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Abstract

The STING pathway has been proposed as a key regulator of gastrointestinal homeostasis and
inflammatory responses. Although STING reportedly protects against gut barrier damage and
graft-versus-host disease (GVHD) after MHC-mismatched aHSCT, its effect in clinically relevant
MHC-matched allogeneic hematopoietic stem cell transplantation (aHSCT) is unknown. Studies
here demonstrate that STING signaling in non-hematopoietic cells promoted MHC-matched
aHSCT-induced GVHD and STING agonists increased type | interferon and MHC | expression in
non-hematopoietic mouse intestinal organoid cultures. Moreover, mice expressing a human
STING allele containing three SNPs associated with decreased STING activity also developed
reduced MHC-matched GVHD, demonstrating STING’s potential clinical importance. STING ™~
recipients experienced reduced GVHD with transplant of purified donor CD8* T cells in both
MHC-matched as well as mismatched models, reconciling the seemingly disparate results. Further
examination revealed that STING deficiency reduced the activation of donor CD8* T cells early
post-transplant and promoted recipient MHC class I1* antigen presenting cell (APC) survival.
Therefore, APC persistence in STING pathway absence may account for the increased GVHD
mediated by CD4* T cells in completely mismatched recipients. In total, our findings have
important implications for regulating clinical GVHD by targeting STING early post-aHSCT and
demonstrate that an innate immune pathway has opposing effects on the outcome of aHSCT
depending on the donor/recipient MHC disparity.

One Sentence Summary:
STING differentially regulates experimental GVHD mediated by distinct T cell subsets

Introduction

Allogeneic hematopoietic stem cell transplantation (aHSCT) is a potentially curative therapy
used to treat hematologic cancers (1). Despite recent advances, including the use of post-
transplant cyclophosphamide, GVHD remains a substantial cause of morbidity and mortality
in patients receiving aHSCTs (2-5). Pre-transplant chemotherapy / irradiation for
conditioning and tumor treatment initiates widespread cell death and release of endogenous
danger signals, as well as bacterial translocation due to epithelial barrier dysfunction,
promoting the induction of a pro-inflammatory cytokine storm (6). These signals drive the
activation of antigen presenting cells (APCs) and the differentiation of allo-reactive donor T
cells, leading to damage of particular host tissues characteristic of GVHD (6). However, the
innate immune receptors that initiate this process are not well understood.

We posit that stimulator of interferon genes (STING), an innate immune sensor, can
contribute to the inflammatory response following conditioning and transplant. Cyclic
dinucleotides (CDNs) produced by bacteria or by cyclic GMP-AMP synthase (cGAS)
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sensing of dSDNA activate STING (7, 8). STING signaling has been implicated in several
diseases due to its role in cytoplasmic DNA sensing from both intracellular and other
sources, including from the phagocytosis of dying cells (9-12). STING activation leads to
the activation of the transcription factors Interferon Regulatory Factor 3 (IRF3) and Nuclear
Factor-Kappa B (NF-xB) and the production of type I interferons (IFN) and other pro-
inflammatory cytokines including TNF-a and IL-6, respectively (13). Notably, type | IFN
can act as a third signal for CD8* T cells, induce cross-priming by dendritic cells, and
increase the expression of major histocompatibility complex (MHC) class | (14-16).

Although STING has been well studied in the context of viral infection and cancer, its role
in aHSCT is largely not understood (17, 18). Recently, STING was reported to protect
against gastrointestinal GVHD after MHC-mismatched aHSCT (19), however the role of
STING in MHC-matched GVHD remains unexplored. Since type | IFN is known to regulate
GVHD dependent on the T cell subsets involved (20), we wanted to investigate if STING
could control / influence CD8 vs. CD4 mediated GVHD and if subset effects were
dependent on the donor / recipient MHC-matched vs mismatched genetic disparity.

The absence of STING in recipient mice reduces GVHD after MHC-matched aHSCT

To investigate if the absence of STING could affect development of GVHD, aHSCTs were
performed using two MHC-matched donor/recipient strain combinations. Because lethality
is minimal and not characteristic of these MHC-matched models, we do not include overall
survival curves. B6-STING™~ (H2°) mice transplanted with bone marrow (BM) and T cells
from either LP/J (H2P, unseparated splenocytes containing 0.8x10° T cells) or C3H.SW
(H2b, unseparated and pooled splenocytes and peripheral lymph node cells containing 2x106
CD8™ T cells) donor mice exhibited markedly decreased weight loss and reduced clinical
scores compared to wild type (WT) B6 recipients (Fig. LA-C). Notably, the differences
observed in clinical scores in the MHC-matched aHSCTs were maintained for the duration
of the transplants extending over a 6-9 week period. To assess for a difference in molecules
associated with suppressive function, serum was collected from recipients at 6 weeks
following transplant. At this time, we found that serum concentrations of IL-27 and IL-10
were consistently and markedly elevated in STING ™~ recipients of C3H.SW donor BM and
unseparated and pooled splenocytes and peripheral lymph node cells (2x108 CD8* T cells)
compared to WT recipients (Fig. 1D). Elevated concentrations of these suppressive
cytokines were concurrent with the markedly diminished clinical GVHD scores in STING ™~
recipients at this time post-HSCT.

Donor T cells were examined at different time-points after aHSCT to determine if the
absence of recipient STING altered the donor immune phenotype. Peripheral lymphoid
tissues from B6-STING ™~ recipients 6 weeks after transplant from either donor strain
contained greater cellularity, a lower percentage of donor T cells expressing an activated
phenotype (CD44NCD62L!9) and higher frequency of donor T cells with a naive phenotype
(CD44!°CD62LN) compared to WT recipients, consistent with differences in GVHD
between the groups (Fig. 1E and F, fig. S1). Histological analyses of target tissues at that
time indicated that skin from STING-deficient recipients had diminished cellular infiltrate,
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thickening, and overall pathology scores (Fig. 1G). When B6-WT and STING ™~ recipients
were co-housed for two weeks prior to transplant with C3H.SW BM and T cells, STING-
deficient recipients still exhibited reduced weight loss and clinical scores, as well as similar
lymphoid phenotypes five weeks after aHSCT as recipients that were not co-housed. These
findings suggest that potential differences in the microbiomes of these mouse strains do not
account for the amelioration of GVHD in B6-STING ™~ mice (fig. S2A, S2B). Examination
of B6-WT and STING ™/~ thymuses - a sensitive GVHD target tissue - 5 weeks after aHSCT
with C3H.SW BM and T cells revealed that STING ™~ recipients had greater overall
cellularity and a higher frequency of donor-derived CD4*CD8" double positive T cells,
consistent with reduced GVHD in these mice (fig. S2C).

