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The absence of IFN-y receptor (IFN-yR) or STAT1 signaling in donor cells has been shown to result in reduced induction of
acute graft-versus-host disease (GVHD). In this study, we unexpectedly observed increased activation and expansion of
donor lymphocytes in both lymphohematopoietic organs and GVHD target tissues of IFN-yR/STAT1-deficient recipient
mice, leading to rapid mortality following the induction of GVHD. LPS-matured, BM-derived Ifngr1~/- Stat1/- DCs (BMDCs)
were more potent allogeneic stimulators and expressed increased levels of MHC Il and costimulatory molecules. Similar
effects were observed in human antigen-presenting cells (APCs) with knockdown of Stat1 by CRISPR/Cas9 and treatment
with a JAK1/2 inhibitor. Furthermore, we demonstrated that the absence of IFN-yR/STAT1 signaling in hematopoietic APCs
impaired the presentation of exogenous antigens, while promoting the presentation of endogenous antigens. Thus, the
indirect presentation of host antigens to donor lymphocytes was defective in IFN-yR/STAT1-deficient, donor-derived APCs

GVHD, organ rejection, and autoimmune diseases.

Introduction

IFN-y is a pleiotropic cytokine with a central role in host defense and
immunopathology and is involved in both innate and adaptive immu-
nity (1, 2). [FN-y is the only type II IFN family member produced by
innate NK, y3-T cells, activated Th1 cells, cytotoxic CD8* T cells, and
professional antigen-presenting cells (APCs) (1-3). Acting synergis-
tically with T cell receptor (TCR) stimulation as a prototypical Thl
cytokine, IFN-y functions via the JAK1/STAT1 signaling pathway to
drive the first wave of T-bet expression (4). T-bet serves as the master
regulator of Th1 cell differentiation by promoting the expression of
both IL-12 receptor 82 and the production of IFN-y (4). This effect
renders cells responsive to IL-12/STAT4 and IFN-y/STAT1 to main-
tain T-bet expression and Thl-specific cytokine production, while
inhibiting the differentiation and function of other Th cell subsets
(4-6). In addition to its effects on Th cell differentiation, IFN-y is
known to promote macrophage activation (1, 2) and the expression
of MHC class II and IL-12, which further amplify IFN-y production
and Thl-mediated physiologic and pathologic immune responses
(1, 3, 7-12). IFN-y signaling has been implicated in the mediation of
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in fully donor chimeric mice. The differential effects of IFN-yR/STAT1 signaling on endogenous and exogenous antigen
presentation could provide further insight into the roles of the IFN-y/STAT1 signaling pathway in the pathogenesis of

tissue damage in the gastrointestinal (GI) tract (13, 14). Therefore,
IFN-yR signaling is emerging as an attractive target (15-17) for graft-
versus-host disease (GVHD) intervention, as corroborated by clini-
cal results using the nonselective JAK1/2 inhibitor ruxolitinib (Rux)
and preclinical results with barcitinib (18, 19).

Conversely, evidence supports a protective role for [FN-y in limit-
ing inflammation-driven tissue damage. In particular, Ifing”", Ifugrl”",
and Stat1”~ mice are significantly more susceptible to experimental
autoimmune encephalomyelitis (EAE) (20-22), collagen-induced
arthritis (CIA) (12), and acute GVHD induction (8, 10, 23-25). This
inhibitory function of IFN-y has been proposed to involve the induc-
tion of apoptosis of activated lymphocytes (26, 27), the conversion of
CD4°CD25 T cells into Tregs (28), and the induction of indoleam-
ine 2,3-dioxygenase (IDO) and NO expression leading to tolerogen-
ic DCs (1-3, 26). Furthermore, IFN-y-induced programmed death
ligand 1 (PD-L1) expression negatively regulates T cell activation (29).

Here, we describe a modulatory role for IFN-y/STAT1 signaling
in hematopoietic APCs. We observed markedly enhanced GVHD
induction and increased activation of alloreactive donor T cells by
host IFN-yR/STAT1-deficient hematopoietic APCs. The enhanced
stimulatory capacity of IFN-yR/STAT1-deficient APCs was associat-
ed with the upregulation of MHC II expression and increased endog-
enous antigen presentation. Radiation bone marrow (BM)chimeric
recipients with fully engrafted donor-derived IFN-yR-deficient
APCs had less indirect allostimulatory capacity, resulting in attenu-
ated activation of host-alloantigen-specific donor lymphocytes from
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the delayed donor lymphocyte infusion (DLI) and development
of GVHD. Our data suggest that IFN-yR/STAT1 signaling in APCs
functions as an immune rheostat to restrain autoinflammation by
suppressing endogenous antigen presentation under inflammatory
conditions while enhancing responses against exogenous antigens.

Results

Absence of the IFN-yR/STAT1 signaling in recipient mice leads to
increased acute GVHD. In the current study, we sought to investigate
the effects of host STAT1 deficiency on the induction of acute GVHD.
To this end, we induced GVHD in the fully MHC-mismatched BAL-
B/c (H29) to 129 (H2") strain combination by injecting 5 x 10° BAL-
B/c T cell-depleted (TCD) BM cells (BMCs) plus 1 x 107 splenocytes
(SPCs) into lethally irradiated 129.Stat1** or 129.Stat17- mice. The
129.Stat1”- recipients experienced significantly accelerated mor-
tality (Figure 1A, median survival time [MST] of 5 days vs. 7.5 days,
log-rank test P < 0.0001) and exacerbated morbidity, as measured
by GVHD clinical scores (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI125986DS1). However, histopathological analysis of GVHD tar-
get organs obtained on day 4 showed no significant differences yet
at this early time point between the WT and STAT1-deficient recipi-
ents (Supplemental Figure 1B). STAT1-deficient hosts receiving syn-
geneic BMCs and splenic cells did not exhibit increased morbidity
or mortality, ruling out the possibility that enhanced sensitivity of
STAT-deficient recipients to conditioning-induced toxicity account-
ed for the increased mortality. To investigate the inflammatory
response following allogeneic BM transplantation (BMT), we tested
the early serum cytokine profiles of the recipient mice after lethal
irradiation following BMT. Our data did not reveal increased serum
levels of IL-1a, IL-6, TNF-0, RANTES, or monocyte chemoattractant
protein 1 (MCP-1) on day 1 and day 3 after BMT in the Stat17- group.
However, we observed significant increases in IL-12 and IL-4 on day
3and/or day 4 after BMT in the Stat17" recipient mice compared with
their WT counterparts (Supplemental Figure 2), indicating dysregu-
lation and skewing of the immune response. When recipient splenic
cells were analyzed by flow cytometry on day 5 after BMT, we found
increased expansion of donor T cells and elevated absolute numbers
of activated donor CD4" T cells (Figure 1B). The increase was associ-
ated with enhanced donor CD4* Th1 but comparable CD8* Tcl cell
differentiation in Stat1”/" recipients (Figure 1C).

Using bioluminescence imaging (BLI), we tested in vivo expan-
sion of donor cells and organ infiltration after the transfer of lucif-
erase-expressing BALB/c SPCs (BALB/c-Luc) into lethally irradiated
B6.Stat1-deficient and B6 WT recipient mice. B6 mice are more resis-
tant to GVHD induction than the 129sv mice under the same trans-
plantation conditioning, which allowed us to observe donor lympho-
cyte expansion after post-BMT day 5. Markedly enhanced expansion
and organ infiltration of donor BALB/c-Luc cells were detectable in
the spleen, liver, lung, and gut of B6.Stat17- mice compared with B6
WT recipients (Figure 1D and Supplemental Figure 3A) on day 6 after
BMT. We repeated our studies in a different STAT1-deficient strain
(B6.Stat1rs» mice) to further validate our results. This mouse strain
was generated by N-ethyl-N-nitrosourea-induced (ENU-induced)
mutagenesis, which affects the splice site upstream of exon 20 of the
Statl gene, resulting in a truncated STAT1 protein (30). The pheno-
types of STAT1™ " mice and 129.STAT1-deficient mice were consis-
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tent with those of mice in our prior study (17) (Supplemental Figure
4A and data not shown). In line with experiments performed with
129. Statl”- mice, GVHD-induced mortality significantly increased
in Stat1™s" recipients (Supplemental Figure 4B). CD4* and CD8* T
cell activation was also enhanced (Supplemental Figure 4C). Simi-
lar to the results published by Burman et al. in Ifigrl”- mice (14), we
noted severe lung pathology (data not shown) but reduced damage
to the GI tract in Stat1™* recipient mice when histopathological
analysis was performed on day 8 after BMT (Supplemental Figure 4,
D and E). These results confirm the differential role of IFN-yR sig-
naling in GVHD target organs (13).

