largely preserving the GVT effect. It has been
established that Fas/FasL, perforin/granzyme and cytokines
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Stress Response Reduces T Cell
Alloreactivity Yet Spares Donor
Anti-tumor Immunity
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Acute graft- vs. -host disease (GVHD) is an important cause of morbidity and death
after allogeneic hematopoietic cell transplantation (HCT). We identify a new approach
to prevent GVHD that impairs monocyte-derived dendritic cell (moDC) alloactivation of
T cells, yet preserves graft- vs.-leukemia (GVL). Exceeding endoplasmic reticulum (ER)
capacity results in a spliced form of X-box binding protein-1 (XBP-1s). XBP-1s mediates
ER stress and inflammatory responses. We demonstrate that siRNA targeting XBP-1
in moDCs abrogates their stimulation of allogeneic T cells. B-109, an inositol-requiring
enzyme-1a (IRE1a) inhibitor that prevents XBP-1 splicing, reduces human moDC
migration, allo-stimulatory potency, and curtails moDC IL-18, TGFB, and p40 cytokines,
suppressing Th1 and Th17 cell priming. B-109-treated moDCs reduce responder T cell
activation via calcium flux without interfering with regulatory T cell (Treg) function or GVL
effects by cytotoxic T lymphocytes (CTL) and NK cells. In a human T cell mediated
xenogeneic GVHD model, B-109 inhibition of XBP-1s reduced target-organ damage and
pathogenic Th1 and Th17 cells without impacting donor Tregs or anti-tumor CTL. DC
XBP-1s inhibition provides an innovative strategy to prevent GVHD and retain GVL.

Keywords: GvHD, GvL, er stress, XBP-1S, dendritic cell (DC)

Frontiers in Immunology | www.frontiersin.org 157

December 2018 | Volume 9 | Article 2887


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.02887
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02887&domain=pdf&date_stamp=2018-12-06
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:bett0121@umn.edu
https://doi.org/10.3389/fimmu.2018.02887
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02887/full
http://loop.frontiersin.org/people/535681/overview
http://loop.frontiersin.org/people/648332/overview
http://loop.frontiersin.org/people/282343/overview
http://loop.frontiersin.org/people/311522/overview
http://loop.frontiersin.org/people/625487/overview
http://loop.frontiersin.org/people/531859/overview
http://loop.frontiersin.org/people/599630/overview
http://loop.frontiersin.org/people/489965/overview
http://loop.frontiersin.org/people/646916/overview

Betts et al.

moDC XBP-1s Inhibition Prevents Alloreactivity

INTRODUCTION

DCs are a relevant biologic target for GVHD prevention
(1), though current immune suppressive GVHD treatment
strategies primarily act upon donor T cells (2-4). Beyond antigen
presentation and costimulation, DCs produce proinflammatory
cytokines that fuel alloreactive T cells (5). Activated DCs
secrete IL-1B via the inflammasome (6), which promotes the
differentiation of pathogenic Th17 cells (7, 8). In response to ER
stress, the inflammasome is regulated by XBP-1, a transcription
factor that is spliced and activated by the RNAse subunit of IRE1a
(9, 10). XBP-1s allows the ER to synthesize lipids, expand its
size, and produce chaperones to fold ER client proteins that can
protect stressed cells from death (9, 11, 12). Prolonged ER stress
leads to hyperactivation of IREla and secondary inflammasome
activation via interactions between XBP-1s and NLRP3 (9, 13).
Additionally, XBP-1s regulates DC responses to inflammatory
stimuli, such as lipopolysaccharide (LPS) (14).

Inflammasome activity within recipient tissue directly impacts
murine GVHD severity (15). NLRP3-deficient mice are partially
protected from acute GVHD, while transfer of allogeneic NLRP3-
deficient donor T cells to normal hosts has no protective effect
(15). This suggests that inflammasome activity in antigen present
cells, and/or DCs, contribute to acute GVHD. Furthermore,
microRNA-155 is known to regulate DC inflammasome activity
(15). MicroRNA-155 deficient murine DCs exhibit impaired IL-
1B production from the inflammasome, and such recipient mice
also develop significantly less severe acute GVHD (16). In other
studies, GVHD but not no GVHD transplant control mice were
shown to induce inflammasome activation in myeloid-derived
suppressor cells within the first 5 days post-transplant resulting in
aloss of their suppressor function (17). Inflammasome activation
has been linked to the expression of the purinergic receptors
P2x7R and P2Y2, that can sense ATP from damage-associated
molecular patterns produced during GVHD, while neutralizing
ATP or purinergic receptor triggering reduces GVHD (18, 19).
Similarly in patients, high ATP levels have been documented
in the peritoneal fluid of patients with severe GVHD (18).
Altogether, this evidence strongly supports the pathogenic role
of the inflammasome in acute GVHD biology (20).

However, translating this concept to clinical transplantation
remains a challenge. Administering IL-1 receptor antagonist
failed to prevent acute GVHD in some (21), but not all (22)
murine models, and in patients treated in the early post- or
peri-HCT period, respectively (23). While the inflammasome
and IL-1p are biologically relevant to GVHD pathogenesis, the
best strategy to target IL-1B and control donor T cells remains
uncertain (15, 23).

Given the fundamental contributions of the inflammasome
to acute GVHD and XBP-1s as a regulator of inflammasome
activation, targeting ER stress via XBP-1s inactivation could
represent a novel strategy to prevent acute GVHD. In support of
this possibility is work in autoimmune syndromes showing that

Abbreviations: GVHD, graft-vs.-host disease; HCT, hematopoietic cell
transplantation; moDC, monocyte-derived dendritic cell; ER, endoplasmic
reticulum; CTL, stress, cytotoxic T lymphocytes ; LPS, lipopolysaccharide; GVL,
graft- vs.-leukemia.

blocking ER stress with tauroursodeoxycholic acid ameliorates
experimental autoimmune encephalomyelitis and reduces Th17
differentiation (24). In a donor B cell dependent chronic GVHD
model, suppressing XBP-1s in donor B cells reduces murine
chronic GVHD (25). While these findings in murine chronic
GVHD are important, translational questions regarding how the
ER stress response influences human acute GVHD pathogenesis
were not addressed.

Our present work is distinct from observations in murine
chronic GVHD, as we demonstrate that siRNA knock down
or a small molecule inhibitor of XBP-1s can ameliorate DC-
allostimulation of human T cells, and using a human skin
xenograft model we show that pharmacologic inhibition of XBP-
Is can reduce donor alloreactivity in vivo. Mechanistically, we
also demonstrate how blocking the ER stress response of DCs
impacts responding donor T cell activation and differentiation.
Herein, we provide human data that support XBP-1s* DCs are
relevant biologic targets to prevent acute GVHD, without loss of
Treg function or anti-tumor activity by CTLs and NK cells.

MATERIALS AND METHODS

Medium

Unless otherwise stated, cells were cultured in complete RPMI
supplemented with 10% heat-inactivated, pooled human serum
(26).

mAbs and Flow Cytometry
Fluorochrome-conjugated anti-mouse or -human monoclonal
antibodies included anti-CD3, CD4, CD8, CD25, CD25RO,
CD83, CD86, HLA-DR, CD127, CCR6, CCR7, Ki-67, Foxp3,
IFNvy, IL-4, IL-17A, XBP-1s, and phosphorylated STAT3 Y705
(Supplemental Table 1). Live/Dead Fixable Yellow Dead Cell
Stain (Life Technologies) was used to determine viability. Live
events were acquired on a FACSCanto (FlowJo software, ver.
7.6.4).

moDC Phenotyping

LPS-mature moDCs were surfaced stained for CD83, followed
by fixation, permeabilization (eBioscience) and intracellular
staining for XBP-1s. All other moDC maturation phenotyping
was performed as described (19, 21).

siRNA Knock Down of XBP-1

Immature, human moDCs were loaded with XBP-1 or control
siRNAs (Dharmacon) using polyethyleneimine (Polyplus), and
then stimulated with LPS (1 pwg/ml) for 24 h in the presence of B-
109 (20 wM) or DMSO (0.1%). XBP-1 knock down was confirmed
by flow cytometry. The moDCs were then used as stimulators in
5-day alloMLRs.

moDC Experiments and alloMLRs

Immature human moDCs were cytokine-generated and
differentiated with LPS as described (27). B-109, XBP-1s
inhibitor, was synthesized and purified as reported (28). For
XBP-1s expression experiments, moDCs were stimulated with
LPS for 24 h while treated with B-109 (20 uM) or DMSO (0.1%).
Supernatant cytokines were quantified using commercial ELISA
kits (Thermo Fisher Scientific Inc) after 24 h of LPS-stimulation
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in the presence of B-I09 or DMSO. RT-PCR to analyze the levels
of regulated IRE1-dependent decay (RIDD) substrates, and total
and spliced XBP-1 mRNA was performed after LPS stimulation.

moDC chemotaxis was quantified by migration through a
5 wm pore filter in the chamber of a 24-well transwell plate (29).
The lower chamber was filled with 500 ] RPMI enriched with
10% heat-inactivated, human pooled serum and B-I09 (20 M)
or DMSO (0.1%). moDCs pre-treated with B-I09 or DMSO
during LPS-maturation were added to the upper chamber at 1
x 10°/50 pl. CCL19 or CCL21 (300 ng/ml, R&D systems) was
added to the lower well and moDC migration was analyzed after
3h.

moDC stimulatory capacity was measured in 5-day allogeneic
mixed leukocyte reactions (alloMLR). Purified T cells were
obtained from healthy human donors (OneBlood) as described
(26). AlloMLRs were plated at a moDC:T cell ratio of 1:30.
The MLRs consisted of DMSO (0.1%) or B-I09 (20 uM) pre-
treated moDCs, DMSO or B-109 treated MLR medium only, or
both. T cell proliferation was determined by a colorimetric assay
(Promega) (26, 30).

Calcium Flux Assay

Human moDCs were stimulated with LPS (1 pug/ml) for 24h
in the presence of B-I09 (20 uM) or DMSO (0.1%), and then
used to stimulate allogeneic T cells in 5-day alloMLRs. The T
cells were then rested for 24 h at 37°C after primary stimulation,
transferred to FluoroDish (WP, 35 mm, 5 x 10° T cells/200 1)
plates coated with Cell-Tak (Corning), loaded with Fluo-4 dye
(Thermofisher) for 30 min and washed, and finally restimulated
with fresh B-109- or DMSO-treated moDCs (3 x 10%) during live
cell imaging to monitor calcium flux in real time (Moffitt Cancer
Center, Analytic Microscopy Core).

Live T cells were observed with a Leica TCS SP8 AOBS
laser scanning confocal microscope through a 20X/0.8NA or
40X/1.3NA Plan Apochromat objective lens (Leica Microsystems
CMS GmbH, Germany). A 488nm laser line was applied to
excite the sample and tunable emission was set to capture the
Fluo-4 spectrum. Images were captured at 400 Hz scan speed
with photomultiplier detectors and LAS X software version 3.1.5
(Leica Microsystems).

Time lapse images were analyzed using the Definiens Tissue
Studio v4.7 (Definiens AG, Munich, Germany) software suite.
The green fluorescent channel images were segmented by green
intensity and cell size. The image was analyzed as an 8 bit image
and intensity was measured from 0 to 255 grayscale fluorescent
units. The cells were then quantified for green intensity per field
for each time point imaged and then plotted for intensity over
time.

REVERSE TRANSCRIPTION AND
QUANTITATIVE POLYMERASE CHAIN
REACTION (qPCR) TO DETECT THE
EXPRESSION LEVELS OF RIDD
SUBSTRATES

Human moDCs were stimulated with LPS (1 pug/ml) for 24h
in the presence of B-I09 (20 uM) or DMSO (0.1%). moDCs

were then harvested and total RNA was isolated using TRIzol
reagent (Invitrogen). Complementary DNA was synthesized
from RNA using Maxima H Minus reverse transcriptase (Thermo
Scientific). The following sets of primers were used together with
iTaq Universal SYBR Green Supermix (Roche) in qPCR to detect
the expression levels of human GAPDH (GGA TGA TGT TCT
GGA GAG CCand CAT CAC CAT CTT CCA GGA GC); human
XBP1s (CTG AGT CCG AAT CAG GTG CAG and ATC CAT
GGG GAG ATG TTC TGG); human XBP1t (TGG CCG GGT
CTG CTG AGT CCG and ATC CAT GGG GAG ATG TTC
TGG); human Bloc1S1 (CCC AAT TTG CCA AGC AGA CA and
CAT CCC CAA TTT CCT TGA GTG C); human CD59 (TGA
TGC GTG TCT CAT TAC CAA AGC and ACA CAG GTC CTT
CTT GCA GCA G); and human Scara3 (AAC TTC CTG CAC
ACA CTG GC and CAA ACC AGT TGC ACA TCC AG).