Because STING ™ recipients began to exhibit less weight loss and lower clinical GVHD
scoring early post-HSCT, pro-inflammatory cytokines were examined within 48 hours after
conditioning and transplant. Following transplant with C3H.SW BM and unseparated and
pooled splenocytes and peripheral lymph node cells (2x106 CD8* T cells), analysis of
mRNA from colon tissue demonstrated markedly reduced expression of /fnb1, Tnf, and /16
in STING-deficient versus WT recipients (Fig. 2A). These findings that the absence of
recipient STING resulted in early reduction of cytokines in the colon, a key site of early
acute GVHD responses, were corroborated after transplant with LP/J donors (Fig. 2B).
Whereas serum IL-10 concentrations were found to be elevated later post-HSCT, //10
expression was not elevated immediately post-transplant and we also did not detect any
elevation of Cxc/10(Fig. 2A and B). Consistent with the early reduction of pro-
inflammatory cytokines in the colon, on day 10 post-transplant we found that STING ™/~
recipients had lower colon pathology scores and diminished frequencies of donor T cells in
the colon lamina propria versus WT on day 10 (Fig. 2C, fig. S2D). STING ™~ recipients also
had increased frequencies of CD11b*CD11c*KP*I-AP* and CD11c*KP*I-AP* APCs in this
tissue 10 days post-aHSCT and these cells had reduced expression of MHC | protein,
potentially indicative of reduced inflammatory signaling in these recipients (fig. S2E).
Interestingly, despite these early differences in the colon and increased T conventional
(CD4*FoxP3") to T regulatory (CD4*FoxP3*) cell ratios in WT versus STING™~ colons 5
weeks post-aHSCT, we did not observe substantial colon pathology 6 weeks after transplant
with C3H.SW BM and unseparated and pooled splenocytes and peripheral lymph node cells
(2x108 T cells), consistent with the primarily sclerodermatous nature of GVHD in this
model (fig. S3A, S3B). In total, these findings show that the absence of the STING pathway
in recipients results in diminished GVHD after MHC-matched aHSCT accompanied by
lower inflammatory cytokine expression early post-aHSCT. The elevated suppressive
cytokines 1-2 months following aHSCT may not directly affect GVHD induction and
instead be a consequence of less inflammation and tissue injury.

Since we observed reduced expression of inflammatory cytokines in the colons of STING ™/~
recipients early post-aHSCT, we next generated intestinal organoid cultures from B6-WT
and B6-STING ™~ intestinal tissue to examine their capacity for STING-induced gene
regulation (Fig. 2D). STING agonists have been identified which bind exclusively to mouse
STING (21, 22). Specifically, 5,6-dimethylxanthenone-4-acetic acid (DMXAA) is known to
engage STING molecules at the natural binding site for CDNs in mice and was shown to
induce a functional type I IFN response following /n vivo administration into B6 mice (22—
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24). Although cultures from STING™~ mice grow more slowly (19), WT but not STING ™~
intestinal organoids upregulated /fnb1, Tnf, 116, and Cxc/10 mRNA 6 hours after stimulation
with DMXAA, supporting the notion that STING in intestinal tissues can contribute to
inflammation /n vivo. However, this upregulation was transient, and expression of these
cytokines returned to baseline 24 hours after stimulation (Fig. 2E, F). Moreover, type | IFN
is known as a potent inducer of MHC expression which is critical for donor T cell
recognition of allo-antigen (15). Therefore, we wanted to determine if STING activation -
and potentially type I IFN signaling - regulated intestinal organoid MHC class | expression.
Indeed, following 24 hours of exposure to DMXAA, an increase in MHC class | H-2kb
MRNA expression was detected in WT organoid cultures, but not in organoids lacking
STING (Fig. 2G). These results were corroborated using the CDN 2°,3’-cGAMP, the natural
ligand for STING (Fig. 2G). Thus, cultures which exhibited elevation of /fnb1 and other
cytokine mRNA at earlier time-points subsequently displayed enhanced MHC class |
expression.

STING deficiency in non-hematopoietic recipient cells is sufficient for the amelioration of

GVHD

Next, since non-hematopoietic intestinal organoids were able to respond to STING agonists,
we considered that STING expression in non-hematopoietic compartments may be
important for the regulation of GVHD following MHC-matched HSCT. Therefore, we
generated hematopoietic chimeras using congenic B6-WT (CD45.1) and B6-STING ™/~
(CD45.2) mice as BM donors and recipients. Following complete immune reconstitution and
>90% multi-lineage donor chimerism (fig. S4), the chimeras received a second, allogeneic
HSCT using MHC-matched LP/J donor BM and unseparated splenocytes (0.8x106 T cells)
to initiate GVHD. A striking difference in GVHD severity was observed between chimeras
with non-hematopoietic compartments that lacked or expressed STING, paralleling results in
non-chimeric STING ™~ and WT recipients. Specifically, chimeric recipients lacking STING
expression in non-hematopoietic cells experienced decreased clinical scores versus
recipients who expressed STING in non-hematopoietic cells, regardless of STING
expression in the hematopoietic compartment (Fig. 3A). Similar to our results with B6-
STING™'~ recipients after MHC-matched aHSCT, mice lacking STING expression in the
non-hematopoietic compartment also had lower frequencies of donor CD4* and CD8* T
cells expressing an activated phenotype in lymphoid tissues 8 weeks post-aHSCT (Fig. 3B).
Consistent with their overall GVHD phenotype at this time, histological examination of skin
showed reduced inflammation and focal ulceration in chimeric recipients that lacked STING
expression in non-hematopoietic cells (Fig. 3C). These findings strongly support the notion
that the STING pathway in non-hematopoietic cells promotes pro-inflammatory responses
and GVHD after MHC-matched aHSCT.

Altering the kinetics of STING activation but not T cell numbers abrogates the pathway’s
ability to reduce GVHD

Since our MHC-matched transplants were performed using same day (day 0) total body
irradiation (TBI) conditioning, we asked if the timing of conditioning in relation to the
transplant of BM and T cells might alter the influence of STING on aHSCT outcome. To test
this, B6-WT and B6-STING ™~ recipients were conditioned at either day —1 or on day 0
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prior to transplant with C3H.SW donor cells and GVHD was assessed. As expected, the
STING™'~ recipients of MHC-matched C3H.SW donor cells conditioned on the day of
transplant (day 0) again exhibited markedly diminished GVHD compared to WT (fig. S5A).
However, no difference was observed between B6-WT and STING ™" recipients after
transplant of MHC-matched donor unseparated and pooled splenocytes and peripheral
lymph node cells (2x108 CD8™ T cells) following conditioning on day -1 (fig. S5A). To test
the effect of STING on early inflammatory responses to day —1 and day O irradiation, we
conditioned chimeras (B6-WT donors / B6-STING ™~ recipients and B6-STING ™~ donors /
B6-WT recipients) on day —1 or day 0 and subsequently transplanted LP/J BM and
unseparated splenocytes (0.8x108 T cells) on day 0. Analysis of mMRNA from chimeric colon
tissue 48 hours after irradiation again demonstrated markedly reduced expression of /fnb1,
7nf, and //6 in mice lacking STING in their non-hematopoietic compartment compared to
those with non-hematopoietic STING. This was observed regardless of STING expression in
the hematopoietic compartment and consistent with our findings that STING in the non-
hematopoietic compartment promoted MHC-matched GVHD (fig. S5B). Importantly, these
results were similar in recipients receiving irradiation on day —1 or day 0, suggesting that the
cytokine milieu at the time of transplant was the critical factor in the reduction of GVHD in
STING ™~ recipients. These findings demonstrate that the effect of STING on GVHD in
these models is critically dependent on the timing of conditioning in regard to the time of
transplant.