We next delineated the contribution of IFN-y signaling in recip-
ient mice using the BALB/c B6 model and the ability of IFN-y sig-
naling deficiency to recapitulate our STAT1 findings. Following the
observation that GVHD-related mortality was significantly higher
in Statl”" recipient mice than in the WT recipients, GVHD induction
was accelerated considerably (MST of 13 days in the Ifngrl”~ versus
undefined in the WT group, Figure 1E) in the B6.Ifngrl”" recipients
following lethal irradiation (10.75 Gy). This observation was consis-
tent with the studies reported by Burman and colleagues (14). We
observed enhanced activation and expansion of donor CD4" and
CD8" T cells (Figure 1F) and significantly increased Th1 differenti-
ation of donor CD4" lymphocytes (Figure 1G) in the spleens of the
Ifngrl”- recipient mice when tested on day 4 or 5 after BMT. Using
BLI analysis of recipients injected with BALB/c-Luc splenic cells,
we also observed significantly enhanced donor lymphocyte infiltra-
tion in the gut and spleen, tested on day 4 after BMT (Supplemental
Figure 5B) in the B6.Ifngrl”" recipients compared with the B6 WT
recipients. When studied on day 7, we observed a further increase
in tissue infiltration (spleen, lung, and liver) of donor lymphocytes
in B6.Ifngr”" recipients. In contrast to the StatI7" recipients, donor
lymphocyte infiltration in the gut of B6.Ifingrl”~ recipients was com-
parable to that of their WT counterparts when assessed on day 7
(Figure 1H and Supplemental Figure 3B). These results suggest
that the lack of IFN-y signaling accelerated the initial gut infiltra-
tion but did not result in further accumulation at later time points.
Furthermore, our results indicate different roles in host STAT1
and IFN-yR signaling regarding the recruitment of donor cells to the
gut, which warrants further study.

Contribution of hematopoietic versus nonhematopoietic IFN-yR/
STAT1 deficiency to the development of GVHD. To determine the con-
tribution of host hematopoietic versus nonhematopoietic tissue to
the promotion of GVHD, we created radiation BM chimeric mice,
in which STAT1 deficiency was confined to the hematopoietic com-
partment, and then induced GVHD via a second transplant. Thus,
129.Stat1** mice were lethally (10.44 Gy) irradiated and reconsti-
tuted with either 129.Stat1** or Stat1”- BMCs. The successful cre-
ation of radiation chimeras and the absence of STAT1 expression
were confirmed by STAT1 staining in peripheral blood samples
using flow cytometry (data not shown). On day 120 after BMT,
the mice were reconditioned (10.44 Gy) and transplanted with 5 x
10° BMCs plus 5 x 10° splenic cells from BALB/c mice. As shown
in Figure 2A, we observed accelerated GVHD-induced mortality
in BALB/c—(129.Stat17"—129.Stat17*) chimeric mice compared
with BALB/c— (129.Stat1”*—Stat1”*) chimeras (MST of 6 days vs.
11 days, log-rank P = 0.02), suggesting that the absence of STAT1
in host hematopoietic tissue was sufficient to accelerate GVHD
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Figure 1. Absence of host IFN-yR/STAT1 signaling enhances GVHD induction. GVHD was induced in the fully MHC-mismatched [BALB/c (H2) to 129Sv (H2")]
strain combination. SYN, syngeneic transplant. (A) Lethally irradiated (1,044 cCy) 129.5tat1”- or 129.5tat1** mice received 5 x 10° BMCs and 1 x 107 SPCs from
BALB/c mice. Data are from 2 similar experiments with 12-14 animals/group. (B and C) CD25 expression (B) and intracellular IFN-y expression (C) on donor (H2D¢)
CD4* or CD8* T cells in the host spleen were tested on day 4 after BMT. Representative results from 1 of 2 independent experiments with 3-4 animals/group are
shown. (D) In vivo expansion of alloreactive donor BALB/c-Luc T cells and target organ infiltration in B6.\WT or Stat7”- recipients were assessed by BLI on post-
BMT day 6. Representative results from 1 of 3 independent experiments with 3-4 animals per group are shown. (E-H) Fully MHC-mismatched GVHD induction
following lethal irradiation in B6 (WT, n = 5) versus B6./fngr1”~ recipients (Ifngr1”-, n = 8) using 1 x 107 SPCs and 5 x 10° BMCs from BALB/c-Luc mice. Survival
data were analyzed by log-rank test. Activation of donor (H2%*) CD4* T cells, CD8* T cells, and lymphocytes and (F) intracellular IFN-y staining of donor-derived
CD4* T cells (G) was tested on day 4 after BMT. (H) Recipient animals were monitored for infiltration and expansion of BALB/c-Luc lymphocytes on day 7 after
BMT using BLI. Representative results from 1of 2 independent experiments with 3-4 animals/group are shown. Bar graphs represent the mean + SEM. *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by log-rank test (A), 2-way ANOVA with Sidak’s correction (B-F and H), and Student's t test (G).

induction. Neither the Stat17~ mice nor the WT hosts receiving syn-  ras using B6.Stat1™*" mice. B6.Stat1™*" or WT (Stat1”*) B6 mice
geneic BMCs and splenic cells died, confirming that the alloreactive ~ (both CD45.2) were lethally (10.75 Gy) irradiated and reconstitut-
responses were the driving force of acute GVHD induction in this  ed with B6.SJL (CD45.1) BMCs before undergoing a second trans-
model. Inaccordance with the increased mortality, donor T cellacti-  plantation for GVHD induction, as described above. In contrast
vation was significantly increased in BALB/c—(129.Statl”/"—129.  to the chimeric mice with exclusive hematopoietic STAT1 defi-
Stat1”*) recipients tested on day 6 after BMT (Figure 2B). To fur-  ciency, we found that donor T cell activation was not increased in
ther confirm that the increased activation of donor lymphocytes  the B6.Stat1”*—Stat1™" chimeric recipient mice upon induction
was indeed triggered by STAT1-deficient host hematopoietic cells  of GVHD following retransplantation compared with that observed
(and not by nonhematopoietic cells), we established similar chime-  in the B6.Stat1”*—Stat1”* chimeric mice (Figure 2C). These results
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Figure 2. Contribution of hematopoietic versus nonhematopoietic IFN-yR/STAT1 deficiency to the development of GVHD. (A and B) GVHD was induced in
radiation chimeras with STAT1 deficiency in the hematopoietic compartment (129.5tat17/-—129.5tat1+*). The data are representative of 2 similar experiments
with 9-12 mice/group. (A) MST was 6 days versus 11 days (P = 0.02, log-rank test). (B) CD25 expression on donor (H-2¢) CD4* and CD8* T cells was assessed on day
6 after BMT. (C) Donor lymphocyte activation was assessed in chimeric mice with STAT1 deficiency restricted to nonhematopoietic cells using B6.Stat1%" mice.
Lethally irradiated (1,075 cGy) B6.5tat7*°" mice or B6 WT mice received 5 x 10° BMCs from B6.SJL syngeneic WT mice. Four months after the first transplanta-
tion, the chimeras were irradiated (1,075 cGy) and injected with 5 x 10° BMCs and 1 x 107 splenocytes from BALB/c mice. CD25 expression on donor (H-2¢) CD4*
and CD8* T cells was measured on day 7 after BMT (n = 5 mice/group). (D-F) GVHD induction in irradiated chimeras with IFN-yR deficiency in the hematopoietic
(B6./fngr1/-—B6.S)L) (D and E) and nonhematopoietic compartments (B6.SJL—B6./fngr1-) (F). (D) Probability of survival (MST of 9.5 days vs. 43 days, log-rank
test *P < 0.05, n = 3-6 mice/group). (E) In vivo expansion of BALB/c-Luc lymphocytes in recipient animals was monitored using BLI on the indicated days after
the second transplantation. (F) Survival curve following GVHD induction in Ifngr1--—Ifngr1~/-chimeras with BALB/c splenic cells (MST of 15 days vs. 9 days, log-

:

rank test P < 0.05, n = 5-6 mice/group). Bar graphs represent the mean = SEM. *P < 0.05 and ***P < 0.001, by 2-way ANOVA with Sidak’s correction.

suggest that the absence of STATI in nonhematopoietic host
tissue was not critical to affecting the initial donor T cell activa-
tion, whereas STAT1 deficiency in the recipient hematopoietic cells
was sufficient for enhanced donor T cell activation and subsequent
morbidity and mortality.