Treg Experiments

Tregs were defined as CD4™, CD127~, CD25%, Foxp3™ cells
(31, 32). Treg potency was determined using suppression assays
(26). DMSO (0.1%) or B-I09 (20 wM) was only added to the
initial culture to expand the Tregs. No drug was added to the
suppression assay medium. Conventional, alloreactive T cell
(Tconv) proliferation was measured by Ki-67 expression using
flow cytometry. To test the effect of XBP-1s blockade on natural
(nTreg) or in vitro induced Tregs (iTreg), circulating Tregs were
isolated from healthy donor blood by magnetic bead purification
(CD4™, CD25™). Tconv (CD4*1, CD25™) were also purified from
the donor sample and stimulated with allogeneic moDCs and
IL-2 for iTreg differentiation. The enriched nTregs were also
cultured with IL-2 (20IU/ml) and allogeneic moDCs (pretreated
with DMSO or B-109) at a ratio of 1:30. DMSO (0.1%) or B-
109 (20M) was added to the co-culture once on day 0 as
indicated. After 5 days, the cells were harvested and analyzed
by flow cytometry. Tregs were enumerated using CountBright
beads (Thermo Fisher Scientific Inc). In select experiments,
TGEFB1 (4 ng/ml) (R&D Systems) was added to the medium on
alternating days.

Th1, Th2, and Th17 Phenotype Experiments
T cells were cultured with DMSO- or B-109-pretreated, allogeneic
moDCs, DMSO (0.1%) or B-109 (20 wM) was added once on
day 0. For Th17 experiments only, the T cells were first CD4-
purified by magnetic bead isolation and supplemented with IL-1f
or TGF as indicated, and anti-IFNy antibody (26). On day +5,
the T cells were harvested and stained to identify the following T
helper subsets: Th17 - CD4™, IL-17A™; Th1 - CD4*, IENy™; and
Th2 - CD4™, IL-4T.

Tumor Lysis Experiments and T Cell Recall

Response

Human peripheral blood mononuclear cells (PBMCs, 5x10°)
were stimulated with irradiated (30Gy) U937 cells (American
Type Culture Collection) at a 1:1 ratio on day 0 and +7. DMSO
(0.1%) or B-109 (20 M) was added on day 0. CD8' T cells
were isolated on days +12-14 (to prevent non-specific killing
by NK cells), and then cultured with fresh U937 cells at the
stated effector-to-target ratios for 4h at 37°C (26). Unprimed
CD8™ T cells served as a negative control. No drug was added.
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Tumor lysis was determined by a colorimetric LDH release
assay (Thermo Fisher Scientific Inc) (26, 33). Percent lysis was
calculated as follows: [(test optical density (OD) - spontaneous
OD)/(maximum OD - spontaneous OD)] x 100 (26, 33).

To determine T cell recall response to nominal antigen, T
cells were cultured with autologous moDCs loaded with a mixed
CMYV, EBY, influenza, and tetanus peptide pool (JPT). DMSO
(0.1%) or B-109 (20 pM) was added once on day 0 of the culture.
T cell proliferation was determined after 3 days of culture (34).

NK Cell Experiments

Human natural killer cells (NK cells) were isolated from healthy
donor PBMCs by magnetic bead purification (Miltenyi Biotec
Inc). NK cells were cultured with K562 cells at the stated
effector-to-target ratios for 5h at 37°C in the presence of DMSO
(0.1%) or B-109 (20uM) (35). Tumor lysis was determined by a
colorimetric LDH release assay (33, 35).

NK cell proliferation was assessed by allogeneic moDC
(moDC: NK cell ratio 1:10) or cytokine stimulation (IL-2 200
IU/ml and IL-15 10 ng/ml) (35). DMSO (0.1%) or B-109 (20 pM)
was added once on day 0 of the culture. NK cell proliferation was
determined after 5 days using a colorimetric assay.

Xenograft Model and in vivo CTL

Generation

NSG mice were transplanted with a 1 cm? human skin graft using
a well-established model (33, 36, 37). Skin was procured from
consented mastectomy patients (MCC 17634, an IRB-approved
protocol). After 30 days of rest, mice received 5 x 10° fresh,
human PBMCs (OneBlood) i.p. using a random donor allogeneic
to the skin graft (26, 36, 37). Each transplant experiment used
a unique donor pair of skin and PBMCs. B-I09 30 mg/kg
or a polyethylene glycol-based vehicle (26) was given by i.p.
injection 5 days a week for 3 weeks. On day +21, mice were
humanely euthanized; skin grafts, host lung, host liver, and host
spleen were harvested for analysis. Skin rejection and xenogeneic
GVHD scoring was performed blinded according to standard
criteria (26, 33, 38). Processed spleens cells were phenotyped
by flow cytometry. To generate CD8" CTL in vivo, mice were
transplanted with 30 x 10° human PBMCs and also received
irradiated U937 cells (10x10°) on day 0 and +7 (26, 33). Control
mice received PBMCs alone without tumor. Mice did not receive
skin grafts for these experiments. Mice received B-109 or vehicle
exactly as stated. On days +10-12, the mice were humanely
euthanized and the spleens were harvested. Human CD8™ T cells
within the spleens were purified by magnetic beads. Tumor lysis
assays were performed in vitro.

NSG Mice for Xenograft Model and in vivo
CTL Generation

NSG mice (male or female, 6-24 weeks old) were used in
the described in vivo experiments. NSG mice were purchased
from The Jackson Laboratory and raised at the Moffitt Cancer
Center vivarium. Experiments were performed according to
an Institutional Animal Care and Use Committee (IACUC)-
approved protocol in adherence to the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals.

Statistical Analysis

Data are reported as mean values +=SEM. Normality was tested by
the Anderson-Darling test. For comparisons of dependent data,
the paired t-test was used. The Mann-Whitney test was used
for comparisons of in vivo mouse and patient skin sample data.
ANOVA was used for group comparisons, including a Dunnett’s
or Tukey post-test with correction for multiple-comparisons. The
statistical analysis was conducted using Prism software version
5.04 (GraphPad). Statistical significance was defined by P < 0.05
(two-tailed).

RESULTS

XBP-1s Inhibition Reduces the Stimulatory
Potency of moDCs Toward Allogeneic T

Cells

XBP-1 mRNA is constitutively spliced by IREla in moDCs
at steady-state (14, 39). The TLR4 agonist, LPS, triggers ER
stress and augments XBP-1 splicing (40). We first tested the
effect of XBP-1s blockade on human moDC stimulatory capacity
in alloMLRs. To genetically suppress XBP-1s, human moDCs
were treated with XBP-1 or control siRNA and stimulated with
LPS for 24h (Figure 1A). Allogeneic T cells responding to the
XBP-1 siRNA-treated moDCs showed a significant reduction in
proliferation compared to controls (Figure 1B).

B-109 blocks the RNAse activity of IREla, suppressing XBP-
1 splicing (28). B-I09 (20 M) has shown on-target XBP-
Is inhibition in murine B cells and chronic lymphocytic
leukemia (28). Similar to its effects on murine B cells, B-
109 significantly reduces XBP-1s in human, LPS-stimulated
moDCs (Supplemental Figures 1A,B). We confirmed on-target
inhibition of XBP-1s in moDCs by B-I09 via RNA expression,
and verified that key regulated IRE1 dependent decay (RIDD)
substrates, BlocS1 (41) and CD59 (42), were unaffected by the
inhibitor compared to DMSO (Figure 1C). IREla also exhibits
kinase activity and phosphorylates c-Jun N-terminal kinase
(JNK) in response to ER stress (43). Disruption of JNK signaling
could interfere with moDC function (44). However, B-109 did
not suppress IREla-mediated JNK phosphorylation in human
moDCs (Supplemental Figures 2A,B).

Despite the inhibitory effect of B-I09 on moDC XBP-1
splicing, B-109 did not impair LPS-mediated moDC maturation
or viability (Supplemental Figures 3A-D). Pre-treating the
moDCs with B-I09 (20 uM) during LPS-maturation had no
significant effect on the stimulation of allogeneic T cell
proliferation (Figure 1D, condition 1 vs. condition 4). Adding
B-109 to the allogeneic co-culture alone produced a modest
reduction in T cell proliferation (Figure 1D, condition 2 vs.
condition 5). moDC-allostimulated T cell proliferation was
significantly impaired when the moDCs were first pre-treated
with B-I09 during LPS-maturation and added once again to
the alloMLR medium (Figure 1D, condition 3 vs. condition
6). Therefore, moDCs require XBP-1s suppression during
maturation and also during their interactions with T cells to
fully inhibit the alloresponse. Based on these data, allogeneic
co-cultures described hereafter used either DMSO- (0.1%) or
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FIGURE 1 | XBP-1s inhibition reduces the stimulatory potency of moDCs toward allogeneic T cells. Human moDCs were stimulated with LPS (1 wg/ml) for 24 h in the
presence of XBP-1 or control siRNA. (A) Representative histograms show XBP-1s expression in siRNA-treated moDCs. (B) T cells were stimulated by XBP-1- or
control-siRNA-treated moDCs in alloMLRs. T cell proliferation (MTS colormetric assay) after 5 days is shown. AlloMLRs were plated in replicates of 5 at a moDC: T cell
ratio of 1:30. 1 representative experiment of 2 independent studies is shown, Dunnett’s test. (C) Human moDCs were stimulated with LPS (1 wg/ml) for 24 h in the
presence of B-109 (20 wM) or DMSO (0.1%). Bar graph shows triplicate mean XBP-1s or total XBP-1 mRNA, vs. the RIDD components BlocS1 and CD59 in B-109- or
DMSO-treated moDCs after 24 h of LPS stimulation as measured by RT-PCR. 1 representative experiment of 4 independent studies is shown, Tukey'’s test. (D) T cell
proliferation (MTS colormetric assay) measured in 5-day MLRs using B-109- or DMSO-treated allogeneic, moDCs. Table depicts whether moDCs were pre-treated
with DMSO (0.1%) or B-109 (20 M), or if DMSO (0.1%) or B-109 (20 wM) was added to the MLR medium. Replicate means from 4 independent experiments are
shown, Dunnett’s test. (E,F) Human moDCs were LPS-stimulated for 24 h with B-109 or DMSQO. Bar graphs show proportion of migrating moDCs in transwell assays
testing CCL19 or CCL21 (300 ng/ml, 3 h) chemotaxis. Replicate means from 4 independent experiments are shown for each, Dunnett’s test. (G) Human moDCs were
stimulated with LPS (1 wg/ml) for 24 h in the presence of B-109 (20 M) or DMSO (0.1%), and then used to activate allogeneic T cells for 5 days. T cells were rested for
24 h at 37°C, loaded with Fluo-4 dye for 30 min, then restimulated with fresh B-109- or DMSO-treated moDCs during live cell imaging to monitor calcium flux in real
time. Replicate means from 3 independent studies are shown. P values are shown for early (<60 s) and late (>60s) T cell calcium flux after initial moDC:T cell
interaction by comparing the mean AUCs after stimulation with B-109- or DMSO-treated moDCs, paired t-test.

B-109-pretreated (20 wM), LPS-stimulated moDCs. B-109 or
vehicle was also added to the MLR medium once on day 0 to
maintain XBP-1s suppression during culture unless otherwise
indicated.

B-I09 was not toxic toward human T cells in treated
allogeneic co-cultures (Supplemental Figure 4A) and we
were unable to detect significant amounts of XBP-1s in DC-
allostimulated T cells (Supplemental Figure 4B). Although
CD3/CD28 bead-stimulation produced significant amounts
of XBP-1s in responder T cells (Supplemental Figure 4C),
B-I09 had no suppressive effect on these responder T cells
(Supplemental Figure 4D). Taken together, these findings
indicate that the immune suppressive effect of XBP-1s
inhibition acts primarily on human moDCs, impairing their

allostimulatory capacity, and secondarily limits allogeneic T
cells.

XBP-1s Blockade Impairs Human moDC
Migration and Induction of T Cell Calcium
Flux

TLR4 facilitates the migration of moDCs by inducing CCR7
surface expression (45). In trans-well assays, B-I09 abrogates
moDCs motility toward the CCR7 ligands, CCL19, and
CCL21, compared to vehicle-treated cells (Figures 1E,F). T cell
activation is a chief function of DCs. Despite intact potential
by the allogeneic moDCs to mediate costimulation by CD86
(Supplemental Figure 3A), we identified that T cell activation
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via early (<60s) phase calcium flux was reduced in response to
B-109-treated moDCs (Figure 1G).

XBP-1s Inhibited moDCs Reduce Th1i

Differentiation

Since Thl cells are implicated in GVHD pathogenesis (46),
we investigated the effect of B-I09 on Thl and Th2 responses
in vitro. B-109 reduced LPS-stimulated moDC production of
p40 cytokines, implicated in Thl differentiation (Figure 2A),
without impairing moDC TNFa production (Figure2B). T
cells stimulated by allogeneic moDCs pretreated with B-I09,
along with B-I09 added to the co-culture once on day 0 had
a significantly reduced Thl response compared to controls

(Figures 2C,D,G). Conversely, XBP-1s blockade significantly
increased the amount of Th2 cells after 5 days of culture in
a proportional manner (Figures 2E-G). The shifts in Th1 were
consistent with reduced p40 cytokine production by moDCs
treated with B-109.

