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differentiated in the presence of IL-4, IL-6, and IL-21 and were transcriptionally unique from cells cultured with either IL-4

or the IL-6/IL-21 combination alone. In vivo, both STAT3 and STAT6 were required for GrA* Th cell differentiation and

played roles in maintenance of the lineage identity. Importantly, GrA* Th cells promoted aGVHD-associated morbidity and
mortality and contributed to crypt destruction within intestines but were not required for the beneficial graft-versus-

leukemia effect. Our data indicate that GrA* Th cells represent a distinct Th subset and are critical mediators of aGVHD.
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Acute graft-versus-host disease (aGVHD) can occur after hematopoietic cell transplant in patients
undergoing treatment for hematological malignancies or inborn errors. Although CD4* T helper
(Th) cells play a major role in aGVHD, the mechanisms by which they contribute, particularly within
the intestines, have remained elusive. We have identified a potentially novel subset of Th cells
that accumulated in the intestines and produced the serine protease granzyme A (GrA). GrA* Th
cells were distinct from other Th lineages and exhibited a noncytolytic phenotype. In vitro, GrA*

Th cells differentiated in the presence of IL-4, IL-6, and IL-21 and were transcriptionally unique
from cells cultured with either IL-4 or the IL-6/IL-21 combination alone. In vivo, both STAT3 and
STAT6 were required for GrA* Th cell differentiation and played roles in maintenance of the lineage
identity. Importantly, GrA* Th cells promoted aGVHD-associated morbidity and mortality and
contributed to crypt destruction within intestines but were not required for the beneficial graft-
versus-leukemia effect. Our data indicate that GrA* Th cells represent a distinct Th subset and are
critical mediators of aGVHD.

Introduction

Acute graft-versus-host disease (aGVHD) is a deleterious alloimmune-mediated response that occurs in
patients undergoing hematopoietic cell transplant (HCT) for treatment of hematopoietic malignancies or
inborn errors. CD4" T helper (Th) cells within the donor graft that recognize allogeneic HLA molecules are
major effectors in aGVHD. During aGVHD, Th cells traffic to multiple organs, including the intestines, which
is associated with worsened clinical prognosis and decreased ability to treat disease with steroids (1, 2).

Intestinal aGVHD has been described as largely a Th1l-mediated response (3—5). However, the role
of IFN-y in aGVHD remains highly controversial. Neither donor- nor host-derived IFN-y was required
for aGVHD (6-8). Instead, IFN-y played a protective role in aGVHD (9, 10), suggesting that other Th
lineages may promote disease.

In this study, we identified a potentially novel subset of granzyme A—producing (GrA-producing)
CD4* T cells that were enriched within the intestines of mice with aGVHD and exhibited a phenotype
distinct from other Th cells and cytotoxic lymphocytes. Further, GrA* Th cells required STAT3 and STAT6
for their development and lineage identity in vitro and in vivo. We showed that Th-derived GrA contributed
to intestinal damage and lethality in multiple murine models of aGVHD. Importantly, GrA* Th cells were
dispensable for the beneficial graft-versus-leukemia effect, indicating that GrA* Th cells may represent a
novel therapeutic target for treatment of aGVHD.

https://doi.org/10.1172/jci.insight.124465 1


https://doi.org/10.1172/jci.insight.124465
https://doi.org/10.1172/jci.insight.124465
https://doi.org/10.1172/jci.insight.124465

. RESEARCH ARTICLE

insight.jci.org

Results

Intestinal GrA™* Th cells in aGVHD represent a distinct Th lineage. Although the cellular sources were not defined,
enhanced Gzma expression was previously observed in the intestines during aGVHD but only minimally
in the skin and lymphoid organs (11). At 10 days post-HCT, we observed significantly increased expression
of Gzma in both the small intestine (SI) and large intestine (LI) of mice that received allogeneic bone mar-
row and T cells as compared with syngeneic controls (P = 0.01 and P < 0.0001, respectively, Figure 1A).
We observed a population of GrA*CD8" T cells in all organs examined in allogeneic recipients that was
present in lower percentages in syngeneic recipients (Figure 1, B and C). Unexpectedly, CD4* T cells also
produced GrA in allogeneic recipients and were the dominant population of GrA-producing T cells within
the small and large intestines, the latter being where CD4* T cells accounted for approximately 75% of the
GrA-producing cells (Figure 1, B-D).

A limited proportion of intestinal GrA* Th cells coexpressed GrB in the SI or LI, indicating that
these cells did not acquire a classic cytotoxic phenotype (Figure 1E) (12-15). GrA* cells did not coexpress
FOXP3 or IL-17A (Figure 1E) but exhibited partial coexpression of IFN-y, which was slightly more pro-
nounced in the LI versus the SI (~40% vs. ~30%, Figure 1E). To determine if GrA* Th cells were related
to IFN-y—producing Thl cells, we analyzed lineage-specific cytokine and transcription factor expression
(Supplemental Table 2; supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.124465DS1) within intestinal CD3*CD4" T cells using time-of-flight cytometry (CyTOF). GrA*
Th cells were spatially clustered, indicating that GrA expression is limited to a distinct population of Th
cells and is not shared by multiple Th subsets (Figure 1F). In contrast, IFN-y* Th cells were distributed
between 2 major populations, those that spatially segregated with TNF*IL-2* cells (i.e., prototypic Thl
cells) and those that partially overlapped with GrA* Th cells (Figure 1F). Cells that expressed high levels of
GrA exhibited minimal overlap with other lineage-specific cytokines, many of which were expressed in low
amounts (Supplemental Figure 1). These data indicate that GrA* Th cells are not typical Th1 cells and may
represent a novel Th cell type that responds to signals involved with intestinal damage or inflammation.

