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TRANSPLANTATION

DR3 signaling modulates the function of Foxp3™ regulatory T cells and
the severity of acute graft-versus-host disease
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CD4*Foxp3™ regulatory T cells (Treg) are a subpopulation of T cells, which regulate the
immune system and enhance immune tolerance after transplantation. Donor-derived

 After DR3 activation, CD4 ™"
Foxp3™ regulatory T cells
showed a distinct immune
phenotype and function in
acute GVHD.

¢ Prophylactic treatment with
agonistic DR3 antibody to
recipient mice abrogated the
lethal acute GVHD in a time-
dependent manner.

Treg prevent the development of lethal acute graft-versus-host disease (GVHD) in murine
models of allogeneic hematopoietic stem cell transplantation. We recently demonstrated
that a single treatment of the agonistic antibody to DR3 (death receptor 3, «DR3) to donor
mice resulted in the expansion of donor-derived Treg and prevented acute GVHD,
although the precise role of DR3 signaling in GVHD has not been elucidated. In this study,
we comprehensively analyzed the immunophenotype of Treg after DR3 signal activation,
demonstrating that DR3-activated Treg (DR3-Treg) had an activated/mature phenotype.
Furthermore, the CD25"Foxp3* subpopulation in DR3-Treg showed stronger suppres-
sive effects in vivo. Prophylactic treatment of «DR3 to recipient mice expanded recipient-
derived Treg and reduced the severity of GVHD, whereas DR3 activation in mice with
ongoing GVHD further promoted donor T-cell activation/proliferation. These data suggest
that the function of DR3 signaling was highly dependent on the activation status of the
T cells. In conclusion, our data demonstrated that DR3 signaling affects the function of Treg and T-cell activation after alloantigen
exposure in atime-dependent manner. These observations provide important information for future clinical testing using human DR3
signal modulation and highlight the critical effect of the state of T-cell activation on clinical outcomes after activation of DR3. (Blood.

2016;128(24):2846-2858)

Introduction

Tumor necrosis factor (TNF) family members play an important role in
immune reactions through modification of T-cell activation. TNF
receptor superfamily members such as CD27, CD30, 0X40, HVEM,
GITR, and 4-1BB are expressed on T cells, and their signaling
cooperates with T-cell receptor (TCR) signaling.' Death receptor 3
(DR3), also known as TNF receptor superfamily 25, APO-3,
TRAMP, or LARD, is a member of TNF receptor superfamily and
most homologous to TNFR1.2 DR3 binding mediates NF-kb, MAP
kinase, and caspase signaling to regulate cell proliferation,
activation, and differentiation in immune cells.>* TL1a (TNF-like
ligand 1A) is the natural ligand for DR3 and is expressed on the
surface of endothelial cells, synovial fibroblasts, antigen-presenting
cells, and activated T cells.” DR3 signaling is thought to be related to
T helper 1 and T helper 17 differentiation and could be a therapeutic
target for T-cell-mediated autoimmune and allergic diseases.
Conversely, DR3 signaling also plays a role in the differentiation of
CD4 " Foxp3™ regulatory T cells (Treg), which regulate the immune
system and enhance immune tolerance after transplantation.® Analysis

of DR3-deficient mice showed that DR3 signaling is required for
negative selection in the thymus during T-cell development, including
Treg.”® In TLla transgenic mice, Treg appear to be activated and
proliferate in secondary lymphoid organs.’ Furthermore, the adminis-
tration of agonistic monoclonal antibodies to DR3 (a«DR3) is reported
to significantly expand Treg in a manner dependent on TCR and
interleukin 2 signaling and the expanded Treg inhibited asthmatic lung
inflammation in vivo. '

We previously demonstrated that a single injection of «DR3 could
significantly expand CD4 Foxp3™" Treg and that T cells from aDR3-
treated donor mice abrogated acute murine acute graft-versus-host
disease (GVHD) without reducing GVT (graft-versus-tumor) effects.!
However, the function of Treg after DR3 signal activation was not fully
elucidated. Furthermore, the role of DR3 signaling could affect the
pathophysiology of GVHD, considering the previous literature about
its indispensable role in various immune reactions.>'? In this study, we
analyzed the immune phenotype, gene expression profile, and function
of DR3-activated Treg (DR3-Treg) in a murine model of allogeneic
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hematopoietic cell transplantation (HCT). We also investigated
whether DR3 activation in recipient mice affects the severity of
GVHD. Our data demonstrate that DR3 signaling modifies the function
of Treg, but also modulates the activation status of donor T cells and
the severity of acute GVHD in a time-dependent manner. Understanding
these paradoxical effects of DR3 signaling in GVHD enhances our in-
sights into the pathophysiology of GVHD and is critical for translating
these concepts to the clinic.