Targeting XBP-1s Abrogates moDC
Production of IL-18, TGF, and Diminishes
Alloresponder Th17 Differentiation

We next investigated whether B-I09 could reduce Thl17-
inducing cytokines by LPS-stimulated moDCs. XBP-1s blockade
significantly suppressed IL-1p production by human moDCs
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FIGURE 2 | XBP-1s inhibited moDCs reduce Th1 differentiation. (A,B) ELISAs were used to determine the concentration of IL-12/23 p40 cytokines or TNFa in the
supernatants of B-109- or DMSO-treated moDCs after 24 h of LPS stimulation. Replicate means from 8 (IL-12/23 p40) and 2 (TNFa) independent experiments are
shown, Dunnett’s test. (C-G) T cells were cultured with B-109 or DMSO pre-treated moDCs (moDC:T cell ratio of 1:30), and additional B-109 (20 M) or DMSO (0.1%)
was added once on day 0. Harvested T cells were evaluated on day +5 for Th1 (CD4 T, IFNy™t) and Th2 (CD4™, IL-4%) phenotype. Percentage or absolute numbers
of Th1 (C,D) and Th2 (E,F) are shown. (G) Representative contour plots show CD4+ Th1 vs. Th2 cells on day +5 of the allogeneic co-culture. Means of 8
independent experiments are shown, paired t-test.
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(Figure 3A) and eliminated TGFf from the supernatant of LPS-
stimulated moDCs (Figure 3B). IL-1B is an essential co-factor for
IL-6 signal transduction (47). Despite ample IL-6 production by
B-109- or DMSO-treated moDCs (Figure 3C), CD4™ T cells co-
cultured with these moDCs in the presence of B-109 displayed
significantly less STAT3 phosphorylation (Figures 3D,E). Total
STAT3 expression within T cells stimulated by B-I09- or
DMSO-treated moDCs was similar (Figure 3F). Moreover, Th17
differentiation was significantly decreased by XBP-1s inhibition
(Figures 3G-1I) and partially rescued by adding IL-1f, but not
TGE, to B-109 treated co-cultures (Supplemental Figure 5).

moDC XBP-1s Directs iTreg Differentiation

via TGFB

As XBP-1s-inhibited moDCs impaired Thl7 differentiation,
we were surprised to observe that such moDCs also
significantly reduced responder Treg frequency in treated
alloMLRs (Figures 4A,B), though the suppressive function

of antigen-specific

Tregs

remained

intact (Figure 4C).

We then investigated whether the reduction in Tregs
stimulated by B-109-treated moDCs was due to impaired
differentiation of iTregs or suppression of nTregs. Treg-
depleted Tconv or purified nTregs were cultured with DMSO-
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FIGURE 4 | moDC XBP-1s direct human iTreg differentiation via TGFB. T cells were cultured with B-109 or DMSO pre-treated moDCs (moDC:T cell ratio of 1:30), and
additional B-109 (20puM) or DMSO (0.1%) was added once on day 0. (A) Percentage of Tregs (CD4™1, CD127~, CD25%, Foxp3T) in the 5-day co-cultures, with
representative contour plots shown (B). Means from 6 independent experiments are shown. (C) The suppressive capacity of harvested moDC-allostimulated Tregs
was tested at different ratios of Treg to T cell responders stimulated by fresh allogeneic moDCs (moDC:responder T cell ratio 1:30) in alloMLRs. No additional B-109 or
DMSO was added. Graph shows mean percent T effector (Teff) proliferation measured by Ki-67. Means from 3 independent experiments are shown. To generate
inducible Tregs, Treg-depleted CD41 Tconv were stimulated by B-109 or DMSO-pretreated allogeneic moDCs at a moDC:T cell ratio of 1:30. B-I09 or DMSO was
added once on day 0. Magnetic bead enriched natural Tregs (CD4F, CD25%) were similarly treated in allogeneic Treg:moDC co-cultures. Treg populations were
evaluated by flow cytometry on day +5. Means from 4 iTreg and 4 nTreg independent experiments are shown, paired t-test. Percentage and absolute number of iTreg
(D,E) and nTreg (F,G) are shown. (H) Representative contour plots are shown for iTreg and nTreg. (I) Representative contour plots show that adding recombinant
human TGFB rescues iTreg generation in Treg-depleted alloMLRs treated with B-109 vs. DMSO. 1 representative experiment of 2 independent studies is shown. (J) T
cell proliferation (MTS colormetric assay) at day +5 among Treg-depleted alloMLRs treated with B-109 or DMSO, with recombinant human TGF added as indicated.
Replicate means from 4 independent experiments are shown, Dunnett’s test.
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or B-109-pretreated, allogeneic moDCs, and DMSO or B-
109 was also added to the media, respectively. XBP-1s
inhibition significantly reduced both the frequency and
absolute number of iTregs stimulated by allogeneic moDCs
(Figures 4D,E,H) in contrast to nTregs (Figures4F,G,H).
Based on these data, we surveyed known moDC-mediated
mechanisms for iTreg generation. The expression of indolamine
2,3-deoxygenase (48) was similar among B-109- or DMSO-
treated moDCs (Supplemental Figures 6A,B), as was
STAT5 phosphorylation among the DC-allostimulated T
cells (Supplemental Figures 6C,D). Instead, we discovered
that exogenous TGFP rescued the differentiation of iTregs
in the co-cultures containing XBP-1s-inhibited moDCs
(Figure 4I). Moreover, adding TGFp to Treg-depleted, MLRs
stimulated by B-109-treated moDCs provided even greater
suppression of allogeneic T cells (Figure 4]). These data suggest

that XBP-1s-mediated TGFB production by human moDCs
contributes to allogeneic iTreg differentiation, and that moDC
XBP-1s activity is not required for Treg suppressive potency or
nTreg responses.

XBP-1s Is Dispensable for Anti-tumor
Activity by CD8* Cytotoxic T Lymphocytes
and NK Cells

While inhibiting moDC-XBP-1s in alloMLRs impaired the
proliferation of responder T cells, CTLs generated with B-I09-
treated stimulators exhibited intact tumor specific lytic function
(Figure 5A). Compared to unloaded moDCs, T cell responses
to clinically relevant pathogens using peptide-loaded, B-109
exposed autologous moDCs permitted a measureable response to
CMY, EBYV, influenza, and tetanus albeit significantly less robust
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FIGURE 5 | XBP-1s is dispensable for anti-tumor activity by CD8% cytotoxic T lymphocytes and NK cells. (A) Replicate mean specific lysis by human CD8+ CTL
generated in vitro using PBMCs stimulated by irradiated U937cells (1:1) on days 0 and +7 of a 10-12 day culture. B-109 or DMSO was added once on days 0 and
+7. Tumor-specific kiling by purified CD8T T cells was determined using fresh U937 cells. U937 lysis was measured by a colorimetric assay after 4 h. Triplicate means
from 3 independent experiments are shown. (B) T cell proliferation stimulated by autologous moDCs loaded with CMV, EBV, influenza, or tetanus peptides is shown.
B-109 or DMSO was added once on day 0. T cell proliferation (MTS colormetric assay) was measured on day +3. Replicate means from 4 independent experiments
are shown, Dunnett’s test. (C) Mean specific lysis by human NK cells against K562 targets is shown. B-109 or DMSO was added at the outset of the culture. K562
lysis was measured by a colorimetric assay after 4 h. Replicate means from 3 independent experiments are shown. (D) NK cell proliferation stimulated by allogeneic
moDCs (moDC:NK cell ratio 1:10) or IL-2 plus IL-15. NK cell proliferation (MTS colormetric assay) was measured on day +5. Replicate means from 3 independent
experiments are shown.
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than DMSO-treatment of peptide-loaded DCs (Figure 5B). In
evaluating the effect of XBP-1s-inhibited moDCs on responder
T cell memory phenotypes after 5 days of stimulation,
we identified that blocking the moDC ER stress response
increased the proportion of non-alloreactive, naive CD8" T
cells vs. alloreactive central and effector memory CD8™1 T cells
compared to vehicle controls (Supplemental Figures 7A,B). The
proportion of responder CD41 T cell memory subsets was
similar regardless of B-109- or DMSO-treated moDC-stimulation
(Supplemental Figures 7C,D).

NK cells and moDCs both constitutively express XBP-1s
(49). The functional significance of XBP-1s in NK cells is not
known. Because NK cells can mediate important anti-tumor
effects after allo-HCT, we investigated the effect of B-I09 on
NK cell Iytic capacity and proliferative responses. Human NK
cells readily destroyed K562 targets in the presence of B-109 or
DMSO (Figure 5C). Despite their exposure to B-I09 NK, cells
proliferated when stimulated by allogeneic, immature moDCs or
a cocktail of IL-2 and IL-15 (Figure 5D).

XBP-1s Blockade Reduces Human Skin
Graft Rejection and Xenogeneic GVHD, Yet
Preserves in vivo Generation of Anti-tumor
CTL

Skin is a highly immunogenic tissue and a critical target-
organ in GVHD (1). To test the efficacy of B-109 in vivo
using human immune cells, NSG mice were transplanted with
a human skin xenograft using a well-established model (33, 36).
After 30 days to heal, mice were later injected with 5 x 10°
human donor PBMCs allogeneic to the skin to induce graft
rejection and xenogeneic GVHD (33, 36). B-109 or vehicle was
administered at 30mg/kg by intraperitoneal injection 5 days
a week for 3 weeks. XBP-1s blockade significantly reduced
skin graft rejection by the allogeneic PBMCs, as measured
on day +21 after the adoptive transfer of allogeneic PBMCs
(Figures 6A,B). Importantly, B-I09 also significantly reduced
xenogeneic GVHD by the human T cells against murine liver
(Figures 6A,C) and modestly against mouse lungs that did
not quite reach statistical significance (Figures 6A,D). In vivo
XBP-1s inhibition by B-I09 could be seen in CD3 negative
cells isolated from the recipient spleens (Figure 6E). Consistent
with in vitro observations, B-109 significantly reduced the
amount of human Th17 cells (CD4", IL-17A%) in the mouse
spleens (Figures 7A,B). Human Tregs (CD4™, CD127~, CD25™,
Foxp3™) recovered from the host spleens were similar among B-
109- or vehicle-treated mice (Figures 7C,D). While B-109-treated
mice demonstrated a significant decrease in Thl cells (CD4™,
IFNy™), Th2 cells (CD4*, IL-4T) were not increased as observed
in vitro (Figures 7E-G).

We used an established method to generate human anti-
tumor CTL in vivo and then test their specific killing (26,
33, 50). NSG mice received human PBMCs (30 x 10°) and
were inoculated with irradiated U937 cells (10 x 10°) on
days 0 and +7. Mice were treated with B-I09 or vehicle
as described above, and human CD8" T cells were isolated

from the spleens of euthanized recipients during days +10-
12. CD8" CTLs from B-109-treated mice demonstrated tumor
killing equal to CTLs from vehicle-treated recipients, and
both were significantly more potent than CD8" CTLs from
unvaccinated controls (Figure 7H). Preliminary data from a pilot
cohort of patients undergoing allogeneic HCT (5 with acute
GVHD and 5 without), suggests that the amount of intracellular
XBP-1s is significantly increased in CD1b™, epidermal DCs
among skin biopsies from patients with acute GVHD compared
to no GVHD controls (Supplemental Figures 8A-C). Though
not statistically significant, we also observed a trend toward
increased CD1b™, XBP-1s*epidermal DCs in the GVHD cohort
(Supplemental Figure 8B). This observation among a limited
number of patients is provocative and merits the prospective
study of XBP-1s* DCs in acute GVHD pathogenesis.

DISCUSSION

We demonstrated that blocking XBP-1s in human moDCs
significantly reduced IL-18 and IL12/23p40 production during
their interaction with donor T cells, suppressing Thl and
Th17 differentiation. While XBP-1s inhibition restrained T
cell alloreactivity, anti-tumor responses by CTLs and NK cells
remained intact. While rodent models have shown targeting
XBP-1s in B cells reduces chronic GVHD without impairing
graft- vs.-leukemia (GVL) effects (25), we now demonstrate that
suppressing XBP-1s in human DCs limits acute GVHD without
impairing donor immunity toward cancer. We also detected a
partial response toward clinically relevant infectious antigens by
T cells stimulated by XBP-1s-inhibited, peptide loaded moDCs.

We showed XBP-1s inhibition protected human skin grafts
from alloreactive T cell rejection in vivo. Xenogeneic GVHD
mediated by human T cells was also decreased by targeting XBP-
1s. Altogether, our data show that XBP-1s is a relevant therapeutic
target to suppress key aspects of DC function and prevent GVHD
after alloHCT.