Next, we sought to determine if the strength of the allo-reactive anti-host response might
override the ability of STING deficiency to reduce GVHD. Therefore, we performed an
MHC-matched aHSCT using unseparated splenocytes containing 10x greater numbers of
donor T cells than transplanted in the studies presented thus far. Overall GVHD was
heightened in both B6-WT and STING ™~ recipients receiving 10x greater numbers of donor
T cells. However, at each T cell dose STING™~ recipients again exhibited diminished
GVHD compared to WT recipients receiving the same number of donor T cells (fig. S6).
Therefore, despite a more vigorous allo-reactive anti-host response, the absence of STING
expression in MHC-matched recipients again resulted in diminished GVHD.

Administration of a STING agonist exacerbates GVHD in MHC-matched WT recipients

Based on diminished GVHD in STING-deficient mice following transplant with MHC-
matched donors, we hypothesized that further stimulation of STING in WT transplants
would result in heightened GVHD. Because we hypothesized that STING is activated by
pre-transplant conditioning, DMXAA was administered into B6-WT and STING™~
recipient mice immediately following TBI and prior to MHC-matched transplant with
C3H.SW BM and unseparated and pooled splenocytes and peripheral lymph node cells
(2x108 CD8* T cells). B6-WT recipients treated with DMXAA developed clearly
heightened GVHD compared to untreated WT recipients as assessed by weight loss, elevated
clinical scores and decreased survival (Fig. 4A and B, fig. S7). Analysis of cytokine mRNA
production in colon tissue from WT mice indicated that DMXAA treatment elevated /fnb1,
Tnf, and //6 expression 48 hours post-transplant compared to untreated recipients (Fig. 4C).
In contrast, DMXAA administration into B6-STING ™/~ recipients did not affect GVHD
score or survival compared to untreated B6-STING ™~ recipients (Fig. 4D). WT recipients
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receiving DMXAA also had increased frequencies of activated donor T cells in their lymph
nodes 7 weeks post-aHSCT versus vehicle control, while no differences were observed in
STING™~ recipients receiving DMXAA or vehicle (Fig. 4E). These findings are consistent
with diminished expression of these inflammatory cytokines in B6-STING ™~ recipients and
support the notion that the STING pathway can affect aHSCT outcomes very early post-
transplant.

Diminished STING activity in knock-in mice expressing the human STINGHAQ allele is
associated with decreased GVHD in recipients after MHC-matched HSCT

Four non-synonymous single nucleotide polymorphisms (SNPs) have been identified in the
human STING gene (TMEM173), three of which are present within a human STING allele
(HAQ = R71H, G230A, R293Q, Fig. 5A) which has been associated with diminished
STING function (25, 26). To corroborate this deficit in mice homozygous for these three
SNPs (B6N-STINGHAQMHAQ) peritoneal exudate cells (PECs) were obtained from B6-WT
and knock-in B6N-STINGHAQMHAQ and stimulated with the CDN 2’,3’-cGAMP and
DMXAA. qPCR analysis from these cultures demonstrated that B6N-STINGHAQHAQ pECs
exhibited markedly lower expression of /fnb1, //6and Tnfin response to both 2°,3’-cGAMP
transfection and DMXAA stimulation (Fig. 5B, fig. S8). Notably, while there was
statistically significant induction of /761 mRNA in the STINGHAQMHAQ PEC cultures
exposed to both molecules, this increase was much lower than that observed from WT
cultures (Fig. 5B). Next, to begin to evaluate the potential impact of STING in the clinical
aHSCT setting, we assessed GVHD in B6N-WT and B6N-STINGHAQHAQ recipients after
transplant of MHC-matched C3H.SW BM and unseparated and pooled splenocytes and
peripheral lymph node cells (2x10% CD8* T cells). B6N-STINGHAQHAQ recipients
developed diminished GVHD clinical scores and were found to contain a lower frequency of
donor T cells expressing an activated phenotype (CD44MCD62L!°) versus B6N-WT
recipients (Fig. 5C and D), although not as reduced as in recipients lacking STING (see
above, Fig. 1). These results indicate that the expression of the human STINGHAQ allele
results in decreased GVHD, consistent with our findings in STING-deficient recipients.

STING promotes CD8* T cell-mediated GVHD following aHSCT across MHC-matched or
MHC-mismatched transplants

Based on the predominance of CD8" T cells associated with GVHD induction following
MHC-matched minor antigen mismatched C3H.SW BM into B6 recipient aHSCT, we next
transplanted highly purified C3H.SW CD8" donor T cells to test if CD4* T cells were
dispensable for reduced GVHD in B6-STING ™~ recipients (27, 28). Following transplant of
C3H.SW CD8™* T cells, GVHD weight loss, clinical score, and frequencies of activated
donor T cells were again diminished in B6-STING ™~ versus WT recipients (Fig. 6A—C).

We also wanted to assess the role of STING after MHC-mismatched aHSCT since GVHD
after these pre-clinical transplants is primarily mediated by CD4* T cells and a minority of
clinical transplants are performed in which donor and recipient differ at one or more human
leukocyte antigen (HLA) alleles. The results shown here with MHC-matched aHSCT
contrast a prior study which reported that the STING pathway protects against GVHD after
MHC-mismatched aHSCT using B6-STINGYY9t (C57BL /6J- Tmem1 739" recipients which
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lack STING expression (19). Therefore, we first tested if our distinct STING knock-out
strain was responsible for our opposing findings by transplanting MHC-mismatched
BALB/c BM and unseparated lymph node cells (1.7x108 T cells) into B6-WT or STING ™~
recipients. After this transplant, B6-STING ™/~ recipients exhibited increased clinical scores
and decreased survival compared to WT, corroborating the previously reported findings (20)
and confirming an opposing effect of STING deficiency after MHC-matched versus
mismatched aHSCT (Fig. 7A).

We next hypothesized that the dominant T cell-subset (i.e. CD4* in MHC-mismatched
versus CD8* in MHC-matched) in each model may explain these opposing results in STING
~I= versus WT recipients. We therefore proposed that STING may promote CD8* T cell-
mediated GVHD. CD8" T cells can mediate GVHD across MHC-mismatched donor-
recipient combinations (20, 29, 30). Therefore, an aHSCT was performed using highly
purified donor BALB/c CD8" T cells transplanted into MHC-mismatched B6-WT and
STING™~ recipients. In support of our hypothesis, STING ™" recipients receiving purified
MHC-mismatched CD8* T cells exhibited reduced GVHD as assessed by clinical score,
donor T cell phenotype and skin pathology, similar to what we observed in MHC-matched
recipients (Fig. 7B-D). In transplants utilizing fractionated T cells into B6-WT and B6-
STING~recipients, there were no differences detected in the serum with regard to
concentrations of several cytokines (i.e. IL-10, IL-27). Interestingly, when we transplanted
BALB/c BM and CD4" donor T cells only, we were unable to detect a difference in GVHD
between B6-WT and STING ™~ as assessed by weight loss, clinical score, survival and donor
T cell phenotype (fig. S9A and B), suggesting that CD8* T cells are necessary for the
differences in GVHD we observed between WT and STING ™/~ recipients.