Materials and methods

Mice and cell line

C57BL/6 (B6, H-2k" CD45.2%) and Balb/c (H-2k! CD45.2) mice were
purchased from the Jackson Laboratory (Sacramento, CA). Luc™ C57BL/6 (B6-
Iuc, H-2k® Thy-1.1" CD45.17) and Thy-1.17 CD45.1" gfp™ C57BL/6 mice
(B6-gfp/luc) were bred in our animal facility at Stanford University. FoxP3.Luci.
DTR-4 mice (B6-albino background, the expression of luc/gfp proteins were
controlled by the foxp3 promoter) were provided by Gunther Hammerling,
Heidelberg, Germany."? Littermate WT-B6 albino mice were used as controls.
C57BL/6-Foxp3-DTR mice (B6-Foxp3DTR mice) were provided by Alexander
Rudensky, Memorial Sloan Kettering Cancer Center, New York, NY. Mice were
used between the age of 8 and 16 weeks, and sex-matched combinations were
used for transplant experiments. All animal protocols were approved by the
Institutional Animal Care and Use Committee at Stanford University.

Antibodies and reagents

The FcR blocking reagent, magnetic microbeads, and LS columns were
purchased from Miltenyi Biotec (Auburn, CA). Agonistic anti-DR3 Ab (clone:
4C12) and hamster immunoglobulin G isotype control Ab were purchased from
Biolegend (San Diego, CA). All antibodies for flow cytometric analysis were
purchased from Biolegend or eBioscience (San Diego, CA). Fixable Viability
Dye eFluor 506 (eBioscience) was used to exclude dead cells. FoxP3 Fixation/
Permeabilization buffer set was purchased from eBioscience. Diphtheria toxin
for Treg depletion was purchased from Sigma-Aldrich. All assays were
performed with an LSR 1I cytometer (BD Biosciences). For the comprehensive
multicolor analysis, single-color staining and UltraComp eBeads (eBioscience)
were used for the adjustment of compensation. FMO (fluorescence minus one)
samples were used for positive gating. All data were analyzed using FlowJo
software (TreeStar, Ashland, OR) and Cytobank (www.cytobank.org).'*'>

Cell isolation and sorting

aDR3 or isotype control Ab was administered by intraperitoneal injection at a
dose of 0.5 mg/kg of body weight. Whole splenocytes were isolated and T cells
were purified by magnetic activated cell sorting (MACS), using anti-CD4 and
anti-CD8 microbeads. For CD25% Treg isolation, cells were stained with anti-
CD25 APC, incubated with anti-APC microbeads, and positively selected with
an LS column, as previously described'®

TCR stimulation and mixed lymphocyte reaction

MACS-purified T cells (2 X 10°/well) were cultured with RPMI and stimulated
with Mouse T-activator CD3/CD28 beads (Gibco) at various ratios (from 1:10 to
1:20). CellTrace Violet (Molecular Probes) was used for visualization of T-cell
proliferation according to the manufacturer’s protocol. In mixed lymphocyte
reaction (MLR) culture, T cells from WT-B6 or B6 albino mice were cocultured
with +y-irradiated (3000 cGy) Balb/c splenocytes (2 X 10°/well) as stimulator
cells. After 96 hours, cells were pulsed with [*H] thymidine (1 nCi/well) for 16
hours. [*H] thymidine incorporation was measured with a Wallac Betaplate
counter (Perkin-Elmer).

Bioluminescence imaging

In vivo bioluminescence imaging (BLI) was performed as described pre-
viously.'” Briefly, the mice were injected intraperitoneally with luciferin (10 p.g/g
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body weight), anesthetized, and imaged using an IVIS Spectrum charge-
coupled device imaging system (Caliper-Xenogen, Alameda, CA) for up to
5 minutes. Imaging data were analyzed with Living Image Software (Caliper
Life Sciences, Hopkinton, MA).

Multiplex cytokine assays

Sera were collected from the recipient mice on day 7 after transplant. Twenty
different cytokines were analyzed in a multiplex assay system (Cytokine Mouse
20-plex Panel for the Luminex platform, LMCO0006; Invitrogen, Carlsbad, CA)
and quantitated using the Luminex 200 system (Luminex, Austin, TX).

Fluorescence microscopy

Tissue samples were harvested from the recipient mice 7 days after transplant.
Five-micrometer-thickness cryosections were prepared. Slides were fixed with
4% paraformaldehyde, stained with DAPI, and observed on a fluorescence
microscope (Olympus BX41, Center Valley, PA). Images were analyzed by
Image J (1.47v; National Institutes of Health).

Microarray analysis

Total RNA from purified Treg were isolated using RNAeasy Minikit (Qiagen).
RNA quality was assessed by Agilent 2100 BioAnalyzer (Agilent). Hybridiza-
tion to Mouse Gene 2.0 ST array (Affymetrix), processing, and scanning were
performed by Filgen (Nagoya, Japan). Data were normalized using the robust
multichip analysis normalization method."® Microarray Data Analysis Tool
version 3.2 was used for drawing scatter plots, and ¢ test and hierarchical
clustering for microarray data were performed using MultiExperiment Viewer
(MeV, version 4.9). Correction for multiple comparisons was performed using
the Benjamini-Hochberg method with false recovery rate << 0.1. Gene expression
data sets can be accessed at the National Center for Biotechnology Information
and Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo;
accession number GSE83743).