Our results are consistent with prior studies which
demonstrate that eliminating ASC or the NLRP3 inflammasome
in bone marrow transplant recipients significantly reduces
GVHD in mice (15). Our approach substantially extends these
data by interrogating XBP-1s in human cells and demonstrating
regulation of NLRP3 activation in the context of ER stress (9, 51).
While targeting either the inflammasome or XBP-1s reduces
Th17 differentiation (15), XBP-1s inhibition differs from NLRP3
blockade by also significantly reducing Th1 and iTreg responses.
This defect in moDC supported human iTreg generation is
correctable by adding exogenous TGFp, which is otherwise
absent from B-109-treated moDCs. We show XBP-1s blockade
does not diminish the number or frequency of allo-stimulated
nTregs or total Treg suppressive potency. Interestingly, XBP-1s
inhibition was not detrimental to human Tregs in vivo. In
the xenogeneic transplant experiments, recipient mice were
transplanted with whole human PBMCs. Though alloMLRs are
restricted to T cells and moDCs, we speculate the more diverse
non-moDC constituents of the PBMC inoculum may potentially
rescue Tregs in vivo by providing TGFp (52). Additionally,
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FIGURE 6 | XBP-1s blockade reduces human skin graft rejection and xenogeneic GVHD. NSG mice received a 1 cm? split thickness human skin graft. After 30 days
of rest to permit engraftment, 5 x 108 human PBMCs (allogeneic to the skin) were injected into the mice. Unique pairs of donor skin and allogeneic PBMCs were

used for each set of experiments. B-109 30 mg/kg or vehicle was given by i.p. injection 5 days a week for 3 weeks. Mice were humanely euthanized and the skin graft,
spleen, lung, and liver were harvested from the recipient on day +21 from time of PBMC injection. (A) Representative H&E sections compare skin graft rejection and
xenogeneic GVHD in the liver and lung among no PBMC controls, mice that received PBMCs plus vehicle, and mice that received PBMCs plus B-109 (100X). (B-D)
Bar graphs show skin graft rejection and xenogeneic GVHD scores (blinded assessment) at day +21. (E) Representative contour plots show the amount of detectable
XBP-1s in CD3 negative cells residing in the murine spleen at day +21. Pooled data from two independent experiments, up to 7 mice per group, Mann-Whitney test.
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FIGURE 7 | XBP-1s inhibition reduces pathogenic Th17 and Th1 cells, yet preserves generation of anti-tumor CTL and Tregs in vivo. NSG mice were transplanted
with human skin grafts and allogeneic PBMCs and treated with vehicle or B-109 exactly as described. On day +21, the mouse spleens were harvested and human T
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the human and murine TGFB1 genes share 66% nucleotide
homology and it is possible that cross-reactive murine TGFp
could also rescue the human iTregs in vivo (53).

Targeting XBP-1s with B-I09 or siRNA supports translation
of our proposed strategy in GVHD prevention. While we show
that anti-tumor responses by CTLs and NK cells remain intact
in vitro, we acknowledge that these experiments do not fully
replicate the biology of GVL in vivo. Despite this limitation, our
study design demonstrates the relevance of DC XBP-1s in human
GVHD and that targeting XBP-1s does not impair donor anti-
tumor immunity. We surmise that the ability of the DC to express
critical T cell costimulatory molecules, such as CD86, despite
XBP-1s inhibition is important for the preserved GVL effect. The
essential role for CD86 in CD8 CTL-mediated tumor clearance is
well-demonstrated (54-56). Furthermore, the blunting of GVHD
is likely driven by impaired DC production of IL-1B and reduced
differentiation of pathogenic Thl and Thl17 cells by XBP-1s
blockade.

Silencing XBP-1 in intratumoral suppressive DCs enhances
T cell responses to cancer antigens, a result that is distinct
from our observations in GVHD (57). It is reasonable that ER
stress mediators support antigen-presentation by DCs during
acute GVHD. In contrast, sustained, unremitting ER stress in
tumor bed DCs, along with associated metabolic alterations (57),
abrogates their immunostimulatory activity. For example, in
ovarian cancer, ER stress leads to lipid peroxidation, impaired
antigen presentation, and blunted stimulatory capacity toward
responder T cells (57). Alternatively, context-dependent ER stress
effects could depend on tumor or GVHD target-organ location,
and/or be influenced by a different cytokine milieu altogether.
Understanding the context-dependent effects of ER stress in
cancer vs. inflammation is an area of active interest.

The ER stress response of DCs represents a novel biologic
target to prevent GVHD in humans. In summary, targeting
DC XBP-1s is an innovative approach to selectively impair
alloreactive T cells and pathogenic Th1/Th17 differentiation,
while maintaining donor immune mediated anti-leukemia
responses, that deserves consideration for clinical trials of acute
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Graft-vs.-host disease (GVHD) remains a major obstacle to the success of allogeneic
hematopoietic stem cell transplantation (HSCT). GVHD occurs because donor T cells in
the allograft recognize the genetically disparate host as foreign and attack the transplant
recipient’s tissues. While genetic incompatibility between donor and recipient is the
primary determinant for the extent of alloimmune response, GVHD incidence and severity
are also influenced by non-genetic factors. Recent advances in immunology establish
that environmental factors, including dietary micronutrients, contribute significantly
to modulating various immune responses and may influence the susceptibility to
autoimmune and inflammatory diseases of experimental animals and humans. Emerging
clinical and preclinical evidence indicates that certain micronutrients may participate
in regulating GVHD risk after allogeneic HSCT. In this review, we summarize recent
advances in our understanding with respect to the potential role of micronutrients in
the pathogenesis of acute and chronic GVHD, focusing on vitamins A and D.

Keywords: vitamin A, vitamin D, retinoic acid, vitamin D receptor, graft-vs.-host disease, allogeneic hematopoietic
stem cell transplantation

MICRONUTRIENTS AND IMMUNITY

Micronutrients are compounds that are only needed in small amounts, yet are essential for
the proper growth and development of the human body. These vitamins and minerals are
indispensible for the production and function of various enzymes and hormones that are critical for
maintaining optimal physical and mental function. An aberrant micronutrient status contributes
to the increased susceptibility to various infectious, inflammatory, and metabolic conditions such
as colitis, diabetes, cancer, obesity, and cardiovascular disease.

The importance of the micronutrients vitamins A and D in health has been recognized since the
early twentieth century. More recent advances have led to the discovery of the critical role of these
molecules in the immune system (1). Current highlights within this field include the finding that
maternal vitamin A levels significantly influence the proper development of secondary lymphoid
organs in offspring and determine the fitness of their immune system in later life (2). Lack of
vitamin A-mediated signaling in utero substantially reduced the anti-pathogen immune response of
newborn mice (2). Similarly, vitamin D also plays a role at the maternal-fetal interface, preventing
inflammatory responses such as pre-eclampsia (3). These immunomodulatory effects may be long
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lasting as maternal vitamin D deficiency has been shown to
contribute to a greater likelihood of atopic responses in the
neonatal lung (4, 5). These findings reveal how nutritional status
during fetal life can profoundly affect immune responses in
adulthood, highlighting the importance of vitamins A and D in
the development and maintenance of a competent, yet tightly
regulated immune system.

GRAFT-VS.-HOST DISEASE (GVHD) AND
NUTRITIONAL FACTORS

GVHD remains a major obstacle limiting the broader application
of allogeneic hematopoietic stem cell transplantation (HSCT), an
effective treatment for a number of malignant and non-malignant
hematological disorders (6-8). GVHD is the consequence of
a normal, yet exaggerated, immune reaction elicited by donor
T cells when they encounter alloantigens expressed by the
transplant recipient. Acute GVHD (aGVHD) pathophysiology is
characterized by strong inflammatory components while chronic
GVHD (cGVHD) displays more autoimmune manifestations (9-
13). The pathogenesis of GVHD is a complex process involving a
variety of host and donor immune cells (Figures 1, 2). The major

determinant for the development and the severity of GVHD is
the genetic disparity between the donor and recipient. However,
some non-genetic factors such as the level of exposure to damage
associated molecular patterns (DAMPs) and pathogen-associated
molecular patterns (PAMPs) are also important components
of GVHD pathophysiology, due to their ability to amplify
inflammatory responses (14). In addition, other host factors may
also influence the function of various immune cells and modulate
the alloimmune response.

Nutritional status is a significant variable among patients
undergoing allogeneic HSCT. In fact, nutritional support appears
to affect the development of GVHD, with adequate enteral
nutrition being associated with reduced GVHD risk as compared
to parenteral nutrition (15-18). These studies indicate that the
interaction between certain oral nutrition and the gastrointestinal
tract can modulate GVHD risk. Thus, patient nutritional status
may be an independent and modifiable factor influencing
GVHD severity (19). It is conceivable that an improved
nutritional status may provide patients with an increased
ability to tolerate treatment-associated toxicity and recover from
GVHD-associated tissue damage. More importantly, certain
micronutrients may also be actively involved in regulating
the initiation, development, and resolution of inflammatory
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FIGURE 1 | Acute GVHD and vitamins A and D. aGVHD pathogenesis involves: (1) Activation of host APCs due to release of inflammatory cytokines

and PAMPs/DAMPs from tissue damaged by HSCT conditioning. Intestinal damage by conditioning serves to amplify inflammatory responses. (2) Activation of donor
T cells when they encounter host APC. Donor T cells undergo differentiation, expansion, and acquisition of tissue homing specificity during this stage (2a).
Inflammatory cytokines produced by donor T cells and bacterial LPS can further activate innate immune cells such as macrophages (2b). (3) Inflammatory mediators
from donor T cells and innate immune cells lead to target cell apoptosis. Cytotoxic CD8T cells can mediate direct cell killing. Tr1/Tregs play immunomodulatory roles in
aGVHD pathogenesis. The effects of vitamin A/RA (shown in green) on aGVHD are complex and not completely understood. Vitamin A/RA promotes donor T-cell
intestinal homing. Inhibiting donor T-cell RAR signaling suppresses the induction of gut-homing molecules and favors Treg cell differentiation. It has also been reported
that RA inhibits donor T cell expansion and cytokine production. The potential effects of vitamin A/RA on host APCs are currently under investigation. The effects of
vitamin D (shown in orange) on aGVHD may include suppressing the activation of host APCs, inhibiting the activation and cytokine production of donor T cells as well
as promoting the induction of Tr1/Treg. The figure is adapted from Ferrara et al. (9).
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Tr1/Treg play immunomodulatory roles in chronic GVHD pathogenesis. It has been reported that synthetic retinoid (shown in green) reduces cGVHD by inhibiting Th1

production. This figure is adapted from Cooke et al. (12).

and Th17 cells. It may also facilitate the generation of Tr1/Tregs. The potential effects of vitamin D on cGVHD (shown in orange) may include positive effects on
Tr1/Treg function and polarization as well as inhibitory effects on proinflammatory T cell polarization, inflammatory cytokines, autoantibody secretion and collagen

responses after HSCT. In this review, we briefly summarize the
potential roles of vitamins A and D in GVHD pathogenesis.

EFFECTS OF VITAMIN A ON GVHD

Vitamin A is a multifunctional vitamin involved in a wide range
of biological processes. Most biological effects of vitamin A
are exerted by its major metabolite, retinoic acid (RA) (20).
The conversion from vitamin A to RA requires two hydrolysis
steps catalyzed first by alcohol dehydrogenases (ADHs), followed
by aldehyde dehydrogenases (RALDHs). RALDHs are the rate-
limiting enzymes for RA synthesis and are expressed in limited
tissues (21). Heterodimers of retinoic acid receptors (RARs)
and retinoid X receptors (RXRs) mediate RA signaling. These
heterodimers bind to retinoic acid responsive elements (RARE)
of target genes and regulate gene transcription. One of the most
important physiological functions of vitamin A and RA is to
regulate immune responses, and dysregulated retinoid signaling
can lead to a weakened immunity against pathogens and/or the
loss of immune homeostasis (20, 22).

RA has pleiotropic effects on cells of the innate and adaptive
immune system (23-25). It can target T cells, B cells, antigen
presenting cells (APCs), and innate lymphoid cells (ILCs) to
regulate immune responses. RA induces the expression of gut-
homing molecules CCR9 and a4f7 on various immune cells,

augmenting cell migration to the intestines (26-28). At steady
state, RA promotes the induction of tolerogenic dendritic cells
(DCs). However, in the presence of inflammatory cytokines
such as IL-15, RA promotes the induction of inflammatory
DCs and intensifies pathogenic mucosal immune responses (29).
RA has also been shown to influence the development of DC
subsets in the spleen and intestines (30-33). RA also plays a
central role in modulating intestinal CD4" T cell responses
and enhances the stability of natural regulatory T cells (Tregs)
(34). Together with TGF-B, RA promotes the conversion of
naive T cells into induced-Tregs at the expense of Th17 cells
(35, 36). Vitamin A deficiency is associated with impaired oral
tolerance, suggesting an important role of RA in maintaining
intestinal homeostasis (37, 38). On the other hand, the RA-
RAR-a axis is important for CD4™ T cell activation and effector
function under inflammatory conditions (39, 40). Finally, RA
promotes the induction of ILC3 but suppresses the generation
and cytokine production of ILC2 (41). These observations
demonstrate the complex and sometimes paradoxical functions
of RA within the immune system, as it can possess either pro-
inflammatory or anti-inflammatory properties depending on the
context.

