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Repurposing a novel anti-cancer RXR agonist to attenuate
murine acute GVHD and maintain
graft-versus-leukemia responses
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The nuclear receptor (NR) subclass, retinoid X receptors (RXRs), exert immunomodulatory
functions that control inflammation and metabolism via homodimers and heterodimers, with
several other NRs, including retinoic acid receptors. IRX4204 is a novel, highly specific RXR
agonist in clinical trials that potently and selectively activates RXR homodimers, but not het-
erodimers. In this study, in vivo IRX4204 compared favorably with FK506 in abrogating acute
graft-versus-host disease (GVHD), which was associated with inhibiting allogeneic donor T-cell
proliferation, reducing T-helper 1 differentiation, and promoting regulatory T-cell (Treg) gen-
eration. Recipient IRX4204 treatment reduced intestinal injury and decreased IFN-y and TNF-«
serum levels. Transcriptional analysis of donor T cells isolated from intestines of GVHD mice

® A novel RXR agonist
attenuates acute
GVHD, while retaining
graft-versus-leukemia
responses.

® The RXR agonist
enhances Treg
generation and
stabilizes Foxp3, even

in a highly treated with IRX4204 revealed significant decreases in transcripts regulating proinflammatory
inflammatory pathways. In vitro, inducible Treg differentiation from naive CD4* T cells was enhanced by
environment.

) IRX4204. In vivo, IRX4204 increased the conversion of donor Foxp3~ T cells into peripheral
Foxp3* Tregs in GVHD mice. Using Foxp3 lineage-tracer mice in which both the origin and
current FoxP3 expression of Tregs can be tracked, we demonstrated that IRX4204 supports Treg stability. Despite favoring
Tregs and reducing Th1 differentiation, IRX4204-treated recipients maintained graft-versus-leukemia responses against both
leukemia and lymphoma cells. Notably, IRX4204 reduced in vitro human T-cell proliferation and enhanced Treg generation in
mixed lymphocyte reaction cultures. Collectively, these beneficial effects indicate that targeting RXRs with IRX4204 could be
a novel approach to preventing acute GVHD in the clinic. (Blood. 2021;137(8):1090-1103)
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or immunosuppression of donor T cells can reduce GVHD risk, but,
in some settings, such strategies may increase the risk of leukemia
relapse and opportunistic infections.>* Immunomodulatory ther-
apies that reduce GVHD without full loss of graft-versus-leukemia

Introduction

The success of allogeneic bone marrow hemapoietic stem cell
transplantation (HSCT) is impeded by graft-versus-host disease
(GVHD), which can cause transplant-related morbidity and mor-

tality. The incidence of acute GVHD in patients ranges from 20% to
70%." Alloreactive donor T cells play a key role in mediating GVHD
by mounting immune responses against histocompatibility-
disparate recipient tissues.? Strategies involving either depletion
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(GVL) responses are highly desirable.

Retinoid X receptors (RXRs) regulate numerous biological processes,
including cellular proliferation, apoptosis, and metabolism as a result
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of their capacity to form heterodimers with several other nuclear
receptors.>” Previous studies in mice reported that signaling of RXRa
in T cells can negatively affect T-helper 1 (Th1) differentiation.®?
In particular, retinoic acid (RA) signaling can regulate immune
responses through engagement of RA receptor (RAR)-RXR
heterodimers.'® Depending on the local milieu, RA signaling can
elicit either anti-inflammatory or proinflammatory responses.'®'? For
instance, in inflammatory settings such as murine acute GVHD,
endogenous RA or exogenous RA administration worsens the
disease.™®"> Using a genetic approach, we and others obtained
proof of concept that inhibiting donor T-cell RA signaling attenuates
acute GVHD."*"> Therefore, targeting RXR may have therapeutic
potential in the treatment of acute GVHD. However, selective RXR
modulation, which has been challenging to achieve with pharma-
cological agents, is needed to retain the beneficial effects while
averting the pleiotropic effects of RXR activation. IRX4204 is a novel,
second-generation, highly specific RXR agonist'¢'? that preferen-
tially activates RXR homodimers rather than RAR-RXR heterodimers,
with a 2000-fold higher affinity for RXR homodimers. In addition,
IRX4204 does not activate RXR heterodimers with peroxisome
proliferator-associated receptors, liver X receptor, or famesoid X
receptor, as those pathways are linked to unwanted side effects,
even at physiological concentrations.’® A recent study reported that
IRX4204 attenuates experimental autoimmune encephalomyelitis in
mice by reducing the number and frequency of IL-17—producing
CD4* T cells." In the present study, we demonstrated that IRX4204,
given at the time of transplantation, markedly ameliorated acute
GVHD lethality, an effect dependent on generation of peripheral
Tregs (pTregs) while maintaining alloreactivity without obliterating
GVL responses.