Next, we determined the contribution of host hematopoietic ver-
sus nonhematopoietic IFN-yR deficiency in promoting GVHD. We
created radiation BM chimeric mice (B6.Ifngrl”~—B6.SJL), in which
IFN-yR deficiency was confined to the hematopoietic compart-
ment, as described above. After reconditioning and the induction
of GVHD [BALB/c—(B6.Ifngrl”"—B6.SJL] 1, we observed increased
GVHD-induced mortality (Figure 2D) and enhanced expansion of
infused donor BALB/c-Luc lymphocytes in recipient chimeric mice
lacking the IFN-yR on host hematopoietic cells, as tested by BLI
(Figure 2E). Recipient nonhematopoietic IFN-yR signaling had been
reported to play an important role in reducing GVHD-induced mor-

tality (31). Our data also support this observation, with a MST of 43
days (solid triangle in Figure 2D) in recipient mice with IFN-yR defi-
ciency restricted to the nonhematopoietic cells versus a MST of 15
days (solid circle in Figure 2F) in chimeric mice with intact IFN-yR
in both hematopoietic and nonhematopoietic compartments (Figure
2, D and F). Of note, compared with recipients deficient in IFN-yR
expression only in nonhematopoietic tissue, GVHD-induced mortal-
ity was further enhanced when both hematopoietic and nonhemato-
poietic tissues (BALB/c—(B6.Ifngrl”—B6.Ifngrl”") lacked IFN-yR
(Figure 2F). These data suggest that IFN-yR/STAT1 signaling in the
host hematopoietic compartments plays a vital role in reducing the
activation of donor lymphocytes and the induction of acute GVHD
in the MHC-mismatched BMT mouse model.

Phenotypic and functional characteristics of IFN-yR/STATI-defi-
cient APCs. Next, we investigated the impact of IFN-yR/STAT1
deficiency on the hematopoietic APC phenotype and function.

J Clin Invest. 2023;133(3):e125986 https://doi.org/10.1172/)C1125986
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To our surprise, MHC II surface expression levels were significant-
ly elevated on recipient IFN-yR/STAT1-deficient APCs compared
with levels in their WT counterparts, as tested on days 1-3 after
BMT in the MHC-mismatched mouse GVHD model (Figure 3, A
and B). Our radiation chimera model further corroborated these
results. Thus, surface expression of MHC II and CD86 was con-
sistently higher on host splenic CD11c* cells in recipients lacking
IFN-yR only in the hematopoietic compartment (BALB/c—[B6.Ifn-
gr17"—B6.SJL]) compared with WT chimeric (BALB/c—[B6 —B6.
SJL]) controls (Figure 3C).

To further investigate the increased expression of MHC II and
costimulatory molecules on APCs with IFN-yR/STAT1 deficiency,
we interrogated BM-derived DCs (BMDCs) isolated from either
Stat1** or Statl”~ mice for expression of MHC II and costimulato-
ry molecules and their stimulatory capacity. LPS is one of the most
commonly used reagents for BMDC maturation and a key inflam-
matory factor driving GVHD induction after lethal conditioning (32).
Consistent with the in vivo observations, STAT1-deficient BMDCs
matured in the presence of LPS expressed increased MHC II and
CD86 (Figure 3D) on the cell surface compared with their WT coun-
terparts. In contrast, expression of the coinhibitory molecule PD-L1
was reduced upon LPS treatment (Figure 3D) in STAT1-deficient
BMDCs. Analysis of flow data from 6 separate in vitro experiments of
LPS-matured DCs showed a substantial increase in I-Ab expression
on Statl”- DCs compared with Stat1”* DCs. Upregulation of CD86
and downregulation of PD-L1 expression on Statl”- DCs matured
with LPS were consistently observed in 4 and 3 experiments, respec-
tively, but did not reach statistical significance (data not shown).

Given the increased MHC II and CD86 expression levels,
matured STAT1-deficient DCs would be expected to have an
increased allostimulatory capacity. To test this hypothesis, irradiated
LPS-matured Stat1”* or Statl7- BMDCs were cocultured with fully
MHC-mismatched (BALB/c) T cells at 1:5 T/DC ratios for 5 days. We
were able to observe an enhanced proliferation of responder allore-
active T cells (Figures 3, E and F) and a markedly increased propor-
tion of activated (CD44*CD62L") CD4*and CD8*T cells (Figure 3G).

To determine the translational relevance of our above-
described observations in mice, we tested the effect of deficient
IFN-yR/STAT1 signaling on the function and phenotype of human
APCs. We used Statl CRISPR-directed gene editing in freshly iso-
lated PBMCs. ATTO-550" cells were collected with an Influx sorter,
irradiated, and then used to stimulate alloreactive human PBMCs
in a mixed lymphocyte reaction (MLR) assay (Supplemental Figure
6A). As expected, we detected no proliferation (determined by Cell-
Tracer Violet low) or activation (determined by HLA-DR*CD38*
expression on CD4" or CD8" T cells) of responder cells in the
absence of stimulator cells. Control sgRNA-transduced stimulator
cells induced 40% proliferation and 10% activation of respond-
er cells. In contrast, enhanced proliferation (60%) and activation
(15%) of responder cells were observed when Statl sgRNA-treat-
ed stimulator cells were used (Supplemental Figure 6B). Next, we
tested the effect of pharmacological inhibition of JAK1 and JAK2,
which are upstream of STAT1 signaling. Rux is a JAK1/JAK2 inhib-
itor that was recently FDA approved for steroid-refractory GVHD.
To delineate whether JAK inhibition could mimic the data observed
in gene-deficient murine APCs, we performed additional stud-
ies using human CD3- and CD56-depleted PBMCs treated with 5
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uM Rux (Supplemental Figure 7A) as stimulator cells. In contrast
to a previous report that showing Rux inhibited DC activation and
function (33), our data demonstrated that Rux pretreatment of
CD3- and CD56-depleted PBMCs led to pronounced inhibition of
PD-L1 expression, while promoting HLA-DR and CD86 expression
on CD11c" cells (Supplemental Figure 7B) associated with increased
allostimulatory capacities in a MLR assay (Supplemental Figure 7C).
The discrepancy with the published results may be partially due to
our experimental system, which included T lymphocyte and NK cell
depletion. In addition, Heine et al. used plastic adherence to gen-
erate monocyte-derived DCs, which may not necessarily deplete
lymphocytes. Rux is well known for its inhibition of T and NK cell
functions. Its influence on the purified APC population, including
DCs, warrants further investigation.

Effect of IFN-yR/STAT1 signaling on endogenous and exogenous
antigen presentation. Activation of donor CD4* T cells requires a
cognate interaction of their TCR with allopeptides presented with-
in the context of MHC Il molecules by the host or donor APCs (31,
34). Alloreactive donor CD4" T cells can recognize host alloanti-
gens in the context of MHC II via a direct or indirect pathway (34).
In the direct pathway, donor T cells recognize host allopeptides in
the context of intact host MHC molecules on the surface of recip-
ient APCs. In the indirect pathway, donor T cells recognize host-
derived allopeptides taken up, processed, and presented by MHC
II on donor APCs. Therefore, we assessed the effect of IFN-yR/
STAT1 signaling on the presentation of exogenous versus endoge-
nous peptides in the context of MHC II

Given the increased MHC II expression observed on host
hematopoietic APCs lacking IFN-yR or STAT1 during the induction
of GVHD, we assessed the association between enhanced MHC II
expression and the increased presentation of host-derived endog-
enous peptides. The semiallogeneic B6.SJL—CB6F, GVHR model
without conditioning allowed us to identify self-peptide presentation
by host APCs and subsequent antigen-specific donor T cell respon-
siveness. CB6.F1 mice express BALB/c-derived MHC class II Eo
self-peptide (peptide 52-68), which is presented by I-A® molecules,
and this Ea-I-A® complex is recognized by both the Y-Ae antibody
and the TEa TCR (31, 35). For this experiment, 2.5 x 107 to 3 x 107
SPCs from B6.SJL mice and 5 x 10 TCD BMCs from B6 mice were
injected into either WT or Ifigrl”~ CB6F1 mice without irradiation.
According to the above data, the absence of IFN-yR expression on
CB6F1 recipient APCs promoted the expression of MHC class II
(I-A®) on host CD11c* cells compared with CB6F1 WT recipients fol-
lowing the administration of semiallogeneic B6 splenic cells tested
on post-transplantation day 1. Y-Ae binding on host CD11c* cells from
CBG6F1Ifngrl” recipients was significantly increased (Figure 4A).