In the context of GVHD, Koenecke and colleagues used
a dietary approach to first examine how recipient vitamin A
levels affect donor T cell trafficking after experimental HSCT
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(42). Vitamin A-deficient (VAD) recipient mice had a reduced
percentage and absolute number of donor T cells in the intestine,
which was attributable to diminished expression of gut-homing
molecules a4p7 and CCR9. VAD recipients survived longer than
control vitamin A-normal (VAN) mice due to gastrointestinal
protection, though they developed more severe hepatic GVHD.
These results indicated that vitamin A affects GVHD target organ
tropism of donor T cells, with a particularly important role in
controlling the migration of donor T cells to the intestine, a
critical GVHD target organ (43). We and others then used a
genetic approach to examine the role of RA signaling in GVHD
pathogenesis. These studies consistently showed that genetic
ablation of RAR-a on donor T cells significantly decreased the
ability of these cells to cause lethal GVHD (44, 45). This was
largely due to reduced expression of gut-homing molecules CCR9
and a4p7 on donor T cells with diminished intestinal migration.
In contrast, administrating RA exogenously to recipient mice
increased expression of gut-homing molecules on donor T
cells and increased their gut-tropism, leading to a significantly
increased overall mortality (44-46). In addition, inhibiting RAR-
a reduced donor T cell differentiation toward a Thl phenotype
and favored the induction of Tregs (45), which also contribute to
the decreased ability of these cells to cause GVHD. Importantly,
genetic inhibition of RAR-a signaling on donor T cells does
not compromise their ability to mediate the graft-vs.-leukemia
effect.

In an effort to improve the translational potential of this
research, we treated donor mice with BMS493, a pan-RAR
antagonist. Recipients of BMS493-treated donor T cells showed
improved overall survival after HSCT compared to recipients
of vehicle-treated donor T cells, indicating that pharmacological
inhibition of the retinoic acid pathway on donor T cells
can reduce their alloreactivity and ability to cause GVHD
(47). Interestingly, chronic vitamin A deficiency changed the
composition of the donor T cell compartment with a reduction
in the percentage of CD4™" T cells, resulting in reduced ability
of transferred T cells from VAD mice to cause lethal GVHD
(47). Thus, both host and donor vitamin A levels appear to affect
the development of experimental GVHD (42, 47). While most
preclinical studies suggest a detrimental effect of RA on GVHD,
it has also been reported that RA treatment reduces aGVHD (48)
and a synthetic retinoid ameliorates cGVHD (49). Differences
in mouse GVHD models used, RA levels in situ, and local
cytokine milieu could all potentially contribute to these differing
observations.

Apart from above preclinical studies, emerging clinical data
also demonstrate the involvement of vitamin A/RA in GVHD
pathogenesis. A recent study found that lower levels of vitamin
A are associated with increased intestinal GVHD in children
receiving allogeneic HSCT (50). The incidence of grades 2-
4 GVHD was also significantly higher in patients with lower
vitamin A levels. These observations appear in contrast to
a murine study in which vitamin A deficiency is associated
with a reduced intestinal GVHD and improved overall survival
(42). This discrepancy could be due to inherent differences
between mouse model and human disease or increased severity
of experimentally induced vitamin A deficiency compared

to clinical deficiency/insufficiency. In addition, the study by
Lounder et al. actually used serum vitamin A levels above
or below a median value, instead of vitamin A deficiency
or sufficiency, to separate patient groups. Finally, there was
also evidence that low serum vitamin A levels are associated
with more severe ocular GVHD in allogeneic HSCT patients
(51). Thus, both preclinical and clinical data indicate a
significant involvement of vitamin A and RA pathway in GVHD
pathogenesis.

EFFECTS OF VITAMIN D ON GVHD

Vitamins D and A are similar in that they are the only two
vitamins whose active metabolites have hormone-like properties.
Indeed, the active metabolite of vitamin D, calcitriol, is a well-
established secosteroid hormone with multiple roles throughout
the human body (52). Though vitamin D may be acquired
nutritionally, a large proportion of vitamin D is synthesized in
the human body. This synthesis is initiated in the skin as UV-
B rays cause the photolysis of 7-dehydrocholesterol, forming
vitamin D3 In the liver, vitamin D3 is hydroxylated to 25-
hydroxyvitamin D3 (25(OH)D3) by enzymes such as CYP2R1
and CYP27A1 (53, 54). 25-hydroxyvitamin D3 is the principal
circulating metabolite of vitamin D and 25(OH)D3 concentration
is typically used as an indicator of vitamin D status. This
inactive 25(OH)D3 is hydroxylated once more in the kidney
via the enzyme CYP27B1 to become the biologically active
hormone 1,25-dihydroxyvitamin D3 (1,25(OH),D3), also known
as calcitriol.

Vitamin D utilizes similar signaling mechanisms to vitamin
A. Calcitriol binds to the vitamin D receptor (VDR), which
heterodimerizes with RXR (55, 56). VDR-RXR heterodimers that
are bound to calcitriol act as transcriptional regulators by binding
vitamin D response elements (VDREs) of target genes (57). The
classical physiological roles of vitamin D (via calcitriol) are in
calcium and phosphate homeostasis and bone metabolism, with
other roles being referred to as “non-classical” functions. The
discovery of vitamin D binding within immune cells in the early
1980s and eventual description of VDR expression in immune
cells were key steps in the study of the non-classical effects of
vitamin D on the immune system (58-60).

It has been shown in numerous studies that calcitriol
inhibits maturation and inflammatory cytokine production
of DCs (61-64). These changes in DC differentiation and
function also result in a skew toward a more tolerogenic
DC profile with the ability to drive Treg, T-regulatory cell
type 1 (Trl), and Th2 cell development (65). Importantly,
calcitriol also appears to exhibit direct effects on CD4T cell
populations to modify immune function. In vitro treatment
of T cells with calcitriol inhibits proliferation under several
activating conditions (66, 67). Calcitriol has been shown to be
effective as a treatment in numerous mouse models of diseases
that are driven by Thl and Th17 cells, suggesting a global
immunomodulatory effect on these cell types (68-71). Calcitriol
also appears to inhibit proliferation and pathogenicity of CD8 T
cells since VDR-deficient CD8T cells are hyperproliferative
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and proinflammatory (72, 73). Calcitriol inhibits production
of IFN-y and stimulates IL-4 secretion in invariant natural
killer (iNKT) cells (70). Finally, calcitriol leads to decreased B
cell proliferation and differentiation to plasma cells. However,
it is unclear if these effects are due to direct effects on
the B cell, or due to reduced interactions with CD4T
cells (74).

There is a significant history of studies on the effects of vitamin
D and its analogs on allograft survival in several tissues (75,
76). However, preclinical studies in animal models of allogeneic
HSCT are rather limited. To our knowledge, only one study of
VDR agonism has been reported in animal models of GVHD.
In this study, a vitamin D analog reduced aGVHD severity
and immune cell infiltration in liver, skin, and spleen of rats
(77). In vitro studies utilizing human monocyte-derived DCs
recapitulated previously results showing that vitamin D led to
the development of more immature tolerogenic DCs. Vitamin
D-treated DCs activated allogeneic CD4 and CD8T cells with
a greater IL-10 to IFN-y ratio, and these T cells were less
proliferative in mixed lymphocyte reactions (MLRs) (78). In
another study, alloreactive T cells were shown to express greater
levels of VDR (79). Addition of calcitriol to the MLR led to a
decrease in the percentage of proliferating T cells. This appeared
to be due to direct action of calcitriol on the alloreactive T cells
since the allogeneic DC were matured in the absence of calcitriol
and irradiated prior to be used in the MLR (79).

The first reports for a potential role of vitamin D in
human GVHD came through candidate gene studies analyzing
known VDR polymorphisms. Interestingly, the results of these
studies are quite variable. Some studies suggest roles for various
polymorphisms in GVHD when present in the recipient only
(80-82), some studies suggest a role for VDR genotype in
both the donor and recipient (83), while another more recent
study found no significant association between GVHD and
VDR polymorphisms in the donor nor recipient (84). Taken
together, these results suggest that in some instances the a
allele of VDR may play a role in aGVHD risk when present
in recipients of HSCT. However, not all studies have found
such an association and the results may vary between different
populations (84). One complicating factor of these studies was
that the vitamin D status of the individuals studied was often
unknown. Thus, any differences in VDR activity associated
with disease could be obfuscated depending on whether an
individual’s vitamin D stores were sufficient to provide for VDR
function.

Though genetic studies of VDR suggest a potential role
for vitamin D signaling in GVHD, patient serum levels of
vitamin D may provide a more direct method of investigation.
Indeed, it appears that individuals undergoing HSCT are at
particular risk for vitamin D deficiency/insufficiency (85-89).
Several retrospective studies have thus investigated whether
vitamin D status prior to HSCT corresponds with subsequent
development of GVHD (90-92). These studies seem to suggest
a relatively consistent association of cGVHD with lower
vitamin D status, whereas the results for aGVHD are more
variable. In a more recent study, however, levels of vitamin D
pre-HSCT did not correlate to development of aGVHD nor

cGVHD in a group of pediatric patients (93). Interestingly,
the one-year survival rate did differ significantly, with 35%
mortality in the deficient group vs. 0% in the insufficient and
7% in the sufficient groups, suggesting a beneficial effect of
higher vitamin D levels on overall survival after allogeneic
HSCT (93).

Given the potential association of vitamin D status and
GVHD, the effect of supplementation was further investigated.
Even though HSCT patients may be particularly at risk for
vitamin D insufficiency/deficiency, supplementation can
increase their vitamin D status (86, 90). Rosenblatt et al.
reported observation of two patients with steroid refractory
cGVHD who were treated with supplemental vitamin D
for bone mineral abnormalities. Impressively, both had
their symptoms wane to the point that they were removed
from immunosuppression after vitamin D treatment (78).
A marked improvement in cGVHD was also observed in a
subsequent analysis of 12 adult HSCT patients who were given
1,000 IU/day vitamin D to treat osteopenia or osteoporosis
(94).

To date, we are aware of only one published prospective
study of vitamin D supplementation in HSCT patients (95).
This investigation demonstrates that vitamin D may play a role
in the prevention of cGVHD, as suggested previously (78, 90—
92, 94). Intriguingly, there was no difference in aGVHD among
the patient groups in this study. It is worth noting that in
this study vitamin D supplementation began only 3 days prior
to transplantation. Indeed, the authors show that significantly
higher levels of 25(0H)D3; were not observed in the serum
until day 7 in high-dose and day 21 in low-dose patients (95).
This signifies that aGVHD may have been initiated in the
absence of sufficiently elevated levels of vitamin D. Further
investigation into the effect of earlier supplementation to raise
serum vitamin D levels prior to HSCT to prevent aGVHD is
of interest. Overall, the data surrounding vitamin D and the
immune system as well as the initial studies on vitamin D and
GVHD suggest that it is highly likely that vitamin D could
exhibit positive effects in the prevention and/or treatment of
GVHD (96).