Materials and methods

Mice

C57BL/6 (H-2°; termed B6), B6 CD45.1, and BALB/c (H-29 mice
were purchased from the National Cancer Institute Laboratory and
Charles River Laboratories. B6 Thy1.1 and Scurfy female mice
were purchased from The Jackson Laboratory. B6 luciferase-
expressing transgenic mice (kindly provided by Robert
S. Negrin), B6 Foxp3-GFP knockin (KI) mice (kindly provided
by Vijay Kuchroo), and Bé (Rosa-RFPxFoxp3°GFP-cre-ERT2) reporter
mice® (kindly provided by Laurence A. Turka) were bred at the
University of Minnesota. Mice were housed in a specific-pathogen-
free facility and used in procedures approved by the University of
Minnesota Institutional Animal Care and Use Committee.

Bone marrow transplantation

Recipient mice were irradiated on day —1 with a lethal dose of
700 cGy for BALB/c and 1100 cGy for Bé mice. On day O, re-
cipients were given non-T-cell-depleted (TCD) bone marrow
(BM), with or without allogeneic donor splenocytes or purified
splenic T cells (purity, >95%) isolated using biotin-labeled anti-
CD19 (1D3), CD45R (RA3-6B2), CD11b (M1/70), CD11c (N418),
CD49b (DX5), NK1.1 (PK136), TCR v8 (GL3), and TER-119 (TER-
119), followed by streptavidin RapidSpheres depletion with the
EasySep magnet (Stemcell Technologies), as described pre-
viously." Weights were recorded biweekly for 30 days and then
weekly for the remainder of the experiment.’

IRX4204 and FK506

The novel RXR agonist (lo Therapeutics) has been described
previously.?" Drugs were prepared in phosphate-buffered saline
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(containing ~4% dimethyl sulfoxide and 1% Tween-80), once a
week and stored at 4°C. Bone marrow transplant recipients were
given vehicle or IRX4204 daily at a dose rate of 200 pg per
mouse intraperitoneally (IP) from day 0 to 56, unless otherwise
indicated, in survival and GVL studies. FK506 (Selleckchem) was
suspended in corn oil (Sigma) according to the manufacturer’s
instructions and administered at 12 mg/kg per dose IP.?2 In
experiments comparing IRX4204 and FK506 efficacy, both drugs
were administered daily either from day —3 to 11 or from day 3
to 17 after transplantation.

GVL experiments

The following B6 tumor cell lines and doses were used to study
GVL responses: 3 X 10* C1498 firefly luciferase (C1498ff), a
myeloid cell leukemia,?® and 10* B-cell lymphoma luciferase
(TBL12 Luc; E-u-MYC/BCRHEY).24 |n brief, lethally irradiated B6
recipients were given TCD BM, with or without tumor cells and
with or without T cells on the day of transplantation. The level of
tumor burden was determined by injecting luciferin substrate
(30 mg/mL, 0.1 mL per mouse; PerkinElmer) followed by imaging
with the Xenogen IVIS imaging system.

Antibodies and flow cytometry

Treg isolation and suppression assay, an in vitro cell trace violet
proliferation study, carboxyfluorescein succinimidyl ester (CFSE)
staining, mixed-lymphocyte reactions (humans), inducible Treg
(iTreg) generation, fluorescein isothiocyanate (FITC)-dextran
assay, histopathology, lamina propria lymphocyte (LPL) isolation,
bioluminescent imaging (BLI), RNA sequencing, transient
transfection, receptor activation analysis for Nurr-1, peripheral
Treg (pTreg) identification, BM chimeras, tamoxifen treatment,
serum cytokine analysis, and statistical analyses are described in
supplemental Methods (available on the Blood Web site).

Results

IRX4204 reduces intestinal damage and attenuates
acute GVHD

The anti-inflammatory T-cell effects of IRX4204, such as re-
duction of IL-17- and IFN-y—producing CD4* T cells, prompted
its testing in murine acute GVHD models.” Lethally irradiated
BALB/c recipients received transplants of donor B6 BM. Some
cohorts received splenocytes (SPL; 5 X 10%) and vehicle or
IRX4204 given IP on days O to 56 or on days O to 100 (sup-
plemental Figure 1A). Both schedules significantly improved
survival, weights, and clinical parameters (supplemental Figure 1A)
and had comparable long-term outcomes. Therefore, we focused
on a daily schedule from day 0 to 56. Pooled data from 2
replicate experiments revealed a significant survival advantage
to IRX4204- vs vehicle-treated recipients (Figure 1A).