Next, we confirmed that the enhanced Y-Ae expression on
host APCs in Ifigrl”- CB6F1 mice elicited an enhanced Ea52-68
peptide-specific donor T cell response. To this end, TEa-TCR-Tg
CD4* T cells were coadministered to CB6F1 Ifigrl”~ or WT CB6F1
mice. As hypothesized, we observed markedly increased donor
Tea-TCR'CD4* T cell activation (Supplemental Figure 8A), Thl
differentiation (Supplemental Figure 8B), reduced Treg differenti-
ation (Supplemental Figure 8C), and increased T cell proliferation
as determined by BrdU incorporation (Supplemental Figure 8D)
in CB6F1 Ifingrl”- recipients. These findings suggested that the
absence of IFN-yR/STAT1 signaling in recipient APCs enhanced
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Figure 3. Absence of IFN-yR/STAT1 promotes an allostimulatory capacity in DCs. (A) On day 1 after BMT, different APC populations from recipient animals
were analyzed following induction of GVHD using a fully MHC-mismatched [BALB/c (H2¢) to 129Sv (H2")] strain combination. MHC Il expression on recipient
splenic H2°* CD11c*, CD11b*, and B220* cells from recipient 129.5tat7*/* and 129. Stat1”/- animals. Results from 1 representative experiment of 3 are shown,
with 3 animals/group. (B) GVHD was induced in the fully MHC-mismatched BALB/c (H2¢) to B6 (H2) strain combination in B6 WT or B6./fngr1”~ mice. |-A®
expression on recipient splenic CD11c* cells was studied on day 1 after BMT. Results from 1 representative experiment of 2 are shown with 3-4 animals/
group. (C) I-Ab and CD86 expression on CD11c* cells from Ifngr17/-—B6.S|L chimeric recipients were compared with expression on cells from the B6—B6.5|L
counterparts 2 days after the second transplantation of BALB/c TCD BMCs and BALB/c-Luc splenocytes. Results from 1 representative experiment of 2 are
shown, with 2-3 animals per group. (D) Expression of |I-Ab, CD86, and PD-L1in CD11c* BMDCs from Stat?*/* or Stat1/- mice. Cells were cultured in RPMI 1640
medium containing 10% FCS and GM-CSF (20 ng/mL) for 6 days and matured in 100 ng/mL LPS for an additional 48 hours. Results from 1 representative
experiment of more than 3 independent experiments are shown. (E-G) Proliferation and activation of CFSE-labeled alloreactive pan-T cells isolated from
BALB/c splenocytes stimulated with LPS-matured Stat7** or Stat1/- BMDCs. Freshly isolated pan-T cells from BALB/c mice cells were stimulated for 5 days
with LPS-matured Stat7+/* or Stat17/- BMDCs at a DC/responder ratio of 1:5. The proliferation of responder cells was assessed by *H-incorporation, presented
as the cpm ratio compared with unstimulated responder cells (E), or by CFSE dilution, presented as the percentage of CFSE" population (F). T cell activation
was measured by CD44 and CD62L expression in responder CD4* or CD8* T cells (G). Results from 1representative experiment of 3 independent experiments
are shown. Bar graphs represent the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0,001, and ****P < 0.0001, by 2-way ANOVA with Sidak’s correction.

host MHC II-dependent presentation of Ea52-68 and promoted  lular pathogens (36-39). To more clearly assess the effect of IFN-yR/
recognition by donor TEa-TCR*CD4" T cells. STAT1 signaling on the presentation of exogenous antigens, we used

The absence of IFN-yR or STAT1 in macrophages or DCs has ~ OVA as an additional model antigen system. We studied the prolifer-
been reported to result in defective antigen presentation forintracel-  ation and activation of responder CD4* OT-II cells as a readout for

6 J Clin Invest. 2023;133(3):e125986 https://doi.org/10.1172/)CI125986
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Figure 4. Absence of IFN-yR/STAT1 signaling leads to enhanced endogenous and compromised exogenous antigen presentation. (A) GVHD was induced in
the parent-into-F1 (P—F1) mouse model without irradiation. CB6F1 (H2") WT or Ifngr1”/- mice received 5 x 108 BMCs and 2.5 x 107 to 3 x 107 splenocytes from
B6.SJL mice. There was an increase in I-Ab expression and recipient-derived endogenous Ea52-68 peptide presentation (tested by Y-Ae staining) on CD11c* cells
on day 2 after BMT. Data are representative of 2 similar experiments with 5 animals/group. (B and C) OT-I T cell proliferation was determined by CFSE dilution in
response to 3 days of stimulation with 0.5% PFA-fixed B6./fngr1~- or Stat1”/- BMDCs. BMDCs were incubated for 1 hour with OVA (100 ng/mL) and then overnight
in the presence of LPS. For OVA_, .. peptide loading, BMDCs were matured with LPS, fixed with 0.5% PFA, and then pulsed with 100 ng/mL OVA_, . peptides
for 0.5 hours. (D) OT-1I proliferation in response to 3 days of stimulation with WT act-mOVA (OVA-B6) or Stat1- act-mOVA (OVA-Stat1”/-) BMDCs after overnight
LPS maturation. WT and Stat1/- BMDCs without constitutive OVA expression were used as controls. (E and F) OVA-B6 or OVA-Stat1”/- mice were lethally irradi-
ated (10.75 Gy) and received 3 x 10° splenocytes from OTII mice. CD25 and IFN-y expression was detected in OT-l cells 5 days after injection. n = 2-3 mice/group.

F shows summary data for E. Bar graphs in A, E, and F represent the mean + SEM. *P < 0.05 and **P < 0.01, by 2-tailed Student’s t test. Max, maximum.

effective antigen presentation in APCs in the presence or absence of
IFN-yR/STAT1 signaling. As expected, OT-II cells did not proliferate
when cocultured with BMDCs matured by LPS without exogenous
OVA protein (Figure 4C, red line). At the same time, the ability of
IFN-yR- or STAT1-deficient BMDCs incubated with exogenous
full-length OVA protein to promote OT-II proliferation was severely
compromised (Figure 4B, upper panel, and Figure 4C, blue line). In
contrast, OT-II proliferation was not diminished when stimulated
with IFN-yR-deficient BMDCs that had been loaded with OVA_,, .
peptide (Figure 4B, lower panel), which does not require intracellular
antigen processing and presentation but depends on surface MHC
IT expression, indicating that direct loading of the peptide onto the
MHC II peptide-binding groove was not impaired.