STING regulates recipient APC survival and donor CD8* T cell activation

We next sought to reconcile the contrasting results comparing STING™~ versus WT
recipients after MHC-matched and mismatched HSCT. We first considered that recipient
APCs are critical for the induction of GVHD after aHSCT (31). Furthermore, our data
indicate that STING promotes CD8" T cell-mediated GVHD. Therefore, we hypothesized
that STING may contribute to the early activation of donor CD8* T cells which then
eliminate recipient APCs. This would then deprive donor CD4* T cells of allo-antigen
presentation via MHC class Il, providing one potential mechanism by which STING might
promote CD8* T cell-mediated GVHD and also protect against CD4*-mediated GVHD. To
test this, we utilized the well-characterized B6 BM with or without unseparated lymph node
cells (1.2x108 T cells) into BALB/c recipient MHC-mismatched aHSCT model comparing
BALB/c-WT or BALB/c-STING ™~ recipients. One day post-aHSCT, although there was no
detectable difference in the recipient spleen cell numbers between BALB/c-STING ™~ versus
WT (Fig. 8A), BALB/c-STING ™~ mice had greater frequencies and numbers of recipient
splenic CD11b*CD11c*K¥*1-Ad* APCs and CD11b*K9* cells as well as increased
frequencies of CD11c*Kd* cells in their colon lamina proprias (Fig. 8B, fig. S12A). These
CD11b*CD11c*K4*1Ad* APCs lacking STING also expressed reduced MHC class | protein
and fewer exhibited annexin V binding (Fig. 8C, fig. S10). Moreover, spleens from STING-
deficient recipients also contained lower frequencies and numbers of donor CD8* T cells
and lower numbers of donor CD8* T cells producing IFNy and TNFa (Fig. 8D-F).
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To identify if the loss of CD11b*CD11c*K4*I-Ad+ APCs affected donor CD4 T cell receptor
(TCR) engagement and activation, the Nur776FP transgenic mouse containing a GFP insert
in the Ar4a1 (Nur77) locus was used (32), which indicates T cell activation via the TCR but
not by inflammatory cytokines (33). Consistent with increased numbers of MHCII* APCs in
the spleens of STING-deficient recipients 24 hours post-aHSCT, examination of splenocytes
from STING ™" recipients 6 days after transplant found greater frequencies and numbers of
donor Nur77GFP CD4* T cells expressing GFP, CD69 and IFNvy (Fig. 8G, fig. S11).
Chimeric recipients (B6-WT donors / B6-STING ™~ recipients and B6-STING ™~ donors /
B6-WT recipients) that lacked STING in their non-hematopoietic compartments also had
increased frequencies and cell numbers of CD11b*KP* cells in their spleens 48 hours after
transplant with LP/J BM and unseparated splenocytes (0.8x108 T cells), consistent with the
notion that STING in the non-hematopoietic compartment can regulate the survival of
hematopoietic myeloid cells early after aHSCT (fig. S12B). These data support the
hypothesis that recipient STING deficiency leads to reduced donor alloreactive CD8* T cell
activation, greater recipient APC survival, and stronger CD4* T cell responses compared to
WT after aHSCT.

Discussion

Here, we show that recipient STING deficiency reduces pro-inflammatory responses to pre-
aHSCT conditioning and transplant and decreases the activation of donor CD8* T cells early
post-transplant in mice. Our data also demonstrate that this reduction in early CD8* T cell
activation dampens subsequent CD8* T cell-mediated GVHD after both MHC-matched and
mismatched aHSCT, dependent on the relative timing of conditioning and transplant. In
contrast, we hypothesize that STING deficiency could promote CD4* T cell-mediated
GVHD as a result of the greater numbers of APCs in mice lacking STING thereby providing
MHC Il and antigen signaling to donor CD4* T cells. Overall, these findings demonstrate
that an innate immune sensor can differentially regulate GVHD mediated by distinct T cell
subsets, underscoring the concept that successful therapeutic targeting will require positive
or negative pathway regulation dependent on the context of the disease.

STING is expressed in virtually all compartments including tissues important in
development of GVHD (ex. GI) (11, 13, 34),. The importance of the STING pathway in the
Gl tract has recently been appreciated. It has been reported that STING is important in gut
homeostasis and control of inflammation as evidenced by the finding that STING ™~ mice
were more susceptible to DSS induced intestinal inflammation and colitis (35). Notably, the
STING pathway was also found to be important in relation to irradiation and GVHD damage
(19). While the mechanism of STING activation during aHSCT has not been established,
activation of this pathway can occur as a result of danger signals released from damaged
cells (i.e. DNA) and the leakage of bacterial products (i.e. DNA and CDNSs) through the Gl
epithelium following pre-transplant conditioning (5). Furthermore, treatment of WT mice
with the highly specific mouse STING agonist DMXAA further increased cytokine
production post-transplant, suggesting that the magnitude of STING activation under the
conditions of our MHC-matched transplant model was not maximal. As a result, we posit
that the type and severity of individual conditioning protocols, such as reduced intensity
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versus myeloablative, is likely to determine the extent of and individual tissues involved in
STING regulation of GVHD.

Our studies also specifically found that the absence of STING expression in non-
hematopoietic tissues is important for the reduction of GVHD after MHC-matched aHSCT,
although we cannot formally rule out a contribution from STING in the hematopoietic
compartment. We have not yet identified the precise cell population where STING is
activated during aHSCT, but it is notable that recipient non-hematopoietic APC in the
intestine - an important GVHD target tissue - have been shown to be capable of inducing
lethal GVHD (36). The accessibility of non-hematopoietic and local hematopoietic APCs,
together with other types of non-hematopoietic stromal and epithelial cells - to intestinal
bacteria, their products, as well as self-DNA following transplant-related intestinal damage
likely accounts for local activation of STING in the intestine (35). Notably, we observed
upregulated cytokine mRNASs in WT vs STING ™~ colon tissue post-aHSCT. A parallel
result was observed in DMXAA treated / untreated WT recipients and again identified in
DMXAA-treated intestinal organoids. Accordingly, it is conceivable that epithelial cells may
be an important site of STING activation post-aHSCT. After STING activation in non-
hematopoietic tissues, type | IFN and other pro-inflammatory signals may promote
hematopoietic APC activation and migration to lymphoid tissues where allo-reactive donor
T cells are activated and GVHD is initiated. In accordance with this idea, others have
previously reported that expression of the type | IFN receptor on recipient hematopoietic
cells was important for regulating GVHD, however, the underlying type | IFN pathway was
not examined (20).