Consistent with the beneficial effects of IRX4204 in the B6—BALB/
c acute GVHD system, IRX4204 treatment of BALB/c—B6 recipi-
ents of BM plus purified T cells (1.5 X 10°) was highly effective
(Figure 1B). A shorter schedule given daily (day 0-42) or in-
termittently (day 0-21, then 4 days on and 3 days off through day
42) also significantly improved outcomes (supplemental Figure 1B).
Next, we compared the efficacy of IRX4204 to one of the standard
drugs used in GVHD prophylaxis. FK506 has been used widely to
prevent GVHD.* We compared the prophylactic and early
treatment efficacy of IRX4204 vs FK506 in GVHD recipients by
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Figure 1. IRX4204 reduces intestinal damage and attenuates acute GVHD. (A) Survival, weights, and clinical scores of lethally irradiated BALB/c recipients of 107 B6 non-TCD
BM cells, with or without 5 X 10° B6 splenocytes (SPL; n = 15—16 per group). Recipients were treated IP with either vehicle or IRX4204 from day O to 56 after transplantation.
IRX4204-treated recipients survived longer than vehicle-treated recipients. Data are combined from 2 experiments. (B) Survival, weights, and clinical scores of lethally irradiated
B6 recipients of 107 BALB/c NTCD BM cells, with or without 1.5 X 10¢ CD25- BALB/c T cells (n = 8/group). Recipients were treated with vehicle or IRX4204 from day 0 to 56.
IRX4204-treated recipients survived longer than those receiving vehicle. (C) Histopathological scores of BALB/c recipients on day 7 after transplantation (n = 4-6 per group). (D)
Plasma FITC-dextran concentration of BALB/c recipients on day 7 after transplantation (n = 7-8/group). *P < .05; **P < .01; ***P < .001; ****P < .0001.

administering those drugs on days —3 to 11 or 3 to 17 after
transplantation, respectively. Compared with FK506, IRX4204
significantly prolonged the survival of GVHD recipients in both
regimens (supplemental Figure 1C). The data suggest that
IRX4204 has favorable characteristics compared with FK506 in
controlling acute GVHD at those doses, route, vehicles, and
schedules. Except for the spleen, histopathology scores of day 7
GVHD target organs (liver and small and large intestine [SI and LI,
respectively]) showed significant reductions in the IRX4204-treated
cohort compared with the vehicle-treated one (Figure 1C). In
GVHD mice, epithelial tight junctions are hindered, and the barrier
integrity of the gastrointestinal tract is compromised. The loss of
integrity permits microbes and bacterial lipopolysaccharides,
among other immune stimuli, access to the host's bloodstream.?¢
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Using a nonabsorbable FITC-labeled dextran compound, we
measured damage to the epithelial barrier by quantifying the
amount of FITC-labeled dextran that leaked into the blood stream.
On day 7 after transplantation, the IRX4204-treated recipients had
significantly lower plasma levels of FITC dextran than those treated
with vehicle, indicating less intestinal damage (Figure 1D).

IRX4204 amelioration of acute GVHD is associated
with reduced donor T-cell expansion, Th1
differentiation, and proinflammatory cytokine
production

Donor T-cell expansion is a prerequisite for GVHD initiation.?’
We tested whether IRX4204 reduction in acute GVHD lethality is

THANGAVELU et al
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associated with a lower extent of allogeneic donor T-cell ex-
pansion in vivo. Lethally irradiated BALB/c recipients were infused
with purified Bé- luciferase transgenic (luc) donor T cells. BLI was
used to determine the net expansion and homing of donor Bé luc
T cells on day 6 after BMT. Whole-body BLI revealed that
IRX4204-treated recipients tended to have lower signals than
those of the vehicle controls (supplemental Figure 2A,C). Ex-vivo
organ analysis showed reduced donor T cells and homing in major
GVHD target organs (spleen and intestines) in IRX4204- vs vehicle-
treated recipients (supplemental Figure 2B,D). No significant
differences were seen in peripheral or mesenteric lymph nodes
(MLNs), thymus, and liver (data not shown). IRX4204 directly re-
pressed the proliferation of in vitro—activated mouse T cells
(supplemental Figure 3A). We also observed that IRX4204
inhibited human CD4* as well as CD8" T-cell proliferation (sup-
plemental Figure 3B) in allogeneic mixed-lymphocyte reaction
cultures (supplemental Figure 3B). To determine whether the
lower donor T-cell detection was related to lower proliferation, we
labeled donor T cells with CFSE. Proliferation capacity and re-
sponder frequency of donor T cells were calculated as described
previously.? In spleen on day 6, the proliferation capacity of both
CD4* and CD8" donor T cells and the responder frequency of
CD8" donor T cells were significantly reduced in recipients
treated with IRX4204 vs vehicle (Figure 2A-B). As reduced pro-
liferation may be caused by increased cell death, we used
annexin-V staining to quantify donor T-cell apoptosis in IRX4204-
vs vehicle-treated recipients. The percentages of annexin-
V—stained donor CD4* and CD8" T cells were not significantly
different between the groups (supplemental Figure 3C).