We next used transgenic act-mOVA mice, which have constitu-
tive membrane-associated OVA expression in all tissues under the
control of the actin promoter, as a model of the endogenous self-pep-
tide presentation via MHC II. When these LPS-matured, mOVA-
expressing, and STAT1-deficient BMDCs were used as stimulators,
we observed markedly increased OT-II cell proliferation in response
to Stat1”-act-mOVA-expressing BMDCs compared with WT act-mO-
VA-expressing BMDCs (Figure 4D, upper panel), suggesting that the

J Clin Invest. 2023;133(3):e125986 https://doi.org/10.1172/)C1125986

absence of STAT1 signaling promoted the MHC II-dependent pre-
sentation of OVA self-peptides. In contrast, we observed no OT-II cell
proliferation in response to either WT or Stat17- BMDCs, confirming
that the OT-II proliferation was OVA specific (Figure 4D, lower pan-
el). The activation and Th1 differentiation of OT-II cells was marked-
ly enhanced on day 3 after injection into lethally irradiated act-mO-
VA STATI-deficient mice compared with STAT1 WT act-mOVA
mice (Figure 4, E and F). In summary, these results indicate that the
absence of IFN-yR/STAT1 signaling impaired the processing and pre-
sentation of exogenous antigen by MHC II in hematopoietic APCs,
while promoting the presentation of endogenous self-peptides.
Effect of IFN-yR/STAT1 signaling on divect and indirect antigen pre-
sentation. Next, we studied the role of IFN-yR signalingin a P—F1[B6.
SJL (H2°)—CB6F1 (H2"*%)] model without host irradiation. Under this
scenario, the I-Ab molecule in CB6F1 mice presents multiple endoge-
nous parental BALB/c H-24-derived peptides to alloresponsive paren-
tal SPCs. Administration of 2.5 x 107 SPCs from B6 mice to CB6F1
Ifngrl”~ recipient mice led to significantly increased GVHD-induced
mortality (Figure 5A) and GVHD target tissue pathology when stud-
ied on day 30 after BMT (Supplemental Figure 9). Analysis of periph-
eral blood, spleen, and lymph nodes on post-transplantation day 7
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Figure 5. APCs with deficient IFN-yR/STAT1 signaling exhibit increased direct and compromised indirect antigen presentation. (A) GVHD was induced in the
P—F1[B6.SJL(H2°)—CB6F1 (H2*¢)] mouse model using WT or Ifngr1~- recipients, and GVHD-induced mortality was monitored. Ifngr1”- F1 recipient mice exhibited
significantly increased GVHD-induced mortality (MST of 32 days vs. not reached, log-rank test **P < 0.01, n = 5 mice/group). (B and C) Splenic T cell activation
was determined by the percentage of CD62L-CD44* donor T cells, and differentiation (Th1, Th17, and Treg) was assessed by IFN-y, IL-17A, and FOXP3 expression

in donor CD4*T cells on day 7 after BMT. n = 3 mice/group. (D and E) Donor-derived CD11c* cells were assessed on day 18 after transplantation for MHC I1 (I-A®) and
associated Ea52-68 peptide presentation (Y-Ae expression) following fully MHC-mismatched BMT in BALB/c mice that received 5 x 10° TCD BMCs from either WT
B6 or Stat1/- mice after 8 Gy irradiation (n = 3 mice/group). (F-J) In vivo proliferation of TEa-TCR-Tg T cells specific for Ea52-68 peptide presented by I-A®. Three
weeks after transplantation, 5 x 10° CellTrace Violet-labeled pan-T cells from TEa-TCR-Tg mice were administered i.v. to B6.WT—BALB/c or B6.5tat1/~—BALB/c
chimeras. Proliferation was determined by CellTrace Violet dilution (F and G), activation (H), and Th1 differentiation (I) of antigen-specific TEa TCR* donor T cells
(CD4*Va2+Vbe*) on day 5 after DLI (n = 3 mice/group). (J) Clinical GVHD scores were recorded on day 7 after DLI of TEa-TCR-Tg T cells (n = 4 mice/group). Bar graphs

:

represent the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-way ANOVA with Sidak’s correction (B and C) and 2-tailed Student’s t test (E and G-}).

demonstrated increased expansion and activation of donor CD4*
and CD8" T cells (Figure 5B and data not shown). Furthermore,
we observed enhanced Thl and Th17 differentiation of donor CD4*
lymphocytes in IFN-yR-deficient CB6F1 recipients, whereas Treg
differentiation was significantly reduced (Figure 5C).

Based on the observed impaired presentation of exogenous OVA
(Figure 4, B-D) by STAT1-deficient APCs in vitro and in vivo, we pos-
tulated that the absence of IFN-yR/STAT1 signaling in donor APCs
would impair host antigen presentation via the indirect pathway. To
test this hypothesis, we generated BM chimeric mice by reconsti-
tuting lethally irradiated BALB/c mice with B6.Stat1”* or B6.Statl”"
TCD BM cells. Full donor cell hematopoietic engraftment of recipient
BALB/c mice was confirmed on day 18 after BMT (data not shown).

In these chimeric animals, the host (BALB/c) tissue-derived Ea52-68
peptide can only be presented by donor APCs, i.e., B6, through the
indirect pathway via I-Ab. To this end, we first assessed Y-Ae expres-
sion on donor CD11c¢*I-Ab* cells. Figure 5, D and E, show significant-
ly more Y-Ae* CD11c" cells in the WT B6—BALB/c mice than in the
B6.Statl”*—BALB/c chimeric mice on day 18 after the first transplant,
demonstrating defective indirect Ea52-68 peptide presentation of
I-Ab by Stat17- B6 donor APCs. These results were further confirmed
by transferring Ea52-68 peptide-specific TEa-TCR-Tg donor CD4*T
cellsinto B6.Stat1/"—BALB/c or B6—BALB/c chimeras 3 weeks after
the initial transplant. In this model, the transferred TEa-TCR*CD4*
T cells can only respond to the Ea52-68 peptide presented by I-Ab*
hematopoietic APCs. We observed significantly reduced in vivo

J Clin Invest. 2023;133(3):e125986 https://doi.org/10.1172/)C1125986
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Figure 6. BMDCs with IFN-yR/STAT1 deficiency exhibit impaired peptide exchange and reduced turnover of surface MHC Il upon LPS maturation.

(A and B) CD74 expression on CD11c* BMDCs from B6 WT (black), B6./fngr1-/- (red), and Stat1”- (blue) mice after LPS maturation for 48 hours (gray his-
togram represents the isotype control). (C and D) Real-time quantitative PCR analysis of Ctss, H2-DMb1, and March? mRNA expression in CD11c* BMDCs
incubated in the presence or absence of LPS for 4 hours. (E) Flow cytometric quantitation of LysoTracker staining of immature or LPS-matured BMDCs
from WT, Ifngr1~/-, or Stat1”- mice. (F) LC3B expression in WT, Ifngr1~- and Stat17/- BMDCs after 48 hours of LPS maturation was assessed by Western blot-
ting, semiquantified by Image) (NIH). Bar graphs represent the mean + SEM. **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-way ANOVA and Dunnett'’s

correction for multiple comparisons versus the WT control.

proliferation (Figure 5, F and G), decreased activation (Figure 5H),
and Th1 differentiation (Figure 5I) of TEa-TCR-Tg CD4" T cells in
B6.Statl”"—BALB chimeric mice compared with B6.Stat1”*—BAL-
B/c chimeras. Accordingly, TEa-TCR-Tg DLI-induced GVHD was
reduced in Stat17~ chimeric mice (Figure 5]) compared with WT chi-
meras. In our current model, we could not clearly distinguish wheth-
er the reduced activation and proliferation of TEa-TCR CD4* T cells
was due to reduced processing and presentation or secondary to low-
er expression of MHC II, leading to subsequently reduced presenta-
tion of Ea52-68 peptide or both.