Importantly, our initial data that STING deficiency reduced GVHD after MHC-matched
aHSCT contrasted observations reported in a recent study which found that the absence of
STING exacerbated GVHD following transplant across fully-mismatched donors and
recipients (19). Utilizing a STING-deficient strain distinct from the B6-STING9Y9t mice, we
obtained similar data using our B6-STING ™/~ recipients (19, 34, 37). Of note, multiple
recent studies have demonstrated that the administration of type I IFN or type | IFN-
inducing agonists can protect against MHC-mismatched GVHD, but only if given prior to
aHSCT (19, 20, 38, 39). These findings are consistent with our data indicating that the
timing of irradiation was critical for STING deficiency to protect against MHC-matched
GVHD as well as the kinetics of cytokine upregulation in intestinal organoids. To reconcile
the differences between MHC-matched and mismatched recipients, we investigated the role
of T cell subsets. We found that GVHD was reduced in STING-deficient recipients after
CD8" T cell-mediated GVHD, regardless of the genetic disparity between donors and
recipients, and therefore contrasting previous findings using unfractionated MHC-
mismatched donor T cells. Since type | IFNs are known as potent inducers of MHC class |
expression and MHC class | is critical for CD8" T cell activation and effector function, we
then asked if STING signaling could regulate MHC class I. Since results demonstrated the
absence of STING in non-hematopoietic cells is important for its regulation of GVHD, we
examined DMXAA-stimulated intestinal organoid cultures and found an upregulation of
H-2KP mRNA in WT but not STING-deficient organoids, supporting the significance of this
pathway in elevating CD8* T cell-mediated GVHD.
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Although we did not observe a difference in the number of recipient APCs when T cells
were included in the graft versus BM alone in either WT or STING ™" recipients, we
consistently noted that WT vs STING ™~ recipients harbored reduced numbers of CD11b
*CD11c*K4* 1A APCs at several time points and tissues in multiple models which may be
a consequence of STING activation in the non-hematopoietic compartment. Further
experiments are required to determine if activation of donor CD8* T cells in WT recipients
following T cell replete aHSCT further alters the APC compartment. We have not eliminated
this possibility since others have reported that donor T cells can contribute to the elimination
of recipient APCs (28). In the current study we consistently noted reduced APC numbers,
greater donor CD8" T cell numbers as well as increased TNFa and IFN+y expression in WT
recipients. Overall, the lower numbers of recipient APCs in STING-sufficient recipients
following aHSCT may reduce the availability of allo-antigen presented in the context of
MHC, i.e. including class I, protecting against allo-reactive CD4" T cell activation.
Therefore, while APC are reduced following both MHC-matched and mismatched HSCT
when STING is present, less GVHD occurs in the mismatched transplant since CD4™ T cells
are not effectively stimulated. Conversely, when CD4* T cells are not key GVHD inducers,
the STING pathway promotes CD8" T cell activation and MHC-matched GVHD through
cytokine / MHC class | upregulation. It is notable that two other studies have reported that
type | IFN and IL-18 signaling can differentially regulate CD4* versus CD8* T cell-
mediated GVHD (20, 40). STING induces IFNB production and has been reported to
increase 1L-18 expression (17, 41). Therefore, in STING ™~ recipients where both cytokines
may be reduced, our observations could reflect those in prior aHSCT studies which found
that type | IFN receptor and IL-18 protected against CD4 mediated GVHD and worsened
CD8 mediated GVHD (20, 40). Lastly, although we have not examined the microbiome in
WT and STING™~ mice, the composition of gut microbiota were reported similar in co-
housed B6-WT and STING-deficient B6-STINGIY9t mice, therefore a differential impact of
bacteria on CD4 and CD8 T cells would need to be investigated to determine if this was a
contributing mechanism (19).

In the human population, two common STING alleles have been identified that are
associated with reduced STING functionality (25). We have reported that cells from
individuals that are homozygous for one of these, the STING-HAQ allele, have a
substantially reduced ability to respond to STING agonists (25). Due to the relatively
common prevalence of this allele in the human population - estimated to be as frequent as
16.1% among individuals that are ethnically East Asian - considerable translational import
might be expected. Peritoneal cells from mice knocked-in for murine STING containing the
mouse equivalent of these three SNPs (R71H, G229A, R292Q, B6-STINGHAQMHAQ) 'were
also markedly less responsive to STING agonists. Of note, /fnb2 mRNA production was still
upregulated, albeit weakly in these cells after stimulation, suggesting that some STING
functionality remained (25). Accordingly, STINGHAQ/HAQ mijce transplanted with MHC-
matched C3H.SW BM and T cells developed reduced GVHD compared to WT. Together
with our results from STING knockout mice, these findings illustrate that a reduction in
STING activity is capable of altering the severity of GVHD and that STING alleles that have
reduced functionality may affect clinical aHSCT. However, human studies are required to
confirm a role for these STING alleles in clinical aHSCT.
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Since the major cause of death post-HSCT is the recurrence of primary disease, a central
benefit of receiving an aHSCT is the accompanying “graft-versus-tumor / leukemia” (GVL)
response to target and eradicate residual disease (42). Notably, STING signaling is known to
promote the generation of anti-tumor T cell responses and has recently been found to be
deregulated in human colorectal carcinomas (18, 43, 44). In fact, a recent study found that /n
vivo DMXAA administration promoted tumor-specific CD8* T cells and potent immunity
against systemic AML in a pre-clinical model (45). Therefore, this pathway could
potentially promote the activation of anti-tumor reactive CD8* T cells in patients with
hematopoietic malignancies receiving aHSCT (44). Although experimental GVL responses
in STING-deficient recipients have yet to be examined, we speculate that transient inhibition
of this pathway at the time of transplant to regulate GVHD would subsequently allow for
tumor-derived dsDNA to activate STING and promote the activation of donor CD8™" anti-
tumor T cells in matched related recipients. While there are currently no inhibitors of
STING that are in clinical use, several small biomolecules and compounds have been
recently identified as potential mouse and human STING inhibitors (46, 47). Overall, the
results presented here indicate that the generation of clinically effective agonists and
inhibitors of this pathway are likely to result in protocols which will improve outcomes of
patients receiving aHSCT.

Materials and Methods

Study design

Mice

The objectives of this research study were to investigate the role of STING in GVHD
development. This study was performed using mouse models of MHC-matched and
mismatched aHSCT designed to induce GVHD in B6-WT and B6-STING ™~ recipients.
GVHD was monitored by survival, weight loss, clinical scoring, flow cytometry and
histopathology. Frequencies of donor T cells expressing an effector memory phenotype were
used to examine GVHD on the cellular level. Quantification of tissue RNA and serum
cytokines were also used to evaluate STING’s effect on GVHD. Hematopoietic chimeras
were generated to examine within which tissues STING affected GVHD. Group sizes and
number of independent experiments are indicated in figure legends and were chosen to give
sufficient power to the statistical analyses that were to be used. WT and transgenic mice (age
and sex matched) were randomized into different cages prior to the beginning of
experiments. For experiments utilizing multiple groups with the same mouse strain, recipient
mice were randomized into experimental groups. Histology slides were read in a blinded
fashion. No data points were excluded as outliers in this study. Primary data are reported in
data file S1.

C3H.SW (Stock: 000438), C57BL/6J (B6, Stock: 000664), C57BL/6N (B6N, Stock:
005304), BALB/c (Stock: 000651), B6-CD45.1 breeder (Stock: 002014) and LP/J breeder
(Stock: 000676) mice were purchased from The Jackson Laboratory and maintained in our
animal facility. B6-STING ™/~ mice were generated as previously described (34). B6N-
STINGHAQMHAQ mice were generated as previously described (25). BALB/c-STING ™~ mice
were generated by backcrossing B6-STING ™/~ mice onto a BALB/c background for 9
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generations. B6-FoxP3RFPNur77GFP mice were generated by crossing B6-Nur77GFP mice
(Stock: 016617) purchased from The Jackson Laboratory with B6-FoxP3RFP mice (provided
by R. Flavell, Yale University) (32, 48). All mice were maintained in specific pathogen-free
housing at the University of Miami and given autoclaved food and water ad /ibitum. Mice
(females and males) were used at 8-16 weeks of age. All animal use procedures were
approved by the University of Miami institutional animal care and use committee (IACUC
protocol numbers 19-114-VVC ad01 and 18-036).