Statistical analysis

Survival curves were plotted with the Kaplan-Meier method and compared by a
log-rank test. Data were displayed with mean and SEM on a bar or scatter dot
plot. The multiple ¢ tests and 2-tailed Student # test were performed by Prism 6
(GraphPad Software, La Jolla, CA).

Results

Regulatory T cells activated thorough DR3 signaling have a
distinct immunophenotype

To investigate whether the stimulation of Treg through DR3 signaling
would affect the immune phenotype and function of Treg, we analyzed
the expression level of a panel of activation molecules/transcriptional
factors in CD4 "Foxp3 ™~ T cells, CD8™ T cells, and Treg after «DR3 or
isotype control Ab treatment of WT B6 mice (Figure 1A). As expected,
the frequencies of Foxp3™ cells among CD4" cells and Ki67"
expression (proliferation marker) in Treg were significantly increased
(Figure 1A; supplemental Figure 1B, available on the Blood Web site).
Interestingly, the expression of activation molecules including Lag3,
TIGIT, PD1, and LAP (TGF-B1) in Treg were significantly elevated in
Treg exposed to aDR3 compared with isotype control Ab treatment
(Figure 1Ai). Helios and Nrpl (transcription factor and surface
molecule for recent thymic emigrants),'” as well as CD103 and
KLRG1 (maturation markers),>"** were also elevated in « DR3-treated
Treg (DR3-Treg; Figure 1Ai). CD25, the receptor for interleukin 2, was
downregulated in DR3-Treg, as previously reported (Figure 1Ai). In
CD4*Foxp3™~ T cells and CD8* T cells, we also observed statistically
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Figure 1. Treg expanded through DR3 signaling show a distinct immunophenotype. Whole T cells were isolated from «DR3 or isotype control Ab-treated WT-B6 mice
and analyzed by FACS at 4 days after treatment. (A) The expression level of activation molecules in Foxp3* Treg (i), CD4 *Foxp3 Tcells (ii), CD8" T cells (iii) after in vivo
expansion through DR3 signaling (n = 5; *P < .05; **P < .01; **P < .001; ****P < .0001). (B) The representative results of viSNE analysis using multicolor cytometry data in
isotype control Ab-treated Foxp3* Treg (Iso-Treg) and «DR3-treated Foxp3* Treg (DR3-Treg). The colors were scaled to the expression level of each molecule as indicated.
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Figure 2. DR3-activated Foxp3*Tregs show a distinct gene expression profile. (A) The gating strategy for Treg isolation from FoxP3.Luci.DTR-4 mice. (B) Gene
expression profiles of Iso-Treg and DR3-Treg. The expression changes in chemokine/cytokine, transcription factor, cell cycle/turn over and effector/activation molecules are
shown as a heat map, where red and green represent the highest- and lowest-expressed genes, respectively.

effect of «DR3 in these populations was much less than in Treg. These
data suggested that activation through DR3 signaling could not only
expand but also preferentially activate Treg.

We previously demonstrated that Treg expanded after DR3
activation showed a CD62L"CD44™" central memory phenotype

(supplemental Figure 1C)."" viSNE analysis (visualization of stochastic
neighbor embedding) enables one to map high-dimensional cytometry
data onto 2 dimensions, yet conserve the high-dimensional structure of
the data.'® Using this novel method to analyze multiparameter data in
DR3-Treg (14-color staining using anti-CD4, CD8, Foxp3, CD25,
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Figure 3. CD25* Foxp3* Treg after DR3 activation retain suppressive effects in TCR mediated T-cell proliferation. CD4"CD25" Foxp3™ Treg were isolated from «DR3
or isotype control Ab-treated mice and cultured with freshly isolated T cells (2 X 10°) from untreated mice. (A) The gating strategy for CD25™ Treg isolation from Foxp3-Luci4
mice. (B) T cells were tagged with CVT and cultured with CD3/CD28 beads, together with isolated Treg. (i) The representative plots of proliferating T cells tagged with CVT

freshly isolated T cells from nontreated WT-B6 albino mice and vy-irradiated splenocytes from Balb/c mice with or without isolated Treg was performed. [®H] thymidine
incorporation was measured and analyzed (**P < .01; ***P < .001). The representative data of 2 independent experiments (each experiments were triplicate) are shown
(*P < .01, **P < .001).