Conclusions and Perspectives

In conclusion, we believe that small molecules like vitamins A
and D could have the potential to influence the development
of GVHD after allogeneic HSCT. These micronutrients may
modulate crosstalk between the various immune cells involved
in the pathogenesis of GVHD, thus influencing disease initiation,
progression, and resolution (Figures 1, 2). Their levels may also
have prognostic value, serving as independent risk factors for
predicting the severity of organ-specific or systemic GVHD. Most
importantly, nutritional intervention before and after allogeneic
HSCT may be used as an adjuvant therapy to reduce GVHD
risk and improve the outcome of allogeneic HSCT (95, 97,
98). We propose that GVHD research using animal models
should consider dietary composition. More preclinical studies
in this understudied research area will provide new insights
into how nutritional factors contribute to GVHD pathogenesis.
Finally, more prospective randomized controlled clinical trials
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are needed to fully reveal the potential of using micronutrients
such as vitamins A and D as simple and inexpensive
approaches with minimal side effects to mitigate clinical
GVHD.
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Anusara Daenthanasanmak?, Hung D. Nguyen?, Steven Schutt?, Min Dai*,
Fangping Chen’, Woong-Kyung Suh®* and Xue-Zhong Yu?5*
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The incidence of chronic graft-versus-host disease (cGVHD) is on the rise and still the
major cause of morbidity and mortality among patients after allogeneic hematopoietic
stem cell transplantation (HCT). Both donor T and B cells contribute to the pathogenesis
of cGVHD. Inducible T-cell co-stimulator (ICOS), a potent co-stimulatory receptor, plays
a key role in T-cell activation and differentiation. Yet, how ICOS regulates the devel-
opment of cGVHD is not well understood. Here, we investigated the role of ICOS in
cGVHD pathogenesis using mice with germline or regulatory T cell (Treg)-specific ICOS
deficiency. The recipients of ICOS~~ donor grafts had reduced cGVHD compared
with wild-type controls. In recipients of ICOS~- donor grafts, we observed significant
reductions in donor T follicular helper (Tth), Th17, germinal center B-cell, and plasma
cell differentiation, coupled with lower antibody production. Interestingly, Tregs, including
follicular regulatory T (Tfr) cells, were also impaired in the absence of ICOS. Using ICOS
conditional knockout specific for Foxp3* cells, we found that ICOS was indispensable for
optimal survival and homeostasis of induced Tregs during cGVHD. Furthermore, admin-
istration of anti-ICOS alleviated cGVHD severity via suppressing T effector cells without
affecting Treg generation. Taken together, ICOS promotes T- and B-cell activation and
differentiation, which can promote cGVHD development; however, ICOS is critical for the
survival and homeostasis of iTregs, which can suppress cGVHD. Hence, ICOS balances
the development of cGVHD and could offer a potential target after allo-HCT in the clinic.

Keywords: inducible T-cell co-stimulator, chronic graft-versus-host disease, regulatory T cells, T follicular helper,
follicular regulatory T

INTRODUCTION

The morbidity and mortality associated with chronic graft-versus-host disease (cGVHD) has raised
in the past two decades, due to improvements in patient care during the acute phase after allogeneic
hematopoietic stem cell transplantation (allo-HCT), the use of peripheral blood stem cells instead of
the bone marrow as grafts, and increasing age of donors or recipients (1-3). Patients with cGVHD
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show various clinical symptoms that can resemble those observed
in various autoimmune disorders, such as fibrosis that can result
in organ failure (4). The development of cGVHD involves aber-
rant effector T (Teff) and B cell activation, differentiation and
costimulation, coupled with decreased regulatory T cell (Treg)
generation and development (5-7).

Naive CD4 T cells can differentiate into Th1, Th2, and Th17
subsets, among others. Tregs, via the transcription factor-Foxp3,
limit the Teffand B cell response. IFN-y, a Th1-signature cytokine,
increases in patients in early stages post allo-HCT (3-8 months),
but is notably decreased in later stages (>9 months), suggesting
that Thl is required for the initiation of cGVHD (8-10). Th2
cells were originally reported as the dominate subset mediating
c¢GVHD, yet conflicting data have obscured this finding (10-12).
Th17 cells secrete IL-17 and IL-21 and can induce fibrosis
(11-13). Thymic damage after conditioning leads to decreased
Treg development, and subsequently an inability to suppress
autoreactive and alloreactive immune cells (9, 14). T follicular
helper (Tth) cells provide support to B cells in germinal center
(GC) formation, which facilitate B cell differentiation into
plasma cells, leading to auto- and/or allo-antibody deposition
in target organs (15). Follicular regulatory T (Tfr) cells, derived
from natural Treg precursors, can control GC responses by sup-
pressing B and Tth cell responses (16). Thus, the aforementioned
mechanisms contribute to both the complexity and development
of cGVHD.

Inducible T-cell co-stimulator (ICOS), a member of the CD28
family, is expressed on activated murine T cells, NKT cells, and
type 2 innate lymphoid cells. ICOS is implicated in almost all
T-cell differentiation and cytokine production patterns (17).
Depending on the context, ICOS has been documented to promote
Thl or Th2 skewing (18), maintain Th17 under inflammatory
conditions (19-21), and promote Tth cell differentiation (22, 23).
ICOS also contributes to Treg development and suppressive
function in both mice and humans; ICOS™~ mice have reduced
Treg percentage and number versus healthy controls (24-26).
In addition, ICOS is important for GC formation and T-cell-
dependent antibody responses, reflected by a profound defect in
B-cell maturation and immunoglobulin isotype switching in both
ICOS™~ mice and humans associated with reduced help from Tth
cells (27-29).

Previous studies have shown that ICOS™~ T cells have
reduced IFN-y yet elevated IL-4, which resulted in alleviated
acute GVHD (aGVHD) (30); blocking ICOS confirmed this
reduced GVHD severity (31). Antibody blockade of ICOS in
mice with cGVHD using a bronchiolitis obliterans cGVHD
mode can also improve pulmonary function by decreasing Tth
and GC responses (32). However, the role of ICOS in T-cell
differentiation and Treg generation, development, and function
is unknown in cGVHD. Utilizing a murine model of allogeneic
bone marrow transplantation (BMT), we demonstrate a vital
role for ICOS in promoting pathogenic T/B-cell differentiation,
and further identified that ICOS was indispensable for Treg
development and survival during cGVHD development. Imp-
ortantly, we observe that ICOS blockade prior to ¢cGVHD
onset preserved Tregs and was efficacious in reducing cGVHD
severity.

MATERIALS AND METHODS

Mice

Wild-type(WT)C57BL/6(B6,H-2K®, CD45.2),B6Ly5.2(CD45.1),
and BALB/c (H-2K") mice were purchased from National Cancer
Institute (Frederick, MD, USA). Ragl ="~ B6 mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). ICOS
germline knockout (KO) (29) and ICOSY (33) mice were gen-
erated in 129 background and backcrossed 12 generations into
B6. ICOS"" mice were bred with Foxp3Y™¢e (JAX016959) mice
to generate Treg-specific ICOS KO mice (Foxp3Y™CICOS™").
Mice between 8 and 10 weeks old were used as recipients, and
6 and 8 weeks old mice were used as donors in this study. All
mice were bred under specific pathogen-free conditions in the
animal facility of the Medical University of South Carolina
(Charleston, SC, USA). All animal experiments were approved
by the Institutional Animal Care and Use of Committee.

cGVHD Model

A major histocompatibility complex-mismatched (B6 to BALB/c)
mouse model was used as previously described (34). Briefly,
BALB/c recipients were lethally irradiated with total body irradia-
tion (TBI) at 650 cGy using a RAD 320 X-ray Irradiator (Precision
X-ray Inc., North Branford, CT, USA) and received 5 X 10°
T-cell-depleted bone marrow (TCD-BM) cells, with or without
0.5 X 10° whole splenocytes (SPLs) or 0.25 X 10° CD25-depleted
splenocytes (CD25-SPLs) from W'T, ICOS KO, Cre"ICOS", or
Foxp3"CeJCOSY B6 donor mice via tail vein. Recipients were
monitored for survival, body weight, and clinical syndromes of
c¢GVHD described previously (35). As published previously, anti-
ICOS (7E.17G9. G1, rIgG2b; produced at National Cell Culture,
Minneapolis, MN, USA) or irrelevant rat-IgG were injected i.p. at
200 pg/mouse from day 0 to day 28, 3 times/week after BMT (31).

aGVHD Model

BALB/c recipients were lethally irradiated with TBI at 700 cGy
and injected with 5 X 10° BM from Ragl~'~ B6 mice and enriched
0.5 x 10° CD25"Ly5.1-CD4 T cells on day 0, and then recipients
were transferred with 0.5 X 10° CD25 Ly5.1* T cells on day 3.
Recipients were monitored with survival, body weight loss, and
clinical twice per week for 80 days.

Flow Cytometry

Recipient’s splenocytes and thymocytes were isolated and stained
for surface markers and intracellular markers and cytokines using
standard flow cytometric protocols as previously described (35).
Stained cells were analyzed by LSR II (BD Biosciences, San Jose,
CA, USA) and Flow Jo (Tree Star, Ashland, OR, USA).

Serum Autoantibody Detection

Serum autoantibodies were detected as previously described
(35). Succinctly, double-stranded DNA (dsDNA) made from
calf thymus were pre-coated on ELISA plate (Corning Inc.) and
then incubated with diluted serum. Biotin-IgG, IgG1, and IgG2c
(Southern Biotech) followed by HRP-streptavidin antibodies and
TMB substrate (eBioscience) were utilized. Plates were read out
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by a Multiscan FC (Thermo Scientific, MA, USA) ELISA plate
reader.

Trichrome Staining

Six-micrometer cryosections were stained with a Masson tri-
chrome staining kit (Sigma-Aldrich) for detection of collagen
deposition. Collagen deposition was quantified on trichrome-
stained sections as a ratio of area of blue staining to area of total
staining by use of Image] 1.51s (National Institutes of Health,
USA) analysis tool.

iTregs Generation and Enrichment
CD4*CD25 T cells were purified from WT or ICOS~~ B6 spleens
and lymph nodes by MACS. CD11c* dendritic cells were puri-
fied from BALB/c mice using CD11c microbeads (Miltenyi).
CD4*CD25™ T cells were co-cultured with CD11c* DCs at 1:10
(DC:T cell) ratio with IL-2 (5 ng/ml), TGF-f (5 pg/ml), and
retinoic acid (40 nM) for 5 days. iTregs were enriched from bulk
culture using positive selection with CD25 microbeads and LS
columns (Miltenyi). Purity of iTregs was usually 90-95% as in
these experiments.

Statistical Analysis

Results were presented as mean + 1 SEM, a two-tailed Student’s
t-test is utilized for accessing statistical significance among
groups, and the log-rank test is utilized for evaluating recipient
survival among groups by GraphPad Prism 6.

RESULTS

ICOS Contributes to the Progression
of cGVHD

Inducible T-cell co-stimulator is expressed on activated CD4 and
CD8 T cells and promotes T cell alloresponses to mediate GVHD
(36). We therefore evaluated the ICOS expression on allogeneic
T cells using a cGVHD transition model, B6 to BALB/c. We found
that ICOS expression was significantly increased on donor CD4
T cells in the spleen of the recipients with cGVHD 60 days post-
BMT compared with those without cGVHD; although ICOS
expression was comparable on donor CD8 T cells and Tregs
(Figure 1A). These data implicate ICOS expression on T cells in
c¢GVHD, especially on the CD4 subset.

To test how ICOS affects the development of cGVHD, we
initially used ICOS germline KO strain on B6 background as
donors and BALB/c as recipients, in which the recipients develop
aGVHD and transit to cGVHD (34). Consistent with previous
reports (25, 28,29, 37, 38), WT and ICOS KO displayed a compa-
rable frequency of B220, CD4, and CD8, with a moderate decrease
in regulatory and effector-memory CD4 T (Tem) cells (data not
shown). Given that donor Tem have not been shown to impact
GVHD development (39), and Tregs alleviate GVHD (40), we
used CD25-depleted splenocytes plus TCD-BM as donor grafts to
induce cGVHD. Recipients transplanted with ICOS™~ grafts had
reduced body weight loss (Figure 1B) and lower cGVHD clinical
scores at later time points, but not at early time points compared
with those receiving WT grafts (Figure 1C). As fibrosis is a key

feature of cGVHD (6), we measured fibrosis in the recipient skin
and lung 60 days post-BMT and found that ICOS™~ donor cells
induced less sclerodermatous-like pathology, reflected by reten-
tion of subcutaneous fat in the skin and less fibrosis in both skin
and lung tissues (Figures 1D,E). These results indicate that ICOS
expression on donor grafts promoted the progression of cGVHD.

ICOS Promotes Treg and Tfh Development

in cGVHD

We then examined Treg and Tth differentiation 60 days post-
BMT, as they play critical roles in the development of cGVHD
(7). We observed that recipients of ICOS™~ donor grafts had
significantly reduced Treg frequency compared with WT controls
in the spleen, but not the thymus (Figures 2A,B, and data not
shown), suggesting that ICOS influences the generation of iTregs
but not the development of nTregs. The recipients of ICOS™~
grafts also had significantly reduced Tth among CD4*Foxp3~ and
Tfr among CD4*Foxp3* cells compared with those of WT grafts
(Figures 2A,B). A marked elevation in ICOS expression on Tfr
cells was observed compared with that on Tth cells among WT
donor T cells (Figure 2C), suggesting that ICOS may play a
greater role in Tfr differentiation than in Tth cells. Notably, we
observed that follicular-like CD8 T cells, which resemble Tth
cells and expressed ICOS, were decreased in the recipients of
ICOS™~ donor grafts compared with those of WT grafts (Figure
S1A in Supplementary Material), suggesting that ICOS played a
role in follicular-like CD8 T cell development during cGVHD
pathogenesis.