Because dampening RA signaling inhibits donor Th1
differentiation,”>'* we considered the possibility that IRX4204
skewed donor T cells from a proinflammatory to an anti-
inflammatory phenotype in acute GVHD mice. To determine
whether IRX4204 modulates Th1 differentiation in vivo, percent-
ages of splenic IFN-y— or TNF-a—producing donor Th1 cells were
enumerated and found to be significantly lower on days 7
(Figure 2C) and 14 (CD4", supplemental Figure 4A; CD8", data not
shown)in T cells isolated from IRX4204 vs vehicle-treated recipients.
Consistent with these data, day 7 serum IFN-y and TNF-a levels
were significantly reduced in IRX4204- vs vehicle-treated recipients
(supplemental Figure 4B-C). Unexpectedly, IRX4204-treated re-
cipients had increased splenic IL-17-producing CD4* T-cell fre-
quency (Figure 2D). In contrast to mean splenic T-cell IFN-y or
TNF-a frequencies that ranged from 42% to 59% in controls,
mean IL-17 frequencies were low at 1.0%, modestly increasing
to only 1.5% with IRX4204 treatment. Moreover, IRX4204 in-
creased the frequency of splenic IL-4—producing CD4" T cells
from 1.4% to 3% (Figure 2E), potentially offsetting the proin-
flammatory effects of IL-17.

Acute GVHD-induced gut injury is the primary cause of mortality,
both in patients who undergo HSCT and in preclinical models.'*1526
To determine whether these immunological perturbations in day 7
spleen and serum would be observed in the intestine during a time
of acute GVHD injury, day 21 LI LPLs were isolated from GVHD
mice treated with IRX4204 or vehicle. Compared with vehicle
controls, day 13 and 21 LPLs of IRX4204-treated recipients had
lower frequencies of IFN-y- and TNF-a—producing donor T cells
(supplemental Figure 4D; Figure 2F). These data indicate that the
increased survival of IRX4204-treated recipients impairs donor
T-cell proliferation and reduces proinflammatory cytokine levels.

NOVEL RXR AGONIST REDUCES GRAFT-VERSUS-HOST DISEASE

The transcriptional profile of gut-localized donor
T cells shows lower proinflammatory gene
expression

Because RA upregulates gut-homing receptors on T cells, we
next sought to determine whether the IRX4204 attenuation of
GVHD gut injury impairs the upregulation of gut-homing re-
ceptor (CCR?, a4B7, CXCR3) expression on donor T cells.??
Surprisingly, as compared with vehicle controls, the percentage
of splenic donor T cells expressing CCR9 or a4f7 (only CD8")
was significantly higher in IRX4204-treated recipients, although
CXCR3 expression was significantly lower (supplemental Fig-
ure 5). To begin to elucidate the mechanism by which IRX4204
reduces gut injury, despite enhancing donor T-cell expression of
CCR9 and CD8 «4B7 gut-homing receptors, on day 18, we
isolated Sl donor T cells of treated recipients and analyzed their
gene expression profiles with NanoString (Figure 3). Principal
component analysis revealed a distinct signature between the 2
groups, suggesting that IRX4204 modulates the transcriptional
profile of donor T cells. Significant decreases were observed in
several proinflammatory transcripts including Sema7a, Stat1,
Irf1; a proliferation transcript Jun; and cell migratory ltgb1, along
with increased anti-inflammatory IL-4. Overall, these data sug-
gest that IRX4204 treatment reduces the expression of proin-
flammatory transcripts in gut-infiltrating donor T cells (Figure 3).