CD62L, CD44, Ki67, PDI, CD103, Nrpl, ICOS, Lag3, KLRGI, Ki67"-expressing Treg were located in the central memory phenotype
and viability dyes), we next comprehensively analyzed the of Treg,asexpected. The pattern of Nrpl, ICOS, and PD1-positive Treg
immune phenotype of DR3-Treg (Figure 1B; supplemental Figure 1).  activated with «DR3 also were preferentially within the central memory
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Figure 4. Expanded CD25*Foxp3™ Treg after DR3 activation prevent acute GVHD after allogeneic transplantation. CD4*CD25" Treg (1 X 105-5 x 10%animal) from
WT B6 mice with or without «DR3 treatment were transplanted together with T cells from B6-gfo/luc mice (1 X 10%animal) and TCD-BM from WT B6 mice into lethally
irradiated Balb/c mice. (A) Donor T-cell proliferation in vivo was measured by BLI. Representative BLI image of GVHD control (left), Iso-Treg group (middle), and DR3-Treg
group (right) on day 7 are shown. The summary of BLI on day 7 (ii) and day 10 (iii) are shown (n = 5; *P < .05; **P < .01; ***P < .001; ****P < .0001). (B) Representative
immunohistochemistry images of liver (i) and ileum (ii) samples from transplanted mice on day 7 are shown (n = 3, green, donor T cells (GFP); blue, DAPI; scale bar, 200 um).
The frequencies of infiltrating donor GFP™ T cells into the tissue were calculated (iii-iv; n = 3; **P < .01; ***P < .001; ****P < .0001). (C) Serum inflammatory cytokine/
chemokine levels (interferon v, TNFa, CCL2, CXCL1, CXCL9, CXCL10) from transplanted mice are shown (n = 4 in each group; *P < .05; **P < .01). D-E. GVHD score and

survival were assessed (n = 10 in each group; *P < .05).
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Figure 5. DR3 activation after alloantigen exposure promotes donor T-cell activation. (A, i) Representative results of DR3 expression in immune cells by ViSNE analysis
are shown. Whole splenocytes were isolated and stained with various antibodies. CD4" T cells (CD4 " TCRB *Foxp3~), CD8" T cells (CD8*"TCRB "), B cells (TCRp'B220"),
NK cells (NK1.1"TCRB"B220), NKT cells (NK1.1*TCRB ™), and Treg (CD4 " TCRpB *Foxp3™) were categorized as shown in the panel (supplemental Figure 4). The colors
were scaled to the expression level of DR3. (ii) The expression level of DR3 in CD4*Foxp3~ T cells, CD8"T cells, Treg after CD3/CD28 beads activation at various ratios
(T cells:beads 1:80-1:10) are shown (n = 6). (B) T cells were cultured with CD3/CD28 beads together with «DR3 or isotype control Abs. After 3 days in culture, Foxp3 (i) and

splenocytes from WT Balb/c mice with or without «DR3 (1-10 png/mL) was performed. The ratio of responder (T cell):stimulator (irradiated splenocytes) was from 1:0 to 1:2, as
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phenotype. The subpopulation of central memory phenotype Treg
expressed KLRG1 and CD103. These data also supported that Treg
expanded after DR3 activation showed an activated immunophenotype.
To confirm that these phenotypic changes preferentially occurred within
the Treg population, viSNE analyses were also performed using whole
T cells (supplemental Figure 2). The results of the viSNE map
demonstrated that these immunophenotypic changes preferentially
occurred in Treg, as compared with the CD4 " Foxp3 ™~ and the CD8* T-
cell population.

DR3-activated Treg showed distinct gene expression profiles

Next, we treated FoxP3.Luci.DTR-4 mice with «DR3, sorted F0xp3+
Treg 4 days after treatment, and analyzed gene expression profiles
(Figure 2; supplemental Figure 3). The 33793 probe sets were analyzed
and compared with isotype control Abs treated Treg (Iso-Treg) and
DR3-Treg (supplemental Figure 3A). In both groups, the expression of
foxp3 was comparable and at high level (supplemental Figure 3C),
confirming that Treg were appropriately sorted. We next selected
several genes (22 chemokine/cytokines, 20 transcription factors, 12
cell cycle/turn over molecules, 27 effector/activation molecules) to
characterize DR3-Treg; Figure 2B; supplemental Figure 3B-E).*>*
Using a heat map analysis, DR3-Treg expressed chemokine and
effector molecules at higher levels compared with Iso-Treg (Figure 2B;
supplemental Figure 1B-E). Statistically significant differences in
several chemokine/cytokine/chemokine receptors for tissue migration
(ccr2, ccrd, ccr8) were observed (¢ test P < .05; false recovery rate
<<0.1; supplemental Table 1). The transcript level of interleukin 10, a
major suppressive cytokine from Treg, trended toward higher ex-
pression in DR3-Treg, but did not reach statistical significance
(Figure 2B; supplemental Figure 3B). Suppression molecules in Treg
(Gzmb, Fgl2, lag3, Ebi3, Entpdl, ctla4) were expressed at statistically
higher levels in DR3-Treg (Figure 2B; supplemental Table 1). Among
the cell cycle/apoptosis related genes, significantly higher levels of
Ki67 in DR3-Treg were observed, consistent with protein expression
(Figure 1; Figure 2; supplemental Table 1). Maturation molecules of
Treg (Klrgl, itgae) were also expressed in DR3-Treg at higher levels.
Pro-apoptotic molecules, Caspl and Casp4, were expressed at
significantly higher levels in DR3-Treg. However, the anti-apoptotic
molecule, Bcl2, was significantly downregulated in DR3-Treg. These
data suggested that DR3-Treg showed an activated phenotype.