To further understand how ICOS expression impacts cGVHD,
we evaluated the kinetics of Treg, Tfr, and Tth differentiation in
the spleen of recipients at day 15, 30, 45, and 60 after BMT. In
the recipients of WT or ICOS™~ donor grafts, Tregs began to
gradually increase after day 15, peaked on day 45, and stabilized
through day 60 post-BMT. However, Tregs were significantly
reduced from day 30 to day 60 in the recipients of ICOS~'~ grafts
when compared with those of WT (Figure 2D), indicating that
ICOS promoted Treg development during cGVHD develop-
ment. In both groups, Tth cells among CD4*Foxp3~ peaked at
day 15 and slowly declined through day 60. However, Tth cells
were significantly lower from day 30 to day 60 in the recipients
of ICOS™~ grafts (Figure 2D), indicating that ICOS similarly
affected Tth cells development. Tfr cells among CD4*Foxp3*
retained relatively high levels at day 15, yet gradually decreased
over time, and finally sustained a steady state from day 45 to
day 60; albeit, significantly fewer Tfr cells were generated from
ICOS™= T cells compared with WT T cells in later stages of
c¢GVHD development (Figure 2D). Taken together, these data
indicate that ICOS affects Treg and Tth differentiation by day 30
after BMT, correlated with disease onset.

ICOS Promotes Th17 Differentiation

Given that ICOS controls the memory T-cell pool (25) and is
essential for CD4 T cell activation (37), we measured CD44 and
CD69 expression on T cells derived from WT and ICOS KO
donor grafts. We observed comparable percentages of CD44*
cells among CD4 and CD8 T cells (Figure 3A), but a lower
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percentage of CD69 on CD4 (data not shown), suggesting that Effector CD4 T cells drive the pathogenesis of cGVHD (7).
ICOS is required for allogeneic T cell activation in cGVHD  ICOS has a distinct role in Th1 and Th2 differentiation depend-
development. ing on disease context (18), but is known to consistently promote
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Days post-BMT

Th17 development (19, 41). We therefore tested the impact of
ICOS expression on CD4 T-cell differentiation in cGVHD. Upon
comparison of cytokine secretion by T cells, we observed similar
IFN-y and IL-4/5 secretion by WT or ICOS™~ CD4 T cells, yet
IL-17A production was dramatically decreased by ICOS™~ CD4
T cells (Figures 3B,C). We then assessed kinetics of Thl, Th2,
and Th17 cells during cGVHD pathogenesis and found that
IFN-y and IL-4/5 production were again comparable in WT and
ICOS™~ T cells (Figure 3D). However, ICOS~~ donor T cells pro-
duced lower levels of IL-17A from 45 to 60 days post-BMT when
compared with WT T cells (Figure 3D). These results suggested
that ICOS was necessary for Th17, but dispensable for Th1 or Th2,
differentiation during cGVHD development.

Given that ICOS also promotes CD8 T-cell activation and
expansion (42) that can contribute to cGVHD (43), we quantified

the effect of ICOS expression on CD8 T cells after BMT. We
observed reduced CD69 expression and IFN-y secretion on
donor ICOS™~ CD8 T cells, but not IL-17 (data not shown),
which was correlated with reduced cGVHD severity (11). Taken
together, ICOS controls both CD4 and CD8 T-cell activation and
differentiation in cGVHD pathogenesis.

ICOS Induces GC B-Cell Development and

Plasma Cell Differentiation

Inducible T-cell co-stimulator is required for the differentiation
of Tth cells (23), which promote GC B-cell formation, plasma
cell differentiation, and antibody production (18). These acti-
vated donor B cells then act as antigen-presenting cells (APCs)
to stimulate T cells (44). We next examined the effect of ICOS
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on donor B-cell activation and differentiation. The recipients of
ICOS™~ donor grafts had a lower frequency of Fas*GL-7* GC
B cells and B220"*CD138* plasma cells when compared with

those of WT grafts (Figure S1B in Supplementary Material).
Albeit, B-cell reconstitution and expression of co-stimulatory
molecules were comparable (Figure S1B in Supplementary Material
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and data not shown). These data suggest that ICOS expression
on donor T cells promotes GC formation and plasma cell dif-
ferentiation. In kinetic experiments, we observed fewer GC and
plasma cells in the recipients of ICOS™~ donor grafts starting
at day 30 post-BMT (data not shown), which correlated with a
reduction in Tth cells during cGVHD development (Figure 2D).
We tested serum autoantibody specific for dsDNA and we
found significantly lower levels of total IgG, IgG1, and IgG2c
in the sera taken from recipients of ICOS™'~ grafts (Figure S1C
in Supplementary Material). Taken together, ICOS on donor
T cells affects B-cell and plasma cell differentiation and antibody
production.

ICOS Promotes Treg Survival and

Homeostasis In Vivo

To further elucidate the role of ICOS in Tregs, we generated
mice with a Foxp3-specific ICOS deletion and performed BMT
using Foxp3"™<ICOSY or Cre"ICOS" mice as donors. Given
that Foxp3 gene is located on the X chromosome, this allele can
be randomly silenced in female mice; we therefore chose male
mice as donors to confirm ICOS deletion. Due to decreased
CD25*Foxp3™ cells in Foxp3Y*¢*ICOS" mice (data not shown),
we used CD25-depleted donor splenocytes (CD257SPL) to induce
c¢GVHD. The recipients of CD25SPL from Foxp3'*-¢ICOS™1
donors had more severe cGVHD than those with Cre- ICOS"®
donors, evidenced by lower body weight maintenance and higher
clinical scores (Figure 4A). These data suggest that ICOS is
required for optimal Treg development and/or function during
c¢GVHD development. To determine at what stage ICOS affects
Treg development, we evaluated Foxp3 expression in the thymus
of recipients. We observed that frequencies of Foxp3* among
CD47CD8" cells were comparable among cohorts (data not
shown), suggesting that ICOS is dispensable for the development
of nTregs in recipient thymus. While frequencies of CD4*Foxp3*
cells were similar in the spleen (Figure 4B), we observed signifi-
cant reductions in absolute number and survival of Foxp3* cells in
the recipients of Foxp3**<*ICOS¥ donor grafts when compared
with those of Cre"ICOS" grafts (Figure 4B). These data suggest
that ICOS promotes Treg survival but not generation in lymphoid
organs. In addition, Tregs derived from Foxp3Y™*<ICOSY™
donor cells exhibited an activated phenotype, with significantly
higher frequencies of CD44"CD62L" (effector) cells and lower
CD44°CD62L" (naive) cells compared with those derived from
Cre"ICOS" donor cells (Figure 4C), suggesting that ICOS is
critical for maintaining homeostasis of Tregs.

To corroborate a role of ICOS in effector cell generation, we
examined the phenotype of donor T cells and observed that
donor CD4 T cells exhibited higher CD44"CD62L" frequencies
(Figure 5A) coupled with higher ICOS expression (Figure 5B)
but had lower CD44°CD62L" frequencies in the recipients of
Foxp3"™c<JCOSY (Figure 5A). Moreover, donor CD4 T cells
isolated from recipients of Foxp3Y"C<[COS"™ produced more
pro-inflammatory cytokines, including IFN-y, IL-17, and IL-21
(Figure 5C). Similar results were observed in donor CD8 T cells,
although less dramatic (data not shown). These results suggest
that ICOS may be required for optimal suppressive function of
Tregs.

ICOS Promotes Tfr Development In Vivo
Given the requirement for ICOS in Tfr cells (22), we compared the
presence of Tth and Tfr cells in the recipients of Foxp3Y™“<ICOSV
or Cre"ICOS" donor grafts. We observed a higher percentage of
Tth among CD4*Foxp3™ cells, but lower percentage of Tfr among
CD4*Foxp3* cells, in recipients of Foxp3'"-C<ICOS™ grafts
(Figure 6A). Consistently, B-cell reconstitution (B220*) was
significantly decreased (Figures 6B,C), whereas B-cell activation
(CD40 and CD86 expression) (Figure 6D) and GC B and plasma
cell differentiation were significantly increased (Figures 6B,C),
suggesting that ICOS is required for Tfr cells to inhibit B-cell
activation and differentiation. In addition, we observed that the
percentages of follicular-like CD8 T cells increased and secreted
more IL-21 in ICOS-deficient donor Tregs (Figures S2A,B in
Supplementary Material). This suggests that Tfr cells can inhibit
follicular-like CD8 T cells that promote B-cell differentiation.
Overall, these results indicate that ICOS is indispensable for Tfr
development and suppressive function.

ICOS Is Required for the Optimal Function

and Stability of iTregs In Vivo

To further test how ICOS impacts stability and function of
alloantigen-reactive iTregs, we stimulated CD25-depleted CD4
T cells from WT or ICOS KO mice with allogeneic APCs under
Treg-polarization conditions as previously described (45). We then
compared the suppressive function of iTregs between groups per-
taining to their ability to suppress the induction of GVHD when co-
transplanted with CD25~ WT T cells. While WT iTregs were able to
significantly alleviate GVHD, ICOS KO iTregs were compromised
(Figures 7A,B). These results suggest that ICOS is required for the
optimal function of iTregs to suppress GVHD development.

To understand the underlying mechanism, we measured
molecular markers related to Treg function. When compared
with WT counterparts, ICOS™~ iTregs had lower expression of
PD-1 and CD39, both known to be positively correlated with
Treg suppressive function (46, 47), and a higher expression of
CD127, conversely known to negatively impact Treg suppressive
function (48) and stability (49) (Figure 7C). However, ICOS had
a little effect on the expression of CD73, CTLA-4, GITR, and
Nrpl (data not shown). Chemokine receptors are important for
Treg migration into areas of inflammation (50). We observed
that ICOS™~ iTregs expressed lower levels of chemokine receptor
CXCR5 and gut-homing adhesion molecule a4p7 (Figure 7C),
but did not affect expression of CCR4, CCR5, or CCRY (data not
shown). These data suggest that ICOS promotes iTreg migration
to target organs. ICOS™~ iTregs also displayed higher frequencies
of 7-AAD* cells compared with WT iTregs in recipient spleens
(Figure 7D), suggesting that ICOS is crucial for the survival of
iTregs in vivo. Furthermore, ICOS™~ iTregs exhibited significantly
lower percentages of Foxp3, yet higher IFN-y or IL-4/5 in recipient
spleen and liver (Figure 7E), suggesting that iTregs are more prone
to lose Foxp3 and subsequently differentiate into Th1 or 2 cells.

We then directly compared the suppressive capacity of WT or
ICOS™" iTregs on day 14 post-BMT. We found that WT iTregs had
a greater capacity to suppress donor CD4 Teffs (Ly5.1*) (Figure
S3A in Supplementary Material), but not Ly5.1*CD8* T cells (data
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FIGURE 4 | Inducible T-cell co-stimulator (ICOS) is indispensable for regulatory T cells (Tregs) survival and homeostasis in chronic graft-versus-host disease. Lethally
irradiated BALB/c mice were transplanted with 0.25 x 10° CD25-SPLs and 5 x 10° T-cell-depleted bone marrow from Cre-ICOS"" or Foxp3°elCOS"" mice on B6
background. Body weight and clinical score (A) were monitored weekly, n = 6-8 mice/group. Spleens were harvested at day 60 after bone marrow transplantation
(BMT) and subjected to FACS staining. Representative flow images from individual mice and mean percentage of Foxp3 gated on H-2K**CD4+ T cells and live/dead
gated on H-2K>*CD4+ Foxp3* are shown (B). Representative dot plots from individual mice and dot graphs of mean percentage of CD44"CD62L"° and
CD44°CD62L" gated on H2KP*CD4*Foxp3* T cells are shown (C). n = 4-5 mice/group. *p < 0.05, **p < 0.01, and **p < 0.001.

not shown). In addition, WT iTregs induced significantly more
death on Teffs than ICOS™~ iTregs (Figure S3B in Supplementary
Material), suggesting that ICOS facilitates iTreg-mediated death
of Teffs. We further evaluated the pro-inflammatory cytokines
produced by Teffs and found that ICOS was required for iTregs
to inhibit IFN-y, but not IL-17, production by donor CD4 Teffs
(Figure S3C in Supplementary Material). Taken together, these

results suggest that ICOS is required for the survival, stability,
function, and migration of Tregs in vivo.

Treatment of Anti-ICOS Antibody
Alleviates cGVHD

To determine the feasibility of clinical translation, we next evalu-
ated whether pharmacologically blocking ICOS could attenuate
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FIGURE 5 | Inducible T-cell co-stimulator (ICOS) on regulatory T cells affects activation of effector T cells. Bone marrow transplantation (BMT) was performed as
described in Figure 4. Splenocytes were harvested and processed for flow cytometry 60 days after BMT. Representative dot plots from individual mice and mean
percentage of CD44"CD62L° and CD44°CD62L" on gated H-2K°*CD4+ Foxp3~ T cells are shown (A). Representative histogram and mean fluorescence intensity
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cytokine staining. The representative contour plots from individual mice and mean percentage of IFN-y*, IL-4/5*, and IL-17+ gated on H-2K**CD4+ cells are shown
(C), n = 4-6 mice/group. *p < 0.05 and **p < 0.01.

c¢GVHD severity. As Treg development peaked at day 45 after BMT
(Figure 2D) and ICOS was required for Treg fitness (Figure 4),
we chose to administer a-ICOS mAb from day 0 to day 28. When
compared with rat-IgG, a-ICOS treatment significantly reduced
c¢GVHD severity, reflected by better body weight maintenance and
lower clinical scores (Figures 8A,B). Accordingly, a-ICOS treat-
ment reduced fibrosis in recipient skin and lung (Figures 8C,D).