Bone marrow transplantation

For MHC-matched transplants, B6-WT, B6N-WT, B6-STING ™~ or B6N-STINGHAQHAQ
mice received 8.5Gy (LP/J donors) or 10.5Gy (C3H.SW donors) total body irradiation (30
cGy/min TBI from a Cs37 source) on day 0 (MHC-matched) or day -1 (MHC-
mismatched), unless otherwise stated. Three hours later, irradiated mice were injected
intravenously (1V) with T cell- depleted BM with or without T cells from sex and age-
matched LP/J (10x10% BM cells and unseparated splenocytes containing 8x10° T cells) or
C3H.SW (7x106 BM cells and pooled splenocytes and peripheral lymph node cells
containing 2x108 CD8" T cells) donors. For MHC-mismatched transplants, B6-WT or B6-
STING™~ mice received 11.5Gy TBI and BALB/c-WT or BALB/c-STING ™~ mice received
8.5Gy on day -1 and BM was injected 24 hours later with or without T cells from sex and
age-matched BALB/c (7x108 BM cells and lymph node cells containing 1.7x106 T cells) or
B6 (5x106 BM cells and lymph node cells containing 1.2x10° T cells) donors. For
experiments utilizing positively selected T cell subsets, B6-WT or B6-STING ™~ mice
received 11.5Gy TBI on day —1 and BM was injected 24 hours later with or without
positively selected T cells (see T cell enrichment) from sex and age-matched BALB/c
(7x10% BM cells and 1.2x10% CD4* T cells recombined with 0.6x10% CD8* T cells, 1.8x108
CD4* T cells alone, or 1.8x108 CD8* T cells alone) donors. T cell depletion was performed
using HO134 hybridoma supernatant (a.Thy1.2, 40% of final volume at 25x10° cells/ml)
and rabbit complement (Cedarlane Labs) immediately prior to transplant. Mice were
monitored 3x per week for weight loss and clinical score as previously described (49, 50). In
brief, clinical signs of GVHD were scored on a scale from 0 to 2 for 5 parameters: weight
loss, diarrhea, fur texture, posture, and alopecia. Mice exhibiting a clinical score greater than
6 were sacrificed and their death was recorded as the next day, in accordance with our
animal protocols. For transplants utilizing the STING agonist DMXAA (InvivoGen), mice
were injected once intraperitoneally with 25mg/kg of DMXAA dissolved in 5% NaHCO3
immediately following TBI. For transplants involving co-housing, WT and STING ™/~
recipients were co-housed for two weeks prior to transplant.

Generation of bone marrow chimeras

To generate bone marrow chimeras, B6-WT or STING™~ mice were irradiated with 12.5Gy
split dose (6.25Gy x 2) on day —1 and day 0 and injected IV with 15x108 BM cells from
congenic B6-CD45.1 or STING™~ mice. 3 months after congenic BMT, chimeric recipients
were conditioned with 8.5Gy and given a second allogeneic BMT using LP/J donor cells.
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T cell enrichment

CD4* and CD8™ T cells were positively selected from lymph nodes of BALB/c donor mice
using EasySep PE Positive Selection Kit (STEMCELL Technologies) according to the
manufacturer’s instructions along with commercially purchased PE-conjugated antibodies
targeting CD4 and CD8 described in table S1. Purity of enriched populations was routinely
>90% as assessed by flow cytometry. Less than 1% of the non-desired T cell subsets were
detected in the positively selected fraction.

Flow cytometry

At the indicated time points post-HSCT, peripheral blood, spleen, or pooled lymph nodes
(mesenteric, inguinal, brachial, axillary, and cervical) were collected from transplant
recipients. Lymphoid organs were prepared into single-cell suspensions and filtered through
200um nylon mesh and PBMCs were separated using a standard Ficoll-Paque (GE
Healthcare) density separation. 1x106 cells were stained in PBS containing 2% FBS and
0.1% NaN3 with commercial fluorescently-labeled antibodies purchased from BD
Biosciences or Biolegend. For intracellular cytokine staining, splenic single cell suspensions
were stimulated in complete media containing 10% FBS, PMA (20ng/mL), ionomycin
(1pg/mL) and brefeldin A for 6 hours. After surface staining, cells were fixed using IC
Fixation Buffer and permeabilized according to the manufacturer’s instructions
(eBioscience). Permeabilized samples were then incubated with commercial fluorescently-
labeled antibodies purchased from Biolegend for 1 hour. Flow cytometry data was analyzed
using FlowJo version 10 software (TreeStar). All samples were run on a BD LSRFortessa
Flow Cytometer. Antibodies used in this study are described in table S1.

Histopathology

At the end of experiments, colon, ear skin, or interscapular skin were collected, formalin-
fixed, embedded in paraffin, sectioned, and stained with H&E. Stained sections were
reviewed by a trained veterinary pathologist and subsequently analyzed in a blinded fashion
using an aggregate scoring system adapted from Kaplan, D et al (51). Sections were given a
pathology score of 0-2 (O=normal, 1=moderate, 2=severe) based upon amount of
inflammation/infiltration, collagen deposition and dermal thickening for skin, and
inflammation/infiltration, edema, mucosal thickening and crypt structure for colon. Scores
were then aggregated to calculate an overall histopathology score (max score = 6 for skin, 8
for colon).

Intestinal organoid cultures

To generate intestinal organoid cultures, small intestines from B6-WT or B6-STING ™/~ were
harvested, washed 15-20 times with PBS, incubated with Gentle Cell Dissociation Reagent
(STEMCELL Technologies) for 15 minutes and then plated in Matrigel Matrix (Corning)
with Intesticult Organoid Growth Medium (STEMCELL Technologies) supplemented with
Penicillin and Streptomycin (100pg/mL each). For STING stimulation of organoids,
DMXAA (100ug/mL) was dissolved in 5% NaHCOg, filter sterilized through a 0.2um filter
and added to organoid cultures along with media change.
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Slide and organoid imaging were performed using a Keyence BZ-X700 Inverted
Microscope. Scale bars were added using ImageJ Software (NIH).

Peritoneal exudate cells

gPCR

Briefly, cold PBS containing 2% FBS was injected into the peritoneal cavity of mice
immediately following sacrifice using a 27-gauge needle and the cavity was gently
massaged. The PBS containing cells was subsequently collected using a 25-gauge needle
and washed twice before plating in complete media containing 10% FBS. PECs were
stimulated with either the addition of DMXAA (100ug/mL) in 5% NaHCO3 or transfection
of 2°,3’-cGAMP (6.7ug/mL, InvivoGen) complexed to Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

Colon tissue was collected from mice 48 hours after aHSCT, flushed with PBS, cut
longitudinally and disrupted in TRIzol Reagent (Life Technologies). For organoid cultures
and PECs, media was removed, and cells were disrupted with cold TRIzol Reagent before
collection. RNA was isolated using manufacturer’s recommendations and cDNA was reverse
transcribed using gScript cDNA Supermix (QuantaBio). gqPCR was run and analyzed using
an ABI 7300 (Applied Biosystems). Samples were run in duplicate and normalized to
GAPDH expression. Gene fold induction was calculated using the 2"22Ct method. Primers
were purchased from Sigma and are described in table S1.