IRX4204 promotes iTreg and pTreg generation
CD25-depleted donor T-cell grafts can accelerate GVHD
lethality.®*3! Conversely, cotransferring Tregs with donor T cells
can markedly suppress acute GVHD lethality.3%33 Therefore, we
investigated whether the observed skewing of gut-infiltrating
donor T cells toward an anti-inflammatory gene expression
profile and increased survival in IRX4204 recipients is related to
enhanced generation of pTregs. IRX4204-treated recipients had
higher percentages of Tregs in spleen, MLNs, and LI LPLs than
did vehicle-treated controls at 2 time points (days 7 and 14) after
transplantation (Figure 4A-B). Absolute numbers of Tregs were
also significantly higher in spleen and MLNs (supplemental
Figure 6A), but not in LI LPLs (data not shown). Furthermore, the
percentage of Tregs was significantly higher in the peripheral
blood and spleen of IRX4204-treated recipients at day 6 after
transplantation (supplemental Figure 6B-E). No differences were
observed in the percentages of T-effector/-memory cells in the
peripheral blood and spleens of GVHD recipients, except the
percentage of splenic CD8* cells that was significantly reduced in
IRX4204 recipients (supplemental Figure 6F-G). These data in-
dicate that IRX4204 directly or indirectly enhances Treg gener-
ation, expansion, and stability and/or reduces Treg cell death.

Enhanced Treg percentages prompted us to test the effects of
IRX4204 on Treg generation both in vitro and in vivo. To determine
whether IRX4204 would support iTreg generation, purified naive
CD4* CD25~ CD44'>v CD62L" T cells were exposed to IRX4204
(100 nM) in the presence of TGFB and syngeneic irradiated TCD
splenocytes loaded with the anti-CD3 monoclonal antibody. As
shown in Figures 4C, IRX4204 enhanced iTreg generation as ana-
lyzed on day 4. We found that IRX4204 consistently enhanced
human Tregs in mixed-lymphocyte reaction cultures (supplemental
Figure 7A). Retroviral transduction of murine naive CD4* T cells with
Nurr-1 (Nrda2) has been shown to induce suppressive Foxp3*
T cells, whereas CD4* T-cell Nurr-1 deficiency impairs iTreg
generation.®* Previous studies have reported that Nurr-1 can form
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Figure 2. IRX4204 amelioration of acute GVHD is associated with reduced donor T-cell expansion and Th1 differentiation. (A-B) Lethally irradiated BALB/c recipients were
infused with 107 B6 NTCD BM cells and 8.5 x 10¢ CFSE-labeled purified B6 T cells. Recipients were treated IP daily with either vehicle or IRX4204. Mice were euthanized on day 6
after transplantation to determine proliferation capacity (A) and responder frequency (B). (C-F) Lethally irradiated BALB/c recipients were infused with 107 B6 NTCD BM cells and
5 X 10° B6 splenocytes, with or without daily IP injections of IRX4204. The frequency of donor T cells expressing IFN-y and TNF-a (C), IL-17 (D), and IL-4 (E) from spleen on day 7
and LI LPLs (F) on day 21 after transplantation was determined by intracellular staining. *P < .05; **P < .01; ***P < .001; ****P < .0001.

heterodimers with RXRs that can be activated by RXR ligands.'*** To
examine whether IRX4204 can activate the RXR-Nurr-1 pathway,
COS cells were transfected with an effector plasmid containing the
ligand binding domain of Nurr-1 fused to the GAL4 DNA-binding
domain (GAL-Nurr-1), together with a GAL4as-dependent lucifer-
ase reporter gene. Some cells were cotransfected with an effector
plasmid expressing the ligand binding domain of RXRa (L-RXRa).3¢
In the presence of L-RXRa, luciferase expression was strongly ac-
tivated whereas, in the absence of L-RXRa, only basal levels were
observed (supplemental Figure 7B). Because L-RXR is unable to bind
to DNA, these findings indicate that IRX4204 can robustly activate
the RXRa/Nurr-1 heterodimers.
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To test whether IRX4204 could increase pTregs in vivo, irradi-
ated BALB/c mice received wild-type (WT) B6 BM and flow
cytometry—purified (99%) Foxp3-GFP~ donor T cells from Foxp3-
GFP Kl mice. Cohorts were treated with IRX4204 or vehicle
from day O to 14. In IRX4204-treated recipients, there was a two-
to threefold increase in the percentage of CD4 GFP* (Foxp3*)
donor T cells (pTregs) in spleens, MLNs, and SI (Figure 5A-D).
The frequency of CD8 Tregs was also higher in MLNs, with a
trend toward significance seen for Sl (Figure 5A-C). The number
of pTregs was also significantly higher in spleen and MLNs of
IRX4204-treated recipients (supplemental Figure 7C). In SI LPLs,
a statistical trend (P = .08) toward a higher absolute number of
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Figure 3. IRX4204 modulates the transcription profile of gut-localized donor T cells. BALB/c recipients were lethally irradiated and infused with 107 B4 NTCD CD45.2 BM
cells and 1.5 X 10¢ B6 CD45.1* CD4* T cells. Recipients were treated IP with either vehicle or IRX4204 daily. On day 18 after transplantation, LP donor (CD45.1%) T cells were
isolated from the Sl of treated recipients. RNA was isolated from these LP donor T cells for NanoString gene expression analysis (n = 4/group). PCA plots (A) and heat maps (B)

are shown.