To investigate the underlying mechanisms, we evaluated the
effects of anti-ICOS on donor T-cell activation and differen-
tiation on day 60 post-BMT. Indeed, treatment with a-ICOS
reduced Tth differentiation, but had no effect on Treg and Tfr
(Figures 9A,B). This was consistent with preserved thymic func-
tion as reflected by percentages of CD4*CD8* cells (Figure S4A
in Supplementary Material). The recipients treated with a-ICOS
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FIGURE 6 | Inducible T-cell co-stimulator (ICOS) promotes follicular regulatory T (Tfr) development. Bone marrow transplantation (BMT) was setup as described in
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center B cells (GCs) gated on H-2K**B220* cells are shown (B,C), n = 4-6 mice/group. Representative histograms and mean fluorescence intensity (MFl) of CD86

also had decreased memory T (CD44"CD62L") and increased
naive T-cell (CD44°CD62LM) frequencies (Figures 9C,D), which
are known to be negatively and positively related with cGVHD
severity, respectively (43, 51). Furthermore, we observed that
a-ICOS treatment improved B-cell reconstitution as reflected
by increased frequencies of donor B220* cells (Figures S4B,C in
Supplementary Material), and reduced B-cell activation reflected
by lower expression of CD86 (Figure S4D in Supplementary
Material). However, a-ICOS treatment did not affect B-cell dif-
ferentiation into GC and plasma cells. Taken together, a-ICOS

treatment after BMT improved cGVHD outcomes by decreasing
Teff-cell differentiation while restoring normal B-cell homeo-
stasis and, importantly, by preserving thymic function and Treg
development.

DISCUSSION

In this study, we demonstrate a critical role for ICOS in Teffs and
Tregs, as well as B cells, in the pathogenesis of cGVHD. ICOS pro-
moted cGVHD by boosting pathogenic T cells, pro-inflammatory
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FIGURE 7 | Inducible T-cell co-stimulator (ICOS) is required for optimal function and stability of iTregs in vivo. Lethally irradiated BALB/c mice were transplanted with
5 x 10° BM from Rag1~~ B6 plus 0.5 x 10° CD25"CD4+ cells isolated from wild-type (WT) or ICOS~~ mice (Ly5.17). Three days later, 0.5 x 10° CD25-Ly5.1+ B6
Teffs were injected into each recipient. Recipients were monitored for survival (A) and body weight loss (B) for 80 days, n = 10 mice/group. In separate experiments,
spleens and livers were excised and processed for FACS staining on day 14 after allo-bone marrow transplantation (BMT). Histograms of PD-1, CD39, CD127,
CXCR5, and a4p7 expressed on gated H-2KP+Ly5.1-CD4+Foxp3* in spleen are shown (C). Representative histograms from individual mice and mean percentage of
7-AAD on gated H-2K°*Ly5.1-CD4*Foxp3* are shown (D). Mean percentage of CD4*Foxp3* gated on H-2KP*Ly5.1-, and Foxp3-IFN-y* and Foxp3-IL-4/5* gated
on H-2K°*Ly5.1-CD4+ cells from spleens and livers are shown (E). n = 5 mice/group. *p < 0.05, **p < 0.01, and **p < 0.001.

cytokine production, and B-cell differentiation. Conversely, ICOS
also facilitated Treg and Tfr development to restrict aberrant T and
B cell responses and thus alleviate cGVHD. ICOS was required for
Treg development, survival, and homeostasis in cGVHD devel-
opment. Furthermore, ICOS blockade attenuated the severity of
c¢GVHD by impeding the T-cell response and consequently B-cell
differentiation; yet not affecting Treg development. In addition,

we implicate follicular-like CD8 T cells, which are inhibited by
Tfr, as a contributor to the pathogenic T cell pool in mediating
c¢GVHD, and demonstrated that these cells required ICOS for
differentiation. In summary, we found ICOS played a vital role
in mediating cGVHD by regulating T and B cell differentiation
and response, and that inhibiting ICOS could decrease cGVHD
severity and spare Treg development.
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It has been reported that ICOS promotes IFN-y but reduce
IL-4 production during the development of aGVHD (30).
However, ICOS did not play a significant role in Th1 and Th2 dif-
ferentiation during cGVHD development. These different results
were likely due to the distinct pathophysiology of acute versus
chronic GVHD (7). We observed that ICOS~~ donor T cells pro-
duced significantly lower IL-17 at day 45 but not in earlier stages
(Figure 3), which was consistent with reports showing that ICOS
is necessary for Th17 development and maintenance (41). Several
mechanisms may account for this: (i) ICOS sustained IL-23R
expression on Th17 cells through c-Maf (41, 52), (ii) IL-17 secre-
tion was maintained through ICOS-mediated activation of PI3K
pathway (21), and (iii) ICOS promoted IL-21 production by Th17
and Tth cells (41) that maintain Stat3 activation to sustain the
Th17 lineage (53, 54). ICOS™~ T cells also have reduced frequen-
cies of Tth cells and are unable to upregulate B-cell lymphoma 6
(Bcl-6) and c-Maf expression (22, 23). Consistently, we observed
that ICOS controlled Tth cell differentiation during cGVHD
development (Figure 2). In kinetic experiments, ICOS had a
dominant effect on Tth differentiation 30 days after BMT. We
interpret that CD28 regulated early Tth differentiation, whereas
ICOS maintained Tth phenotype and homing to follicle areas by
downregulating Kruppel-like factor2 (55).

Inducible T-cell co-stimulator is required for CD8 T-cell acti-
vation and IFN-y secretion, in part because ICOS triggers IL-2

production (37, 42). Surprisingly, we observed that follicular-like
CD8 T cells may also contribute to cGVHD pathogenesis. This
population has been reported in models of chronic LCMV infec-
tion, which demonstrate secretion of pro-inflammatory cytokines
and co-expression of CD28 and ICOS (56). Similarly, we observed
that ICOS affects follicular-like CD8 T differentiation (Figure
S1A in Supplementary Material). Quigley et al. reported that
follicular CD8 T cells were localized in tonsil B cell follicles and
supported B cell survival (57). Our data suggest that follicular-
like CD8 T cells may function in a way akin to Tth, specifically
through IL-21 (Figure S2 in Supplementary Material)-mediated
B-cell differentiation. Nonetheless, more studies are required to
confirm the contribution of follicular-like CD8 T cells in cGVHD
pathogenesis.

Aberrant donor B-cell differentiation is responsible for cGVHD
development (58). Similar impairments in B-cell responses have
been reported in both ICOS-deficient mice and humans (27, 28).
We also found that the recipients of [COS~~ donor grafts showed
decreased GC development, plasma cell differentiation, and Ig pro-
duction, which correlated with reduced Tth cells during cGVHD
development. These results confirm that ICOS is necessary to
drive Tth function and subsequently support B-cell differentiation
likely via cell-cell contact (ICOS:ICOSL) (59) and IL-21 secretion
(41, 60-62). ICOS was also shown to regulate extrafollicular Tth
cells that can induce B-cell differentiation into short-lived plasma
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FIGURE 9 | Anti-inducible T-cell co-stimulator (ICOS) antibody treatment reduces effector T cells differentiation. Bone marrow transplantation (BMT) was performed
as described in Figure 8. Splenocytes were stained and analyzed by flow cytometry at day 60 after BMT. Representative contour plots (A) and mean percentage
(B) of regulatory T cells (Tregs) (CD4+Foxp3+) on gated donor H-2K®+ T cells, T follicular helper (Tfh) cells (PD-1+*CXCR5*) on gated H-2K**CD4+Foxp3-, and follicular
regulatory T (Tfr) cells (PD-1*CXCR5*) on gated H-2K**CD4+Foxp3* T cells are shown, two experiments were pooled together, n = 8-9 mice/group. Representative
dot plots (C) and mean percentage (D) of CD44"CD62L° and CD44°CD62L" on gated H-2K°*CD4+* and H-2K>+*CD8* T cells are shown, n = 3-4 mice/group.

cells, which then produce autoantibodies in a murine lupus model
(63). Thus, we cannot exclude the possibility that a defect in extra-
follicular Tth cell function in the absence of ICOS was responsible
for the observed impairment in B-cell response.

Previous studies indicate that ICOS controls Treg develop-
ment and homeostasis (25). Consistently, we observed lower
percentages of Tregs upon transplant with ICOS™~ donor T cells
(Figure 2). Furthermore, ICOS was not only required for Treg

generation but also for Treg homeostasis and survival
(Figure 4), which could because ICOS promotes Treg sensitiv-
ity to IL-2 and hence resulting in better survival and Foxp3
stability (64, 65). ICOS™~ Tregs could not control the increased
activation and differentiation of Teffs (Figure 5), indicating
that ICOS was important for Treg suppressive function, pos-
sibly though impaired secretion of the suppressive cytokine
IL-10 (24, 66).
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Consistent with the improvement in aGVHD observed using
anti-ICOS treatment (31), prophylactic anti-ICOS treatment also
reduced cGVHD severity by decreasing effector T cells without
affecting Treg development (Figures 8 and 9). Given ICOS had an
impact on Treg generation within 30 days post-BMT, we interpret
that prophylactic treatment still allowed Treg generation in the
later stages of cGVHD development. Flynn et al. reported that
anti-ICOS treatment was sufficient to reverse established cGVHD
when administered from day 28 to day 56 post-BMT in a B6 to
B10.BR murine model (32). Although the mechanisms account-
ing for this discrepancy are not clear, we postulate that different
BMT models likely contributed to this, rather a de novo bronchi-
olitis cGVHD versus aGVHD to cGVHD transition model.

This study demonstrates that ICOS plays pleiotropic roles in the
pathogenesis of cGVHD (Table S1 in Supplementary Material).
Post allo-HCT, donor T cells activated via interaction with
host and/or donor APCs upregulate ICOS in lymphoid tissues.
(1) Activated CD4 T cells begin to differentiate into extrafollicular
Tth cells and promote B-cell maturation to short-lived plasma cells
that produce auto- or allo-antibodies in the extrafollicular areas.
(2) ICOS signaling promotes activated CD4 T cells to express
CXCR5 and Bcl-6 and become pre-Tth cells, which migrate into
the follicular area and support B-cell differentiation into long-
lived plasma cells by secreting IL-21 and IL-17. (3) Activated
T cells also induce Th17 differentiation which produce IL-17
and IL-21 to promote Tth function and B-cell differentiation into
long-lived plasma cells. (4) In response to ICOS signaling, CD8

Collagen
1cosL @ 1L17

cGVHD target
organs

T~

B icos

@ 2 \ﬁ(/ Auto/allo-antibody

FIGURE 10 | Proposed model for the role of ICOS in pathogenic T cells and
Tregs in cGVHD. Abbreviations: APCs, antigen-presenting cells; eTfh,
extrafollicular T helper cells; Bcl-6, B-cell lymphoma 6; Foxp3, forkhead box
P3; RORyt, retinoic acid receptor-related (RAR) orphan; TCF-1, T cell factor
1; cGVHD, chronic graft-versus-host disease; ICOS, inducible T-cell

co-stimulator; Tregs, regulatory T cells.

T cells begin to differentiate and expand; activated CD8 T cells
secrete cytokines and/or cytotoxic molecules to induce cGVHD
and express CXCR5 and PD-1 which then migrate to follicular
areas to promote B cell differentiation into long-lived plasma
cells. (5) These short-lived and/or long-lived plasma cells produce
auto- and allo-antibodies that deposit into cGVHD target organs
to induce cGVHD. (6) Th17 cells secrete cytokines such as IL-17
and IL-21 to facilitate fibroblast maturation and collagen produc-
tion that subsequently deposits in target organs during cGVHD.
(7) On the other hand, ICOS also promotes CD4 T cell differen-
tiation into Tregs, which suppress pre-Tth, Th17,and CD8 T cells,
as well as fibroblasts through cell-cell contact (ICOS:ICOSL)
supplemented by inhibitory cytokine secretion (TGF-p and
IL-10); ICOS can also induce CXCR5 and Bcl-6 expression on
Tregs and promote Tregs to migrate into follicular areas, dubbed
Tfr cells, which inhibit Tth, B cells responses, as well as plasma
cells and antibody production (Figure 10). Although Treg and Tfr
cells suppress pathogenic T and B cells, they cannot completely
contain this response, thus the resultant effect of ICOS expression
is exacerbated cGVHD. Our data provide rational to target ICOS
for cGVHD prophylaxis in clinic, despite its pluralistic role in
T-cell activation and differentiation.
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