Bead-based immunoassay

Serum was collected from B6-WT and B6-STING ™/~ recipients 6 weeks post-aHSCT with
C3H.SW donors via cardiac puncture. Quantification of serum cytokines was performed
using a LEGENDplex 13-panel mouse inflammation kit according to the manufacturer’s
instructions (Biolegend). Samples were run on a BD Cytoflex flow cytometer and analyzed
using LEGENDplex Software.

Statistical analysis

Numbers of animals per group are described in the figure legends. All measurements were
taken from distinct samples. GraphPad Prism 7 was used for all statistical analyses.
Significance of differences between two experimental groups were determined using two-
tailed unpaired #test. For experiments comparing more than two groups, data was analyzed
using a one-way ANOVA with a post-hoc Tukey’s multiple comparisons test. For
experiments utilizing multiple ftests over time, p values were adjusted using the two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli. For survival analyses, a Log-
rank (Mantel-Cox) test was performed. Statistical tests performed are indicated in the figure
legends. Non-significant p values obtained that were between 0.05 and 0.1 are presented to
the reader while values >0.10 are presented as non-significant. Significance indicated by * p
<0.05, ** p < 0.01, *** p < 0.001, ns=non-significant. Data shown are means + SEM.
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Fig. 1. Recipient stimulator of interferon genes (STING) deficiency amelior ates gr aft-ver sus-host
disease (GVHD) after major histocompatibility complex (M HC)-matched allogeneic
hematopoietic stem cell transplant (aHSCT).

(A) Weight loss and clinical score (B) representative photographs of B6-wild type (WT) and
B6-STING ™ recipients after transplant of LP/J bone marrow (BM) and unseparated
splenocytes (0.8x10° T cells). Data pooled: 3 experiments (n=7 for WT BM Only, n=14 for
WT BM+T, n=15 for STING™~ BM+T). (C) Weight loss and GVHD clinical score of B6-
WT or B6-STING ™" recipients after transplant of C3H.SW BM and unseparated and pooled
splenocytes and peripheral lymph node cells (2x10% CD8* T cells). Data pooled: 3
experiments (n=7 for WT BM Only, n=5 for STING™~ BM Only, n=15 each for WT BM+T
and STING™~ BM+T). (D) Serum IL-10 and IL-27 concentration from B6-WT or B6-
STING™~ recipients 6 weeks after transplant as in (C). Data pooled: 2 experiments (n=9 per
group). (E) Representative flow cytometry plots and frequency of donor T cells expressing
an effector memory (CD44MCD62L'9) or naive (CD44!°CD62LM) phenotype in B6-WT or

Sci Transl Med. Author manuscript; available in PMC 2021 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bader et al.

Page 21

B6-STING ™~ pooled cervical, axillary, inguinal and mesenteric lymph nodes 6 weeks after
transplant as in (C). Data pooled: 3 experiments (n=15 per group). (F) Representative flow
cytometry plots and frequency of donor T cells expressing an effector memory or naive
phenotype in B6-WT or B6-STING ™/~ lymphoid tissues 9 weeks after transplant as in (A).
Pooled data: 3 experiments (n=8 per group, representing a total of 15 pooled mice per
group). (G) Representative histology and pathology score of ear skin from B6-WT or B6-
STING ™~ recipients 6 weeks after transplant as in (C). Data pooled: 3 experiments (n=5 for
WT BM Only, n=14 for WT BM+T, n=13 for STING~ BM+T). Scale bars=200um. GVHD
groups compared using two-tailed unpaired #test or one-way ANOVA with Tukey’s multiple
comparisons test for multiple groups. * p<0.05, ** p<0.01, *** p<0.001. ns=not significant.
Data are means =+ SEM.
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Fig. 2. Recipient STING reducestheinflammatory response to pre-transplant conditioning and
MHC-matched aHSCT.
(A) Fold induction of /fnb1, Tnf, 16, 1/10and Cxc/I0 mRNA from colon tissue 48 hours

after transplant with BM and unseparated and pooled splenocytes and peripheral lymph node
cells (2x10% CD8* T cells)from C3H.SW mice. Data pooled: 2 experiments (n=4 per group).
(B) Fold induction of /fnb1, Tnf, 116, I/10and Cxc/10 mRNA from colon tissue 48 hours
after transplant with BM and unseparated splenocytes (0.8x10° T cells) from LP/J mice.
Data pooled: 2 experiments (n=4-5 per group). (C) Representative histology and pathology
score of colon tissue from B6-WT or B6-STING ™~ recipients 10 days after transplant as in
(A). Data pooled: two experiments (n=4 for WT BM Only, n=6 each for WT BM+T and
STING™~ BM+T). (D) Representative growth of intestinal organoids derived from B6-WT
or B6-STING ™'~ mice. Scale bars=200pm. (E and F) Fold induction of /fnb1, Tnf. //6and
Cxcl10 mRNA by intestinal organoids derived from B6-WT (E) or B6-STING ™~ (F) mice
and stimulated for 6 or 24 hours with DMXAA (100 ug/mL) or vehicle. (E) Data from two
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experiments (n=7 each for WT+vehicle and WT+DMXAA at 6hrs, n=8 for WT+DMXAA at
24hrs). (F) Data from one experiment (n=4 per group). (G) Fold induction of H-2kb mRNA
by intestinal organoids derived from B6-WT or STING ™/~ mice and stimulated for 24 hours
with DMXAA, 2°3’-cGAMP, or vehicle. Data pooled: 2 experiments (n=8 each for WT
organoids + DMXAA, n=4 each for WT organoids + 2°3’-cGAMP and STING ™/~
organoids). Groups compared using two-tailed unpaired ¢test or one-way ANOVA with
Tukey’s multiple comparisons test for multiple groups. * p<0.05, ** p<0.01, *** p<0.001,
ns=non-significant. Data are means+SEM.
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Fig. 3. STING in non-hematopoietic tissuesisimportant for theinduction of GVHD after MHC-
matched aHSCT.

(A) Weight loss, GVHD clinical score, and survival of chimeric (B6-WT donors/B6-STING
~I- recipients and B6-STING ™~ donors/B6-WT recipients) recipients after second transplant
of LP/J BM and unseparated splenocytes (0.8x10°8 T cells). Data pooled: 2 experiments
(n=10 for CD45.1—>WT, n=18 for STING~—WT, n=15 for CD45.1—>STING /-, n=8 for
STING~—STING ™). (B) Representative flow cytometry plots and frequency of donor T
cells expressing an effector memory (CD44MCD62L0) or naive (CD44'°CD62LM)
phenotype in lymphoid tissues from chimeric recipients 8 weeks after second transplant with
LP/J BM and unseparated splenocytes (0.8x106 T cells). Data pooled: 2 experiments (n=6
per group, representing a total of 14 mice per group). (C) Representative histology and
pathology score of ear skin from chimeric recipients 8 weeks after second aHSCT as in (A).
Data representative of 2 experiments (n=8 per group). Scale bars=200um. Chimeric groups
compared using one-way ANOVA with Tukey’s multiple comparisons test for multiple
groups. * p<0.05, ** p<0.01, *** p<0.001, ns=non-significant. Data are means + SEM.
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Fig. 4. Further activation of STING with a small molecule agonist at the time of MHC-matched
aHSCT exacerbates GVHD.