pTregs was seen with IRX4204 vs vehicle (supplemental
Figure 7C). To further determine whether the reduced lethality in
IRX4204-treated recipients depended on increased pTregs,
congenic B6 WT mice were lethally irradiated and used as re-
cipients for creating scurfy chimeras by infusing TCD donor BM

NOVEL RXR AGONIST REDUCES GRAFT-VERSUS-HOST DISEASE

cells from male Bé scurfy and congenic B6 WT mice. After
3 months of reconstitution, most of the T cells in the spleens of
chimeras were derived from scurfy BM. Scurfy CD25~ T cells
isolated from chimeras were injected with WT BM into lethally
irradiated BALB/c recipients treated with IRX4204 or vehicle. For
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comparison, a cohort of lethally irradiated BALB/c recipients
were infused with B6 BM * CD25~ WT T cells. Importantly,
IRX4204 did not prevent acute GVHD in recipients given CD25~
scurfy T cells, whereas GVHD lethality was significantly reduced
when CD25~ WT T cells were infused (Figure 5E-F). These data
indicate that IRX4204 requires functional pTregs generated from
donor T cells to mitigate GVHD.

IRX4204 stabilizes Tregs but without increasing
suppressor function

Nurr-1 has also been shown to sustain Treg stability by main-
taining Foxp3 expression.®* We therefore evaluated whether
IRX4204 can increase Treg stability in GVHD settings, by using
FoxP3 lineage tracing in Rosa-RFP X Foxp3eGFP-Cre-ERT2 reporter
mice.? In this model, cells that once expressed Foxp3 but lost
expression (ex-Tregs; RFP* eGFP~) can be distinguished from
cells currently expressing Foxp3 (RFP* eGFP*). Lethally irradi-
ated BALB/c recipients were infused with CD45.1* WT BM,
T cells, and CD45.2* eGFP* RFP* flow cytometry—sorted Tregs
(~99% purified) and then recipients were treated with IRX4204
or vehicle. Compared with vehicle controls, IRX4204 treatment
significantly reduced the percentage of ex-Tregs (eGFP~RFP*)in
Sl (Figure 6A) but not spleen (Figure 6B) on day 18 after
transplantation. Tregs from IRX4204-treated recipients trended
toward lower expression of the proinflammatory cytokines IFN-y
and IL-17, which may be associated with increased Treg stability
(Figure 6C-D). These results indicate that IRX4204 can stabilize
Tregs in a highly inflammatory environment.

To test whether IRX4204 directly enhances Treg function, we
treated freshly isolated Tregs with IRX4204 overnight before a
standard suppression assay. IRX4204 led to a modest, albeit
inconsistent, reduction in suppression of CD4* T cells with even
lesser effects on CD8" T cells, the latter in only 1 of 3 Treg/T
effector cell ratios tested (supplemental Figure 7D).

IRX4204 inhibition of acute GVHD did not abrogate
GVL responses

To evaluate whether IRX4204 treatment compromises GVL re-
sponses, we used 2 different aggressive tumor models: C1498ff,
an acute myeloid leukemia model,? and TBL12, an E-p-MYC/
BCR"E! transgenic B-cell lymphoma model.2* Tumor cells were
transduced with luciferase to track tumor growth by BLI.232%
Recipients transplanted with BM* C1498 tumor cells (3 X 10%
day 0) had disseminated tumor growth and died of tumor burden
by day 25 (Figure 7). Donor T cells (1.5 X 10%) added to BM and
tumor (BM*T*+C1498) significantly restrained tumor growth.
Vehicle-treated recipients died of acute GVHD without de-
tectable BLI signal of tumor burden. Notably, the IRX4204 group
of T-cell recipients had no tumor detectable by BLI and survived
significantly longer than the other groups (Figure 7). Deaths were
consistent with the tempo and magnitude of GVHD lethality.
Cytolytic pathways are crucial to mediate GVL responses.® The
frequency of day 6 splenic donor T cells expressing granzyme B
was significantly reduced in IRX4204 recipients compared with
the control (CD4": 11.6% vs 7%, P < .0001; CD8*: 25.9% vs

14.1%, P < .001). Similar to the C1498ff model, TBL12 was not
detectable by BLI, whereas survival was prolonged, with 40%
succumbing to GVHD (supplemental Figure 8). Together, these
results suggest that treatment with IRX4204 does not eliminate
GVL responses against acute myeloid leukemia and an ag-
gressive B-cell lymphoma line.