Absence of STATI leads to dysregulation of antigen processing and
master genes controlling MHC II expression. Given the imbalanced
antigen presentation of exogenous OVA versus endogenous OVA
and the altered MHC Il expression levels in IFN-yR /STAT1-deficient
mature APCs, we explored potential mechanisms underlying this
effect. The transmembrane o- and p-chains of MHC II are assem-
bled in the endoplasmic reticulum, where they associate with the
invariant chain (Ii, also known as CD74) (40). The resulting Ii-MHC
II complex is transported to a late endosomal compartment termed
the MHC II compartment (MIIC), where Ii is digested by cathepsin
S (CTSS), leaving only a small fragment called CLIP. This fragment
blocks peptide binding until H2-DM interacts with MHC II, which
releases CLIP and permits the binding of a specific peptide derived
from exogenous proteins degraded in the endosomal pathway. Figure
6, A and B, show that CD74 expression was comparably high in both
WT and STAT17- immature BMDCs. As expected, LPS stimulation
reduced CD74 expression as BMDCs matured. It was noted that the

J Clin Invest. 2023;133(3):e125986 https://doi.org/10.1172/)C1125986

MFI of CD74 remained higher in both Ifiigrl”~ and Stat17- BMDCs
than in WT BMDCs, suggesting a defect in invariant chain release
from MHC II. Moreover, CTSS is critical for degrading the Ii chain
bound to MHC II before peptide exchange can occur (41). Consis-
tently, the Ctss mRNA expression was significantly reduced in both
Ifngrl”~ and Stat17- BMDCs compared with WT BMDCs after LPS
stimulation (Figure 6C). Furthermore, as mentioned above, H2-DM
is critical in facilitating peptide exchange and displacing the Ii chain
with endosome-derived peptides (42, 43). After 4 hours of LPS stim-
ulation, H2-DMb1 mRNA expression levels were significantly low-
er in Ifngrl”- and Stat1”- BMDCs compared with levels in their WT
counterparts (Figure 6C). These data suggest that peptide exchange
in the MIIC may be defective in Ifngrl”- and Stat1”- BMDCs. Fur-
thermore, posttranslational regulation of MHC II expression by
ubiquitination is another critical process in controlling antigen
presentation. Usually, the ubiquitination process is suppressed in
LPS-matured DCs (44, 45). MARCH1, an E3 ubiquitin ligase con-
stitutively expressed by resting B cells and immature DCs, mediates
the ubiquitination of internalized peptide-MHC II complexes at the
plasma membrane and in early endosomes targeting these complex-
es for lysosomal degradation (40, 45, 46). Under normal conditions,
the maturation of DCs rapidly terminates MARCHI expression to
spare p-MHC II complexes from lysosomal degradation (45). Marchl
mRNA expression (Figure 6D) decreased after LPS maturation, and
there was a further reduction in both Ifingrl”~ and Stat1™** BMDCs
compared with WT BMDCs upon LPS maturation. These data indi-
cate reduced p-MHC II complex degradation and turnover in APCs
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with [FN-yR/STAT1 deficiency. In addition to CTSS, many other
lysosomal enzymes are critical for the degradation of phagocytosed
proteins (47). We observed slightly reduced LysoTracker staining of
IFN-yR/STAT1-deficient APCs at baseline in immature BMDCs.
However, upon LPS maturation, STAT1- or IFN-yR-deficient APCs
failed to show any increase in LysoTracker staining (Figure 6E) com-
pared with WT BMDCs, suggesting that impaired lysosomal activity
in STAT1- or IFN-yR-deficient APCs may mitigate the degradation
of phagocytosed proteins. As previously reported by others, autoph-
agy delivers cytoplasmic constituents to the autophagosome (48).
Furthermore, it plays a critical role in MHC II antigen presentation
for cytoplasmic constituents and self-peptides (48). The defective
lysosome function in IFN-yR- or STAT-deficient BMDCs prompted
us to assess autophagy markers. We measured LC3B expression in
Ifngr1”- and Stat17- BMDCs by Western blotting, which suggested
increased autophagy (Figure 6F). In summary, these data indicate
that an absence of STAT1 signaling leads to attenuated lysosomal
degradation, defective peptide exchange, and thus impaired exoge-
nous antigen presentation and also provide evidence for increased
autophagic activity that might account for the increased endogenous
antigen presentation through MHC II. These descriptive results indi-
cate that the absence of IFN-yR/STAT1 signaling in DCs affects mul-
tiple antigenic peptide-processing and presentation levels.

Discussion

In the present study, we have made several observations that may
further elucidate how IFN-yR/STAT1 signaling regulates the devel-
opment of GVHD through host-versus-donor hematopoietic APCs
(Supplemental Figure 10). Our main finding suggests that the
absence of IFN-yR or STAT1 signaling in recipient hematopoietic
APCs promotes GVHD by enhancing the stimulatory capacity of host
APCs. We believe our previously published (17) and current results
provide the following framework of the role of IFN-y in GVHD: (a)
IFN-yR/STAT1 signaling differentially controls GVHD depending
on the target cell. (b) IFN-yR/STAT1 signaling promotes GVHD by
inhibiting donor Tregs, while promoting Thl-type responses. (c)
Lack of IFN-yR/STAT1 signaling in recipient APCs results in pro-
nounced activation of donor lymphocytes by the enhanced direct
allostimulatory capacity of APCs. (d) IFN-yR/STAT1 signaling in
donor-derived APCs assists the indirect presentation of host allo-
antigen to donor T cells to promote GVHD. (e) IFN-yR signaling in
hematopoietic APCs functions as a molecular switch in balancing
exogenous versus endogenous antigen presentation.

Studies from several investigators support our main observation
that the IFN-yR/STAT1 axis has an inhibitory role in hematopoietic
APCs. Thus, Thome et al. reported that STAT1 was required for the
function of tolerogenic DCs using an EAE mode (49). Similarly, Vogel
etal. (50) recently demonstrated that JAK1 inhibitor filgotinib-treat-
ed and JAKI-deficient APCs had an enhanced stimulatory capaci-
ty also in an EAE model. Interestingly, treatment with filgotinib, a
selective JAK1 inhibitor, promoted the expression of MHC II and
costimulatory molecules on APCs. In contrast, the absence of JAK1
did not have this effect despite promoting the stimulatory function.
Furthermore, Vogel et al. showed that DC-intrinsic IFN-y-depen-
dent JAK1/STAT1 signaling promotes the expression of PD-L1, lead-
ing to enhanced Treg production and peripheral tolerization in the
EAE model. Although we also observed IFN-yR/STAT1-dependent
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regulation of PD-L1 expression on hematopoietic APCs, we did not
observe changes in Tregs in our recipients, arguing against a direct
Treg-dependent effect in our model.

Our results further contribute to the existing evidence demon-
strating differential regulation of GVHD (8-10) by IFN-y. Ifngrl”-or
Stat1” donor T cells are severely impaired in their ability to induce
GVHD across major and minor histocompatibility disparities, with
a concomitant reduction in Thl differentiation and increased Treg
generation, suggesting that the IFN-y signal pathway in donor lym-
phocytes is critical in CD4- and CD8-mediated GVHD (14, 15, 51,
52). Neutralization of IFN-y or administration of IFN-y-deficient
donor T cells in the B6 to B6D2F1 model under nonirradiated
conditions resulted in delayed GVHD-induced mortality that was
associated with impaired cytotoxic T lymphocyte (CTL) function,
reduced elimination of host cells, enhanced Th2 differentiation,
and chronic GVHD-like features when compared with recipients of
WT grafts (53). In contrast, administration of recombinant IFN-y
protected recipient mice from GVHD and was associated with
reduced donor T cell activation (54).

Several studies have reported that the absence of IFN-yR in
recipient mice accelerates and enhances GVHD-induced mortal-
ity and is associated with severe lung damage (14) and BM failure
(25). Burman et al. (14) demonstrated that the detrimental effects
of IFN-y on GVHD induction are mediated through donor T cells,
while the protective effects of IFN-y are mediated through host
tissue. In another minor histocompatibility antigen-mismatched
(mHA-mismatched), MHC-matched BMT study using Ifngrl”-
mice as recipients, BM failure occurred as a result of the exposure
of donor hematopoietic cells to excessive amounts of IFN-y accu-
mulation in Ifngrl”- recipients (25). Furthermore, Takashima et
al. reported attenuated apoptosis in intestinal epithelial cells and
crypt stem cells in the absence of IFN-y signaling (13). Additional
studies indicate a complex regulation of the signaling molecules
that regulate IFN signaling and the Th1 response during GVHD.
The absence of miR-146 in recipients promoted GVHD, which was
associated with increased JAK/STAT signaling and involved the
regulation of MHC II (55). One study reported that miR-146 acts
as a negative feedback controller of LPS/TLR-4 signaling (56).
These findings suggest that miR-146 deficiency leads to a much
broader inflammatory response than does the activation of STAT1
alone. Paradoxically, deficiency of T-bet in recipient mice attenu-
ated GVHD in MHC-mismatched models (57). This paradoxical
role of T-bet and IFN-yR/STAT1 has also been observed in other
disease models (12, 58). Interestingly, we detected increased lev-
els of IL-12p70 in our STAT1-deficient recipients on post-BMT day
3 (Supplemental Figure 2). In contrast, recipient mice with T-bet
deficiency had reduced IL-12 and IFN-y production (57, 59). Fur-
thermore, mice with T-bet-deficient APCs are impaired in their
ability to induce Thl differentiation and antigen-specific T cell
activation (60), which may explain the differential GVHD induc-
tion in IFN-yR /STAT1- versus T-bet-deficient recipient mice.