(A) Survival, GVHD clinical score, and (B) representative photographs of B6-WT recipients
after transplant with C3H.SW BM and unseparated and pooled splenocytes and peripheral
lymph node cells (2x10% CD8" T cells) and given day 0 intraperitoneal injections of vehicle
or DMXAA (25mg/kg). Data pooled: 2 experiments (n=10 per group). (C) Fold induction of
Ifnb1, Tnf, 1l6and //70 mRNA from B6-WT colon tissue 48 hours after transplant and
DMXAA administration as in (A). Data from one experiment (n=4 per group). (D) Survival
and GVHD clinical score of B6-STING ™/~ recipients after transplant and DMXAA
administration as was performed using B6-WT mice in (A). Data from one experiment (n=5
per group). (E) Representative flow cytometry plots and frequency of donor T cells
expressing an effector memory (CD44MCD62L!°) or naive (CD44'°CD62L) phenotype in
B6-WT or B6-STING ™/~ lymph nodes 6 weeks after transplant as in (A). Pooled data: 2
experiments (n=10 each for WT, n=5 each for STING ). Groups compared using two-
tailed unpaired #test, one-way ANOVA with Tukey’s multiple comparisons test for multiple
groups or log-rank test for survival analyses. * p<0.05, ** p<0.01, ns=non-significant. Data
are means + SEM.
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GVHD after MHC-matched aHSCT.

(A) Table describing 3 human STING SNPs replicated in mouse STING and knocked into
B6N mice to generate the BEN-STINGHAQHAQ mijce. (B) Fold induction of /767 mRNA
by peritoneal exudate cells isolated from either BEN-WT or B6N-STINGHAQHAQ mjce after
stimulation for 6 hours with vehicle, 2°,3’-cGAMP (6.7ug/mL) or DMXAA (100ug/mL).
Graph on right shows the same B6N-STINGHAQHAQ data plotted alone. Data from one
experiment (n=3 each for WT and STINGHAQHAQ + \fehicle, n=4 each for WT and
STINGHAQMHAQ + cGAMP or DMXAA). (C) Weight loss and GVHD clinical score of BEN-
WT or B6N-STINGHAQ recipients after transplant with C3H.SW BM and unseparated and
pooled splenocytes and peripheral lymph node cells (2x108 CD8* T cells). Data from one
experiment (n=4 for WT BM Only, n=2 for STINGHAQHAQ BM Only, n=10 for WT BM+T,
n=8 for STINGHAQHAQ) (D) Representative flow cytometry plots and frequency of donor T
cells expressing an effector memory (CD44NMCD62L°) or naive (CD44!°CD62L)
phenotype in lymph nodes 6 weeks after transplant as in (C). Data from one experiment
(n=9 for WT BM+T, n=7 for STINGHAQ/HAQ) GVHD groups compared using two-tailed
unpaired ftest or one-way ANOVA with Tukey’s multiple comparisons test for multiple
groups. * p<0.05, ** p<0.01, *** p<0.001. Data are means = SEM.
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Fig. 6. Donor CD8* T cellsare sufficient for STING to promote MHC-matched GVHD.
(A) Weight loss, GVHD clinical score and (B) representative photographs, and (C)

Representative flow cytometry plots and frequency of donor T cells expressing an effector
memory (CD44NCD62L!°) or naive (CD44!°CD62LM) phenotype in lymph nodes from B6-
WT and B6-STING ™/~ recipients 6 weeks after transplant with C3H.SW donor BM and
purified CD8" T cells. Data from 1 experiment (n=3 for WT BM Only, n=2 for STING ™/~
BM Only, n=5 each for WT BM+T and STING™~ BM+T). GVHD groups compared using
two-tailed unpaired ftest. * p<0.05, ** p<0.01. Data are means + SEM.
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Fig. 7. The absence of STING in recipients ameliorates CD8-dependent, but not CD4-dependent,
GVHD after MHC-mismatched aHSCT.

(A) GVHD clinical score and survival of B6-WT or B6-STING ™" recipients after transplant
of BALB/c BM and unseparated lymph node cells (1.7x108 T cells). Data pooled: 2
experiments (n=2 each for WT and STING™~ BM Only, n=10 each for WT and STING ™/~
BM+T). (B) GVHD clinical score and survival of B6-WT or B6-STING ™~ recipients after
transplant of BALB/c BM and either total T cells or CD8" T cells alone. Data pooled: 2
experiments (n=5 for WT BM Only, n=13 for WT BM+Total T, n=12 for STING™~ BM
+Total T, n=14 for WT BM+CD8* T, n=13 for STING™~ BM+CD8" T). (C) Frequency of
donor T cells expressing an effector memory (CD44"MCD62L0) or naive (CD44!°CD62L")
phenotype in lymph nodes from B6-WT or B6-STING ™~ recipients 8 weeks after transplant
as in (B). Data pooled: 2 experiments (n=11 for WT BM+Total T, n=7 for STING™~ BM
+Total T, n=13 each for WT BM+CD8* and STING™~ BM+CD8" T). (D) Representative
histology and pathology score of interscapular skin from B6-WT or B6-STING ™~ recipients
8 weeks after transplant as in (B). Scale bars=200um. Data pooled: 2 experiments (n=5 for
WT BM Only, n=13 each for WT BM+CD8* T and STING™~ BM+CD8* T). GVHD
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groups compared using one-way ANOVA with Tukey’s multiple comparisons test for
multiple groups or log-rank test for survival analyses. * p<0.05, ** p<0.01, *** p<0.001,
ns=non-significant. Data are means + SEM.
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Fig. 8. STING deficiency promotesrecipient antigen presenting cell (APC) survival and
diminishesdonor CD8* T cell activation early after MHC-mismatched aHSCT.

(A) Total spleen cells from BALB/c-WT or BALB/c-STING ™ recipients 24 hours after
transplant with B6-WT BM and unseparated lymph node cells (1.2x106 T cells). (B) Gating
strategy, frequency and total cell number of recipient APCs in spleens of BALB/c-WT or
STING™~ recipients 24 hours after transplant as in (A). (C) H-2K9 median fluorescence
intensity on recipient APCs in spleens of BALB/c-WT or STING ™~ recipients 24 hours after
transplant as in (A) and gated as in (B). (D) Gating strategy, frequency and total cell number
of donor CD8* T cells in spleens of BALB/c-WT or STING ™~ recipients 24 hours after
transplant as in (A). (E and F) Gating strategy, frequency and total cell number of donor
CD8* T cells producing (E) IFN+y or (F) TNFa in spleens of BALB/c-WT or STING ™~
recipients 24 hours after transplant as in (A). Data pooled: 2 experiments (n=7 for WT BM
Only, n=4 for STING™~ BM Only, n=10 each for WT BM+T and STING™~ BM+T). (G)
Gating strategy, frequency and total cell number of donor CD4*FoxP3~ T cells expressing
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Nur776FP CD69, and IFNY in spleens of BALB/c-WT or STING ™~ recipients 6 days after
transplant with B6-CD45.1 BM and B6-Nur77SFPFoxP3RFP unseparated lymph node cells
(1.2x108 T cells). Data pooled: 2 experiments (n=9 for WT BM+T and n=8 for STING ™/~
BM+T). GVHD or BM Only groups compared using two-tailed unpaired #test. * p<0.05, **
p<0.01, *** p<0.001. Data are means = SEM.
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