DR3-activated Treg have enhanced function

We next analyzed functional characteristics of the DR3-Treg to clarify
the effect of DR3 signaling (Figure 3). CD25 is one of the markers for
mouse Treg isolation,'® although DR3-Treg showed lower expression
levels of CD25 (Figure 1; Figure 3A). Therefore, we isolated CD25*
Iso-Treg, CD25"DR3-Treg, and CD25 DR3-Treg and analyzed their
suppressive effects on T-cell proliferation. Cell violet tracer (CVT)—
labeled T cells from WT-B6 albino mice were cocultured with
isolated Treg at various ratios and stimulated with CD3/CD28 beads
(Figure 3B). After 72 hours of culture, the cells were harvested and
analyzed for the frequencies of proliferating CVT®™ T cells by flow
cytometry. As expected, the proliferation of CVT-tagged T cells
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cocultured with Iso-Treg was inhibited compared with those without
Treg (Figure 3B). Interestingly, CD25% DR3-Treg showed more
profound suppressive effects on proliferation of conventional CD4 ™
and CD8" T cells (Figure 3Bii-iii). CD25"DR3-Treg also inhibited
T-cell proliferation (Figure 3B); however, their suppressive effects
were less than CD25 " DR3-Treg, especially at lower numbers of cells

showed stronger suppressive effects of allogeneic T-cell proliferation
compared with Iso-Treg in allogeneic MLR culture (Figure 3C).

Next, we performed transplant experiments to clarify whether DR3-
Treg retained function in controlling GVHD in murine model of
allogeneic HCT. BLI was used to evaluate donor T-cell proliferation
and trafficking. WT-Balb/c mice that received CD25 " DR3-Treg (from
WT B6 mice, 5 X 10°/mouse) showed significantly lower donor T-cell
(from B6 gfp/luc™ mice, 1 X 10%mouse; Figure 4A) proliferation
compared with the mice who received Iso-Treg (n = 5 in each group;
P < .01 ondays 7 and 10 after transplant; Figure 4Ai-iii). Interestingly,
even a smaller number (1 X 10°/mouse) of CD25 *DR3-Treg
suppressed donor T-cell proliferation in recipient mice (n = 5 in each
T-cell infiltration into GVHD target tissues, we also isolated the liver
and small bowel (distal ileum) from transplanted mice on day 7 and
analyzed the frequencies of infiltrated donor-derived GFP™ T cells into
tissues (Figure 4B). Consistently, donor T-cell infiltration into the
periportal area in the liver (Figure 4Bi) and mucosa in the small bowel
(Figure 4Bii) was significantly lower in DR3-Treg group compared
with the control GVHD group (Figure 4Biii-iv; P < .01; P <.001), and
the frequencies of donor T-cell infiltration into liver in the DR3-Treg
group were statistically lower than those in the Iso-Treg group
(Figure 4Biii; P < .0001).

We also analyzed the concentrations of serum cytokines and
chemokines, which play an important role in the pathophysiology of
GVHD (Figure 4C). The serum levels of proinflammatory cytokines,
such as interferon «y and TNFa, were significantly lower than control
GVHD animals (P < .05; P < .01). The level of chemokines, such as
CCL2, CXCLI1, CXCL9, and CXCL10, were also reduced in Treg-
treated groups, which were consistent with previous studies."!

As expected, the mice treated with Treg showed lower GVHD
scores and better survival compared with the control GVHD group
(Figure 4D-E). When compared between the Iso-Treg- and the DR3-
Treg-treated group, the mice that received DR3-Treg had significantly
lower GVHD scores than the mice treated with Iso-Treg (Figure 4D).
Survival of the mice that received DR3-Treg was also improved
compared with Iso-Treg group (n = 10 in each group; P < .05 in Log-
rank test), even with a suboptimal number (1 X 10°) of Treg
(Figure 4E). These data demonstrate that Treg isolated after DR3
activation are more functional for the prevention of GVHD after
allogeneic HCT.

DR3 signaling promotes donor T-cell activation after
alloantigen exposure

We next investigated whether aDR3 treatment of recipient mice can
expand recipient-derived Treg or modulate the severity of GVHD. We