Our results support the notion that IFN-yR/STAT1 signaling
in host hematopoietic APCs may be an early negative regulator of
host endogenous antigen presentation and MHC II expression and
thus suppress the activation of donor lymphocytes. We postulate
that IFN-y suppresses host-derived peptide-MHC II complex pre-
sentation on host hematopoietic APCs at early time points after
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transplantation, leading to reduced donor TCR engagement. Our
findings are in potential discord with the results by Delisle, who
showed reduced MHC II expression on day 8 following induction
of mHA-mismatched GVHD (25). There are several possible rea-
sons for these apparent discrepancies, with the most crucial being
that Delisle et al. studied MHC Il expression in GVHD target organs
on nonhematopoietic cells and not in BMDCs. We made prelimi-
nary observations that MHC II expression was reduced in epithe-
lial cells of GVHD organs (e.g., intestinal epithelial cells, data not
shown). Furthermore, based on our studies, the time point of study-
ing MHC II expression will be crucial. We argue that the priming
of donor lymphocyte activation should occur before days 3-5 after
BMT and that hematopoietic APCs will be quickly eliminated, giv-
en the intense lymphohematopoietic graft-versus-host (LHGVH)
response of activated donor T cells.

Notably, our data demonstrated that IFN-yR/STAT1 signaling in
APCs had differential effects on GVHD development depending on
whether the APCs originated from the host or the donor. An absence
of IFN-yR/STAT1 signaling promoted direct antigen presentation
on host APCs and therefore led to increased GVHD. Conversely,
the lack of IFN-yR/STAT1 signaling mitigated GVHD by reducing
the indirect presentation of host antigens by donor APCs to donor
T cells. Capitini and colleagues reported that in fully chimeric mice
generated with STAT1/- BM, GVHD induction is prevented by
delayed allogeneic WT donor lymphocyte infusion. Their explana-
tion for this attenuated GVHD was that STAT1-deficient CD9 Si-
glecH" donor plasmacytoid DCs (pDCs) were tolerogenic and
crucial for the reduced induction of GVHD (61) through increased
IL-10 and reduced IL-12 and IFN-a production. Using fully chime-
ric mice generated with Ifngrl”- BM, we observed reduced GVHD
by delayed allogeneic WT donor lymphocyte infusion. As stated
above, our results suggest that impaired indirect host antigen pre-
sentation may be an additional mechanism of the GVHD-mitigating
effects of IFN-yR/STAT1-deficient APCs, resulting in attenuated
activation of host peptide-specific donor T lymphocytes and, conse-
quently, suppressed GVHD induction.

Nonselective JAK inhibitors like Rux have recently been
approved for steroid-refractory GVHD. We posit that the Rux-depen-
dent anti-GVHD effects are not only mediated by direct inhibition
of donor T cell responses and IFN-y-mediated cytopathic effects in
the GVHD target tissue but also involve mitigation of indirect pre-
sentation of host antigens by donor APCs. However, we would cau-
tion that the presence of host APC JAK inhibitors may worsen the
development of GVHD. Our data provide evidence that defective
IFN-y/STAT1 signaling may increase endogenous antigen presen-
tation with the potential for enhancing autoimmunity and impaired
protective immunity against exogenous pathogens. Consistent with
this implication, Shao et al. (62) recently reported that STAT1-defi-
cient hosts are more susceptible to the induction of chronic GVHD
with enhanced anti-dsDNA autoantibody responses, increased pro-
teinuria, and mortality. Furthermore, our results may allow us to test
whether engineering the IFN-yR/JAK1/STAT1 signaling pathway in
APCs could be of value in achieving a more efficient presentation of
endogenous tumor-associated peptides to CD4* T cells and poten-
tially enhancing tumor responses. In summary, our data document
a regulatory role of IFN-y/STAT1 signaling in hematopoietic APCs
that modulates GVHD induction by suppressing direct antigen pre-
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sentation of host APCs while promoting indirect antigen presenta-
tion through donor APCs.

Methods

Mice. WT 129S6/SvEv mice [129.Statl**(H2%], C57BL/6 [(H2Y), B6],
B6.SJL-Ptprca (B6.SJL, H2%), BALB/c (H29), CB6F1, B6.Act-mOVA,
B6.IFN-y receptor 1 (B6.Ifngrl”"), BALB/cBy].Ifngrl”", B6.Statl”-, OTII,
C.FVB-Tg (CAG-Luc-GFP, BALB/c-Luc), and B6.TEa-TCR-Tg mice
(B6.TEa) were purchased from The Jackson Laboratory or Taconic. Act-
mOVA-Statl”~ (OVA-Statl”’) and Act-mOVA-Ifugrl”~ (OVA-Ifugrl”")
mice were created by breeding B6.Act-mOVA mice with B6.Stat]”~ and
B6.Ifngrl”~ mice, respectively. CB6F1.Ifngrl”~ mice were generated by
breeding B6.Ifingrl”~ mice with BALB/cBy].Ifngrl”~ mice. B6.Stat1™"
(Stat1™") mice (ENU mutagenesis-derived mutant with complete loss
of STAT1 function) were generated by K. Hoebe (Cincinnati Children’s
Hospital Medical Center) (30). All mice were used between 8 and 12
weeks of age, housed in an autoclaved microisolator environment, and
provided with sterile water and irradiated food ad libitum. All manipula-
tions were performed in a laminar flow hood.

BMT and induction of GVHD. Mice underwent BMT as described
previously (51). Mice received total body irradiation (TBI) as follows:
mice on the B6 background received 1,075 cGy; mice on the 129-SvEv
background received 1,044 cGy; and BALB/c mice received 800 cGy
TBI. Lethally irradiated mice were reconstituted with 5 x 10¢ TCD allo-
geneic or syngeneic BMCs. TCD was performed using CD90.2 microbe-
ads (Miltenyi Biotec). GVHD was induced by coinjection of allogeneic
splenic cells or selected T cell populations, as described below. For the
B6 —CB6F1 (P—F1) graft-versus-host reaction (GVHR) model, nonirra-
diated F1 recipient mice (WT or Ifingrl”") received 5 x 10° BMCs and 25
x 106 SPCs from B6.SJL mice or 3 x 10° TEa cells. Pan-T cells or naive
CD4* T cells from SPCs were purified using the Pan T Isolation Kit IT or
the CD4* Isolation Kit (Miltenyi Biotec) according to the manufactur-
er’s recommendations (purity 295%), and in some experiments, they
were labeled with 5 pM CFSE (Invitrogen, Thermo Fisher Scientific) to
assess in vitro and in vivo proliferation, according to the manufacturer’s
instructions. For in vivo OVA pulse experiments, mice were i.p. injected
with 100 pg/mouse OVA (Ovalbumin EndoFit, InvivoGen) emulsified in
incomplete Freund adjuvant (IFA) (InvivoGen) 1 hour before irradiation.
For survival experiments, the degree of systemic GVHD was measured
with a validated clinic scoring system (51). To avoid bias from cage-relat-
ed effects, animals in different groups were randomized between cages.

Creation of BM radiation chimeras and DLI. For 129SvEv-background
Statl”~ chimeras (Statl”"—Statl”"), lethally irradiated 129.Stat1”*
mice were infused with 5 x 106 TCD BMCs from either 129.Stat1”7~ or
129.Stat1/* donors. The absence of STAT1 in host hematopoietic cells
was confirmed by testing intracellular STAT1 expression in PBMCs 2
months after BMT (data not shown). For B6.Stat1™" chimeras (B6.
SJL-—B6.Stat1™"), in which STAT1 deficiency was confined to the non-
hematopoietic organs, lethally irradiated B6.StatI™*" or B6 WT mice
received 5 x 106 TCD BMCs from B6.SJL mice. For B6.Ifigrl”~to WT chi-
meras (B6.Ifiugrl”"—B6.SJL), in which IFN-yR1 deficiency was confined
to hematopoietic cells, lethally irradiated B6.SJL WT mice received 5 x
10° TCD BMCs from B6.Ifngrl”- mice (B6.Ifgrl”—B6.S]JL). To create
B6.SJL—B6 Ifngrl”- chimeras in which IFN-yR deficiency was confined
to the nonhematopoietic organs, lethally irradiated B6.Ifigrl”~ mice
received 5 x 10° TCD BMCs from B6.SJL mice. Subsequently, these mice
were reconditioned with TBI and injected with 5 x 10¢ BMCs and 5 x 10°
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splenic cells from BALB/c or BALB/c-Luc mice for induction of GVHD.
For Stat1”~ or WT to BALB/c chimeras, lethally irradiated BALB/c mice
received Stat1”- or WT TCD BMCs. Examination for chimerism was per-
formed on day 18, and GVHD was induced by DLI of 3 x 10° CellTrace
Violet-labeled TEa cells on post-BMT day 20.