Discussion

The amelioration of acute GVHD by the novel RXR agonist
IRX4204 was associated with decreased donor T-cell pro-
liferation, impaired Th1 differentiation, increased pTregs, and a
preserved GVL effect. IRX4204 compared favorably to FK506 in
preventing and controlling acute GVHD lethality under the
conditions tested.

The differentiation of naive CD4" T cellsinto Th1 (CD4* IFN-y*
cells) is an important factor in driving the pathogenesis and
tissue damage of GVHD.23” TNF-a also aggravates acute
GVHD and can lead to lethality.®® An earlier study reported that
RA signaling is necessary for in vivo Th1 stability by supporting
the expression of Th1 lineage-determining genes.?? IRX4204 is
a potent activator of the Nurr-1 signaling pathway that has
been shown to repress Th1 differentiation by an as yet un-
known mechanism.3* Consistent with these findings, IRX4204-
treated recipients had reduced percentages of IFN-y— and
TNF-a—secreting donor T cells and also levels of serum IFN-y
and TNF-a, which could lead to reduced tissue damage, as
demonstrated by lower pathology scores and increased in-
testinal epithelial integrity. In addition, there was a twofold
increase in the percentages of splenic CD4" IL-4* cells be-
tween the 2 groups, suggesting that IRX4204 treatment favors
an anti-inflammatory phenotype.

We also found that donor T cells isolated from IRX4204-
treated intestines exhibited an anti-inflammatory signature,
with a significant increase in IL4 transcripts and reduced
proinflammatory transcripts Stat1, Sema7a, Irf1, and Jun.
Several transcripts are involved with proinflammatory cyto-
kine production that can drive (eg, Stat1) or suppress (eg, IL-4)
acute GVHD.#041 Sema7a (CD108), the class 7 semaphorin, is
expressed by activated T cells and has been shown to contribute
to T-cell-mediated inflammation by promoting Th1/Th17 dif-
ferentiation.*243 Earlier studies reported that interferon-y-induced
transcription factor (Irf1) promotes Th1 differentiation by sup-
pressing IL4 gene transcription.*#4% Irf1 affects Treg function
by repressing Foxp3 expression.*¢ Jun heterodimerizes with
activator protein-1 (AP-1) transcription factor, shown to en-
hance T-cell proliferation and survival.” A previous study
reported that the pharmacological blockade of AP-1 pathway
attenuates acute GVHD by reducing Th1, Th17 differentia-
tion while increasing Th2, Treg differentiation.*®

Chemokine receptors and integrins participate in regulating the
migration of T cells to GVHD target organs.*” CXCR3~/~ donor
T-cell infusion reduces gastrointestinal and liver GVHD and

Figure 4 (continued) with n = 5 per group per day. (C) Naive CD4* T cells (CD4" CD44'°CD62L") were activated with soluble anti-CD3, TGF-B, and irradiated T-cell-depleted
syngeneic splenocytes, with or without 100 nM IRX4204. The percentage of Foxp3* cells was determined on day 4 by flow cytometry. Data are representative of 2 experiments.

*P < .05; **P < .01; ***P < .001; ****P < .0001.
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Figure 5. Effects of IRX4204 in acute GVHD depends on pTreg generation. (A-C) Lethally irradiated BALB/c recipients were infused with 107 B6 NTCD BM cells and 1 X 10¢
flow cytometry—sorted GFP~ T cells from B6 Foxp3 GFP K| mice. Recipients were injected with either vehicle or IRX4204 IP daily. The frequency of GFP* T cells (pTregs) was
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improves survival.*® IFN-y—producing Th1 and effector CD8*
T cells preferentially express CXCR3.%" In the current study,
IRX4204-treated recipients had a lower frequency of CXCR3-
expressing donor T cells that may have been caused by the

1098 & blood® 25 FEBRUARY 2021 | VOLUME 137, NUMBER 8

reduction in IFN-y"—producing donor T cells. Furthermore,
donor T cells isolated from IRX4204-treated intestines had a
decrease in ltgb 1 that would result in decreased T-cell migration
to inflamed organs.®?
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was performed. **P < .01.

We also observed that IRX4204 treatment significantly inhibited
the proliferation of murine T cells both in vitro and in vivo.
Similarly, IRX4204 inhibited the proliferation of human CD4* and
CD8" T cells. The reduced proliferation in acute GVHD was not
related to activation-induced cell death, as annexin-V staining
of donor T cells was not significantly different between the
2 groups. Among other possibilities are increased pTreg

NOVEL RXR AGONIST REDUCES GRAFT-VERSUS-HOST DISEASE

generation and reduced systemic proinflammatory cytokines
that may contribute to reduced proliferation of donor T cells in
IRX4204-treated recipients.