Figure 5 (continued) shown in the graph. [°H] thymidine incorporation was measured and analyzed (*P < .05; **P < 0.01; ***P < .001). Representative data from 2
independent experiments (each experiment was performed in triplicate) are shown. (D) T cells were isolated from the GVHD mice on day 7. DR3 expression on donor T cells
was analyzed (n = 5; **P < .01; ****P < .0001). (E) TCD-BM from WT B6 mice and T cells from B6-/uc mice were transplanted into lethally irradiated Balb/c mice on day 0.
«DR3 or isotype control Ab was injected on day 3. (F) T cells from the spleen were isolated on day 7 after transplant, and the frequencies of Foxp3* cells from donor- or
recipient-derived CD4™" T cells were analyzed (n = 4; ns = not significant; ***P < .001). (G) Donor T-cell proliferation in mice treated on day 3 with «DR3 was assessed by
BLI. Representative images on day 7 are shown in (i). The summary of BLI was shown in (ii) (n = 10; *P < .05). (H) Survival curve is assessed (*P < .05; ***P < .001).
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Figure 6. DR3 activation before alloantigen exposure promotes recipient-derived Treg expansion and prevented acute GVHD. (A) TCD-BM from WT B6 mice were
transplanted into lethally irradiated Balb/c recipients on day 0, and T cells from B6-/uc mice (1 X 10%animal) were injected on day 2 after transplant to induce acute GVHD.
«DR3 or isotype control Ab was injected on day 0. (B) Splenic T cells were isolated on day 7 after transplant and the frequencies of Foxp3™ cells in donor- or recipient-derived
CD4" T cells were analyzed by FACS. (i) Representative dot plot data of recipient-derived CD4* T cells were shown. (i) The summary of statistical analysis were shown (n = 7;
n.s. = not significant; **P < .01). (C) Recipient-derived Treg proliferation with or without DO «DR3 treatment was assessed using lethally irradiated (9.5 Gy) Foxp3-Luci4 mice
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first analyzed the surface expression of DR3 in immune cells after T-cell
activation. In viSNE analysis, using splenocytes derived from normal
mice, Treg had higher levels of expression of DR3 (79%) than CD4*
Foxp3™ T cells (59%), CD8" T cells (24%), or TCRB"NK1.1"
NKT cells (42%) (Figure 5Ai, left; supplemental Figure 4). In bone
marrow cells, the expression pattern was essentially same as in the
splenocytes (data not shown). We then analyzed DR3 expression on
T cells incubated with CD3/CD28 beads in vitro at various ratios
(Figure 5Ai-ii). After 3 days of culture, DR3 expression on CD4 " Foxp3 ™~
T cells and CD8™ T cells were significantly elevated in a dose-dependent
manner, implying that DR3 expression was affected by the activation
status in both Treg and non-Treg populations (Figure SAi, right; Fig SAii).
Next, T cells were cultured at various ratios of CD3/CD28 beads with or
without «DR3 (Figure 5B-C). As previously reported,'® the frequency of
Foxp3* cellsin CD4 ™" T cells were not significantly changed (Figure 5Bi).
Instead, we observed a significant elevation of T-bet, a known marker
for T helper 1, in CD4 ™ T cells (Figure 5Bii) and CD8 ™ T cells
(Figure 5Biii). We then analyzed donor T-cell proliferation in MLR
cultures with or without aDR3 (Figure 5C). Donor T-cell proliferation
was promoted by aDR3 treatment, suggesting DR3 signaling could
affect allogeneic stimulation in donor T cells through TCR activation.

In mice with GVHD, DR3 expression on donor CD4 Foxp3~
T cells and CD8™ T cells were significantly elevated, whereas DR3
on Treg was downregulated (Figure 5D), suggesting the effect of « DR3
in mice with GVHD might be different from that in normal mice. To
investigate the effects of « DR3 on mice with acute GVHD, we injected
aDR3 (day 3 after transplant) into mice that received T-cell-depleted
bone marrow (TCD-BM) and luc T cells on day 0 (Figure SE-G). In
this setting, we did not observe Treg expansion of either the donor- or
recipient-derived CD4" T cells (Figure 5F). Instead, donor T-cell
proliferation in vivo was significantly promoted by aDR3 treatment
(Figure 5Gi-ii). Acute GVHD was enhanced in aDR3-treated mice,
and these animals died within 2 weeks after transplant (Figure SH).
These data suggested that «DR3 treatment to the mice with ongoing
GVHD promoted donor T-cell proliferation and activation and failed to
result in Treg expansion.

DR3 activation before T-cell activation expands
recipient-derived Treg and suppresses GVHD

Activation through DR3 signaling in mice with acute GVHD enhanced
donor T-cell proliferation/activation and promoted GVHD (Figure 5),
whereas robust functional Treg expansion could be observed when we
treated steady-state mice (Figures 1-4).'">'!" To investigate whether
prophylactic treatment with «DR3 could expand Treg and reduce the
severity of acute GVHD, we next administered «DR3 to the recipient
mice before allogeneic T-cell injection (Figure 6A). aDR3 was
administered to WT Balb/c recipient mice that were subsequently
irradiated and transplanted with TCD-BM (from WT B6 mice) on day 0,
and allogeneic T cells (from B6-luc mice, 1 X 10 cells) injected on
day 2 after transplant (Figure 6A). To clarify whether «DR3 could
expand donor- or recipient-derived-Treg, splenocytes were isolated on
day 5 after transplant (Figure 6B). Interestingly, the frequency of
recipient-derived Treg (H2kd *CD4 Foxp3™ cells) were increased in
the mice treated with «DR3 (Figure 6B), whereas donor-derived Treg
(H2kb"CD4 " Foxp3™ cells) did not show any significant change
(Figure 6Bii). We also confirmed the proliferation of recipient-derived
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Treg after day 0 a«DR3 treatment, using lethally irradiated Foxp3-Luci4
recipient mice and WT Balb/c donor mice (Figure 6C). Moreover, when
donor T-cell infiltration in the recipient mice was assessed by BLI
(Figure 6D) on day 7 after transplant, the recipient mice treated with
oDR3 showed lower signal assessed by BLI than those animals treated
with isotype control Ab (Figure 6D). GVHD score and survival in each
group were also assessed (Figure 6E-F). GVHD score in «DR3 treated
mice was significantly lower than animals in the isotype control Ab-
treated group, although there were no statistical differences at early
points after transplant (from day O to day 21; Figure 6E). There was a
significant survival benefit in animals treated with «DR3 on DO before
allogeneic T-cell injection (Figure 6F). Considering the results that
aDR3 treatment to the mice with ongoing GVHD failed to expand Treg
and activate donor T cells (Figure 5), the effect of DR3 activation in
GVHD is highly dependent on the activation status of the donor T cells
and the timing of administration.