BMDC generation and phenotypic and functional assays. BMDCs were
generated from murine BMCs cultured in a medium containing murine
GM-CSF (20 ng/mL, Peprotech). On days 6-7, nonadherent cells were
harvested, and CD11c* DCs were purified with CD11c* microbeads (puri-
ty >90%, Miltenyi Biotec) and matured with LPS (100 ng/mL) for 4-48
hours. For the gene expression assay, cells were harvested 4 hours after
LPS, and for the phenotypic assay, cells were harvested 24 hours or 48
hours after LPS maturation. For in vitro antigen presentation experi-
ments, BMDCs were pulsed with OVA 100 ng/mL or OVA 323-339 for
2 hours, followed by LPS stimulation overnight. Suspension cells were
fixed with 0.5% paraformaldehyde (PFA) and then cocultured with
CFSE-OTII cells at a 1:5 ratio for 4-5 days. For the MLR assay, LPS-
matured BMDCs were irradiated with 3,000 cGy and used as stimula-
tor cells, followed by coculturing with alloresponder cells labeled with 5
uM CFSE. Cell proliferation was detected by CFSE dilution using flow
cytometry. Alternatively, the proliferation of responder cells was mea-
sured by a *H-thymidine incorporation assay (1 pCi/well, 0.037 MBq)
during the last 18 hours of culturing, and cells were then harvested and
counted (presented as cpm) using a TopCount Microplate (Packard). All
experiments were performed in triplicate.

CRISPR/Cas9-mediated Statl genomic targeting. Stat] CRISPR RNA
(crRNA) (2.5 nM, Integrated DNA Technologies [IDT], predesigned
crRNA) or negative control crRNA (IDT) plus tracrRNA-ATTO (IDT)
was incubated together with 0.15 pg/pL TrueCut Cas9 Protein v2 (Invi-
trogen, Thermo Fisher Scientific, A36498) for 10 minutes at room tem-
perature to form the CRISPR-CAS9-gRNA ribonucleoprotein (RNP)
complex. Freshly isolated PBMCs (5 x 10%) were transfected with an
RNP mixture with a Lipofectamine CRISPRMAX Cas9 Transfection
kit (Invitrogen, Thermo Fisher Scientific, CMAX00003) following the
kit’s instruction. Twenty-four hours after transfection, the medium
was replaced with 1 mL fresh culture medium (10% human AB serum
AIM-V) for each well of a 24-well plate. Three days after transfection, the
ATTO 5507 cells were sorted and irradiated at 3,000 cGy. The irradiated
cells were cocultured with 5 uM CFSE-labeled allo-human PBMCs at a
1:1 ratio in 96-well round-bottomed plates. After 4 days of culturing, the
cells were harvested for flow cytometric analysis. All experiments were
performed in triplicate. The knockdown effects within the PBMC bulk
population were confirmed by Western blotting.

JAK inhibitor Rux treatment. Human PBMCs were depleted with
CD3 and CD56 microbeads (Miltenyi Biotec). CD3-/CD56-depleted
PBMCs were treated with 5 uM Rux (Selleck Chemicals) for 4 hours,
followed by stimulation with 100 pg/mL LPS for an additional 48
hours. After stimulation, the cells were irradiated with 3,000 cGy. To
analyze the allostimulatory capacity, irradiated cells were cocultured
with 5 uM CellTrace Violet-labeled allo-human PBMCs at a 1:1 ratio for
4 days; CD25 expression and Violet dilution on CD4 and CD8' T cells
were analyzed by flow cytometry.

Flow cytometric analysis. Single cells were prepared and analyzed
using flow cytometry with an LSR II or Canto II flow cytometer (BD Bio-
sciences) and Flow]Jo or FCSExpress software. Cells were stained for 30
minutes at 4°C. For intracellular staining, 1 x 10° cells were stimulated
with PMA (50 ng/mL) and ionomyein (1 ug/mL) in the presence of mon-
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ensin (10 pg/mL) in 1 mL complete medium for 4 hours at 37°C in 5%
CO,. The cells were stained with surface antibodies for 30 minutes at 4°C,
fixed and permeabilized, and then subjected to intracellular staining. The
antibodies used for these studies are listed in Supplemental Table 1.

In vivo labeling of mouse cells with BrdU. SPCs were isolated 24
hours after i.p. injection with 200 pL (2 mg) of a 10 mg/mL BrdU solution
(BD Biosciences). Then, SPCs were stained for FITC-labeled anti-BrdU
and other markers.

LysoTracker labeling. Treated or untreated BMDCs were loaded
with 10-75 nM LysoTracker Deep Red (Invitrogen, Thermo Fisher
Scientific) according to the manufacturer’s instructions by incubating
the cells with dye for 30 minutes at 37°C, followed by washing and anal-
ysis by flow cytometry.

Histology. For histopathological analysis of GVH target tissues,
samples were collected and fixed in 10% formalin. Samples were then
embedded in paraffin, cut into 5 um thick sections, and stained with H&E
for histological examination.

BLI. T cell expansion was analyzed on the basis of luciferase signal
intensity. Briefly, mice were i.p. injected with luciferin (200 ng/g body
weight) and euthanized 7 minutes later. The organs were then imaged
for 30 seconds using a Xenogen IVIS 100 (PerkinElmer). The imaging
data were analyzed with Living Image Software (PerkinElmer) and are
presented as photons per second.

Real-time quantitative PCR analysis. Total RNA was isolated with
TRIzol reagent (Invitrogen, Thermo Fisher Scientific), and cDNA
was generated with the Superscript III RT kit (Invitrogen, Ther-
mo Fisher Scientific). PCR was carried out with SYBR Green PCR
Master Mix (Applied Biosystems). The following primer sets were
used: Ctss, H2Dmbl, and Marchl (obtained from QIAGEN) and B-
actin sense, 5'-GAA ATCGTGCGTGACATCAAAG-3' and antisense,
5'-TGTAGTTTCATGGATGCCACAG-3'". The average Ct for each gene
was determined from duplicate or triplicate reactions. Expression of
the target gene was normalized to B-actin using the difference between
the Ct values to generate the ACt. To compare the effects of Ifngrl or
Statl gene knockout and LPS treatment on DCs, WT immature DCs
were set as the reference. The other groups were compared to obtain
the AACt value. The fold change of target gene expression was deter-
mined using the 2724¢ formula.

Western blot. Proteins were extracted from cultured cells for
immunoblotting using a modified RIPA buffer. Total protein lysates
(25-40 pg/mL per lane) were separated by 4%-12% PAGE (Bio-Rad).
After transfer, the blots were incubated with antibodies against LC3II
(Cell Signaling Technology) and B-actin (MilliporeSigma) and then
visualized using SuperSignal Chemiluminescent Substrate (Pierce,
Thermo Fisher Scientific).

Statistics. Survival data are presented as Kaplan-Meier survival
curves, and differences between groups were analyzed by log-rank test
using GraphPad Prism, version 9.4.1 (GraphPad Software). The Shap-
iro-Wilk test was used to assess data normality. Differences between
group mean values were tested using a 2-tailed Student’s ¢ test or a
Mann-Whitney U test for nonparametric data. A P value of less than
0.05 was considered statistically significant. When more than 2 groups
were compared, a 2-way ANOVA was used with Dunnett’s correction
for multiple comparisons with a control group. Sid4k’s correction was
used for comparison of groups of means.

Study approval. The Columbia University IACUC approved all ani-
mal procedures.
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