Tregs from patients with acute GVHD have impaired stability.>3

We found that IRX4204 treatment enhanced Treg generation
and stability, but not function, potentially mediated by activation
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Figure 7. IRX4204 inhibition of acute GVHD did not abrogate GVL responses. Lethally irradiated B6 recipients were received 10’ BALB/c T-cell-depleted BM, with or without B6
C1498ff (3 X 10%), with or without 1.5 X 10° BALB/c CD25~ T cells. Recipients were treated IP with either vehicle or IRX4204 from day 0 to 56 after transplantation. Survival, weights, and BLI
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of the RXR-Nurr-1 pathway. Nurr-1 activated the Foxp3 pro-
moter/enhancer to augment Foxp3 expression on CD4* T cells,
which maintains the suppressive capacity of Tregs.3* The

beneficial effect of IRX4204 in GVHD depended on pTreg
generation from donor T cells, as IRX4204 failed to attenuate
GVHD in recipients that were infused with Foxp3-deficient scurfy

1100 @ blood® 25 FEBRUARY 2021 | VOLUME 137, NUMBER 8 THANGAVELU et al

%20z AeN 60 U 3sanb Aq ypd-829500020ZPIGPOOIA/L960081/0601/8/LE L/sPd-aloE/POO|qABU SUOlEDlgndyse//:dly WOy papeojumog



donor T cells in contrast to coinfusion with WT donor T cells. By
using GFP~ T cells from Foxp3 GFP-KI mice, we demonstrated
that IRX4204 potentiated pTreg generation. Although IRX4204
is capable of enhancing iTreg generation, the reduction of
proinflammatory cytokine milieu may also have favored pTreg
generation in those treated recipients, similar to what we ob-
served when RA signaling is impaired in donor T cells.”® We?'
and others® have also shown that by infusing blocking anti-
bodies for proinflammatory cytokines, pTregs are increased and
acute GVHD reduced. We favor the hypothesis that the direct
effects of IRX4204 on supporting pTreg generation and indirect
effects of lowering proinflammatory cytokines, when taken to-
gether, provide an optimal environment to suppress GVHD.

In response to inflammatory milieu, Tregs can lose Foxp3 ex-
pression and convert into effector cells. Nurr-1 has been shown
to confer Treg lineage stability by cooperating with Runx/
CBFB.34 In the present study, we found that IRX4204 treatment
promoted Treg stability. Given its ability to maintain Treg sta-
bility, IRX4204 could be beneficial in clinical settings.

Gut injury plays a critical role in GVHD lethality by creating a
proinflammatory environment, leading to the recruitment of
donor T cells that exacerbates gut injury.?® Diminishing RA
signaling in donor T cells attenuated acute GVHD associated
with reduced gut-homing receptor expression.’® Interestingly,
IRX4204 treatment upregulated CCR? on donor CD4*, CD8*
T cells and a4B7 on donor CD8™ T cells. The reduced gut injury
observed in IRX4204 recipients may have been attributable to
altered proinflammatory gene expression, decreased CXCR3
expression on donor T cells, or enhanced Treg generation.
Consistent with RA-induced gut homing of iTregs, IRX4204
upregulated gut-homing receptors on donor T cells. It will be
interesting to test whether IRX4204 can improve the potency of
Treg therapy in GVHD by treating ex vivo Tregs with IRX4204 for
subsequent efficient homing of those Tregs to the inflamed gut.

Harnessing donor T-cell immune responses in promoting GVL
and suppressing GVHD has been a significant challenge in
HSCT. In the current study, despite increased pTregs in IRX4204-
treated recipients, GVL responses against 2 aggressive tumor
models were not lost at the tumor cell doses we tested. Data
from previous studies have suggested that there is a threshold
difference in donor T-cell responses that mediate GVHD vs those
that mediate GVL.%>%¢ We surmised that increased Tregs, ob-
served in the current study, did not appear to impair T-cell re-
sponses to levels lower than the GVL threshold.

In summary, IRX4204 exerts potent immunomodulatory effects
by suppressing acute GVHD while preserving alloreactive re-
sponses against tumors. Currently, it is being tested in a clinical
trial (www.clinicaltrials.gov #NCT02991651) as an anticancer
agent and may be readily testable in patients who undergo
HSCT. As IRX4204 enhances Treg generation in both mouse and
human T cells, other clinical uses such as prevention of auto-
immunity and organ graft rejection can be envisioned.

NOVEL RXR AGONIST REDUCES GRAFT-VERSUS-HOST DISEASE
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