To investigate whether the prophylactic effects of aDR3 were
dependent on the activity of donor- or recipient-derived Treg, we used
B6-Foxp3 DTR mice as either donor or recipients and depleted Treg
with diphtheria toxin (DT). To deplete Treg from the donor T cells
(Figure 7Ai), DT was injected to donor mice on day —2 and day —1.%*
T cells were then isolated from Treg-depleted donor mice and
transplanted into lethally irradiated WT-Balb/c mice. Mice treated
with «DR3 on day 0 demonstrated a significantly lower GVHD score at
later points after transplant (Figure 7Aii). Despite depletion of donor-
derived Treg, there was still a significant survival benefit in animals
treated with « DR3 on day 0 before transplantation (Figure 7Aiii). These
data suggested that donor-derived Treg are not responsible for the
improved survival observed after «DR3 treatment on day 0.

Next, B6-Foxp3 DTR mice were used as recipients, and DT was
injected on day 2, day 1, day 3, and day 5. Recipient mice were
irradiated on day 0, followed by injection of TCD-BM. T cells isolated
from WT-Balb/c mice were injected on day 2 (Figure 7Bi). Depletion of
host Treg with DT resulted in significantly higher GVHD scores and
death within 3 weeks after transplant, even with day 0 o« DR3 treatment
(Figure 7Bii; TCD-BM + T cell + day 0 aDR3 vs TCD-BM + T cell +
day 0 aDR3+DT; P < .001), and the survival benefit of day 0 aDR3
treatment was no longer observed when recipient-derived Treg were
depleted (Figure 7Biii; TCD-BM + T cell + day 0 «DR3 vs TCD-BM +
T cell + day 0 aDR3+DT; P < .001; TCD-BM + T cell + DT vs
TCD-BM TCD-BM + T cell + day 0 aDR3+DT; P = n.s). These
data indicate that recipient derived Treg play a critical role in protecting
lethal GVHD after the prophylactic treatment of animals with aDR3.
Taken together, we conclude that prophylactic treatment with «DR3 to
recipient mice activated and expanded recipient-derived Treg and that
they were required for the observed reduction in lethal GVHD.

Discussion

Regulatory T cells have been shown to be biologically active in a
variety of model systems of autoimmune diseases, transplantation
tolerance induction, and GVHD suppression. In the setting of allo-
geneic HCT, Treg have been shown to suppress GVHD in a number of
different strain combinations, yet promote immune reconstitution

Figure 6 (continued) as recipients. Representative images on day 7 are shown (i). Summary of BLI (ii) (n = 10; *P < .05). (D) Donor T-cell proliferation (from B6-/uc mice) in
the recipient mice (WT Balb/c mice) with or without DO «DR3 treatment was assessed by BLI. Representative images on day 7 are shown (i). Summary of BLI is shown in (ii)

(n = 10; *P < .05). (E-F) GVHD score and survival curve are shown (*** P < .001; **

**P < .0001).
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Figure 7. The efficacy of prophylactic treatment with DR3 activation is dependent on recipient-derived Treg. (A) TCD-BM from WT B6 mice were transplanted into
lethally irradiated Balb/c recipients on day 0, and Treg-depleted T cells from B6-Foxp3DTR mice (1 X 10%animal) were injected on day 2 after transplant. For preparation of
Treg-depleted T cells, DT (1 pg/animal) was administered to donors on days —2 and —1. «aDR3 or isotype control Ab was injected into recipient mice on day 0. (i)
Experimental scheme. GVHD score (ii) and survival curve (iii) are shown (n = 10 in TCD-BM; n = 13 in DO isotype with Treg-depleted T cells; and n = 20 in DO aDR3 with
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without any adverse effects on GVT reactions.' ">’ Because of
these attractive biological functions, there has been great interest
in translation to the clinic, and early clinical trials showed
promising results.?®*° The major challenges in clinical trans-
lation surround the isolation and purification of such a rare
population of cells. Therefore, efforts to expand and activate Treg
have great biological and clinical relevance. We have previously
demonstrated that a single injection of «DR3 to donor animals
resulted in significant expansion of Treg, and transplantation
using unmanipulated T cells from animals treated with «DR3 had
dramatically reduced risk of inducing GVHD.!! In this report, we
further explored the effect of aDR3 signaling on Treg phenotype,
gene expression profile, and function and also evaluated the effect
of the timing of aDR3 treatment on GVHD risk.

viSNE analysis allows mapping of multicolor flow cytometry or
mass cytometry data into 2-dimensional data without changing the
high-dimensional structure of the data.'® Indeed, 45 different 2-
dimentional panels of the DR3-Treg phenotype were converted
into 10 viSNE maps in total (Figure 1B; supplemental Figure 1).
We previously demonstrated that DR3 activation in donor mice
expanded central memory Foxp3™ Treg without affecting other T-
cell populations. Our current ViSNE data clearly showed that
several activation or maturation molecules, such as ICOS, Lag3,
CD103, and KLRG1, but not CD25, were upregulated in DR3-
Treg (Figure 1; supplemental Figure 1). In comprehensive gene
expression analysis, the data also suggested that Treg expanded
through DR3 activation showed an activated phenotype compared
with isotype control Ab-treated Treg (Figure 2). The DR3-Treg
expressed several chemokine and activation molecules at higher
levels than Iso-Treg. In contrast, anti-apoptotic molecules such as
Bcl2 were downregulated, and apoptotic molecules, such as Caspl
and Casp4, were upregulated. Considering the upregulation of
KLRG1 and CD103, which are maturation molecules for Treg,22
longer therapeutic effects of DR3-Treg might be limited. Indeed,
GVHD in DR3-Treg-injected mice began to progress around day
40 to 60 after transplant (Figure 4D), although DR3-Treg-treated
animals had better overall survival (Figure 4E). In murine GVHD
models treated with freshly isolated Treg, the suppression of
donor T-cell activation at early points after transplantation is
critical.! These early effects of the DR3-Treg may explain the
improved survival benefit in these mice, even though the Treg
showed a fully mature phenotype (Figure 4E).

The role of TL1a-DR3 signaling in conventional T cells has
previously been explored.>'*3? In several autoimmune disease
models, TL1a-DR3 signaling plays an important role in local T-
cell-dependent inflammation through promotion of proinflamma-
tory cytokine secretion after TCR stimulation. These data imply
that aDR3 treatment of recipient mice could promote GVHD-
related inflammation. In this study, we explored the timing of
aDR3 treatment to the recipient mice either before or after
allogeneic HCT, with dramatically different results. Transplanted
mice treated with aDR3 after alloantigen exposure showed
significant allogeneic donor T-cell proliferation and worsened
GVHD lethality (Figure 5). These data suggested that the use of
oDR3 for GVHD treatment might enhance T-cell activation and
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accelerate disease. In contrast, «DR3 treatment when used for
prophylactic purposes resulted in enhanced survival (Figure 6). In
this setting, expansion of recipient-derived Treg and the suppres-
sion of donor T-cell proliferation were observed, resulting in the
reduction in GVHD severity and lethality. Treg are thought to be
more resistant to irradiation than other immune cells.>? Indeed,
our data suggested that residual recipient-derived Treg could
expand through DR3 activation and play a role in immune
tolerance.

To further explain these disparate results, DR3 expression was
found to be significantly increased on CD4* Foxp3 ™ T cells after
transplantation, whereas DR3 in Treg was downregulated
(Figure 5D). These data imply that the CD4" Foxp3~ T-cell
population is more susceptible to a«DR3 treatment compared
with the residual Treg population. However, the prophylactic
treatment with aDR3 administered before alloreactive T-cell
stimulation to the recipient mice resulted in improved survival
(Figure 6).'" We and others previously demonstrated that unsti-
mulated recipient-derived Treg were less effective than donor-
derived Treg for GVHD treatment.?!** However, we and others
also recently demonstrated that activation of recipient derived
Treg through interleukin 33 or TNFR2 specific agonists could
protect from GVHD in murine models.*>® These data
suggested that the activation/expansion of recipient-derived
Treg could be another strategy for preventing GVHD. Here we
showed that prophylactic «DR3 treatment preferentially expanded
and activated recipient-derived Treg that were critical for GVHD
prevention.

Taken together, TL1a-DR3 signaling is a “double-edged sword,”
where the timing of administration of ®DR3 treatment to the recipient
mice is critical for regulation of acute GVHD, depending on the
activation status of both regulatory and conventional T cells. These
results are critically important to understand the biology of this
important axis of regulatory and conventional T-cell activation, and
also for the potential clinical translation of reagents that may affect DR3
signaling.

In conclusion, we demonstrated that activation through DR3
signaling enhanced the function of Treg; however, this pathway can
also further activate alloreactive T cells and has a very different clinical
effect, depending on the timing of administration. These data provide
important information for future clinical translation using modification
of TL1a-DR3 signaling.
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