GrA is expressed by human Th cells in a PBMC-induced model of GVHD. Our data indicate that CD4* Th
cells are an important source of GrA and thus may be relevant to human GVHD. To examine this fur-
ther, we adopted an established model (16) of human PBMC-induced GVHD in immune-compromised
NRG mice. Briefly, human PBMCs from 2 individual donors were injected into NRG mice, and mice were
monitored until they reached 20% body weight loss or a significant clinical score (>3). At this endpoint,
mice were euthanized, and immune cells were isolated from the spleen, liver, SI, and LI and analyzed for
human GrA* Th cells by flow cytometry. Parallel to our mouse studies, GrA-producing human Th cells
were elevated within the intestines, where they were the dominant cellular source of GrA. In contrast,
GrA-producing CD8* T cells were uniform across the organs examined and were a smaller component of
the GrA* cells in the intestines (Figure 2A). Human GrA-producing Th cells did not express perforin, and
only a small proportion expressed modest GrB, while GrA*CD8" T cells predominantly coexpressed GrB
and perforin (Figure 2B), suggesting that GrA-producing Th cells were distinct from cytolytic CD8* T cells
and had a noncytolytic phenotype. These data provide further evidence that human Th cells are capable of
producing GrA within the context of GVHD and potentially contribute to GVHD pathogenesis in humans.

GrA* Th cell differentiation in vitro. To determine the signals that promote GrA* Th cell differentiation, we
screened potential combinations of cytokines that are involved with intestinal homeostasis or inflammation.
While many cytokine combinations resulted in low expression of GrA by CD4" T cells (~5% GrA* cells or
less), the combination of IL-4 and IL-6 resulted in increased GrA* Th cell differentiation (Figure 3A). Similarly,
unpolarized (Th0) and polarized Th1, Th2, and Th9 cells showed minimal GrA protein expression after in vitro
differentiation (Figure 3B). However, IL-6 diminished IL-4 (Th2) and IL-9 (Th9) production (17) and enhanced
GrA production (Figure 3B). In the context of IL-4, IL-6 induced Gzma mRNA in a dose-dependent manner,
without the induction of Gzmb or Prfl (Figure 3C). Addition of IL-21 alone, which enhances polarization of
other Th subsets (18), did not induce GrA production by Th cells (data not shown), but significantly enhanced
GrA production when used in combination with IL-6 (~58%) as compared with IL-6 alone (~12%), with an
increase in GrB (Figure 3D) parallel to that observed ex vivo. Similar to our analysis of intestinal GrA* Th cells,
GrA expression was largely limited to cells cultured with IL-4+11.-6/21 and spatially segregated from other
polarized Th subsets in parallel CyTOF analysis (Figure 3E). To determine if in vitro—derived GrA* Th cells
were also transcriptionally distinct, we performed RNA-Seq analysis from unpolarized (Th0), IL-6/21, IL-4,
and IL-4+1L-6/21 polarized cells. IL-6/21 alone induced or repressed the expression of fewer genes (i.e., 252)
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Figure 1. GrA* Th cells are a hallmark of intestinal GVHD and represent a distinct Th subset. Irradiated BALB/c mice received syngeneic (BALB/c—BALB/c)

or allogeneic (C57BL/6—BALB/c) bone marrow and T cells. After transplant (day 10), small intestine (SI) and large intestine (LI) tissue were collected from 3
animals per group for RNA analysis (A), or spleen, liver, SI, and LI were harvested for cellular GrA analysis by flow cytometry (B). (C and D) The frequency of
GrA*CD8* T cells (CD3CD4") or CD4* T cells (CD3*CD4*) in each tissue from 5-16 syngeneic mice and 14-33 allogeneic mice. (D) Percentages of intestinal GrA* Th
cells. Left panel, representative plots of GrA and CD3 staining. Right panel, the frequency of CD4* and CD8* T cells within GrA* cells from various organs. *P <
0.05 (Student'’s t test) as compared with frequency of cells in spleen. (E) GrB and FOXP3 expression (unstimulated) and IL-17A and IFN-y expression (stimulated)
by intestinal Th cells from allogeneic mice. Cellular analysis is representative of 4 experiments with 3 mice per group and error bars represent standard deviation
of the mean. (F) CyTOF analysis of intestinal Th cells, pooled from 10 mice, at day 10 after allogeneic transplant. t-Distributed stochastic neighbor embedding
(t-SNE) dimensionality reduction plots represent expression data from GrA, IFN-y, TNF, and IL-2 staining.

as compared with cells cultured with IL-4 or IL-4+11.-6/21 (1206 with IL-4, 1001 with IL-4+IL.-6/21; Figure
4, A and B). IL-4 and IL-6 induced expression of distinct sets of genes and addition of IL-6/21 to IL-4—cul-
tured cells suppressed a subset of IL-4-induced genes while other IL-4-induced genes were relatively unchanged
(Figure 4A, Supplemental Figure 2A, and Supplemental Table 4). Conversely, IL-4 blunted the expression of
IL-6/21-induced genes (Figure 4A, Supplemental Figure 2B), suggesting that these cytokine-signaling pathways
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Figure 2. GrA* Th cells are prevalent in the intestines and display a noncytolytic phenotype in a human PBMC-driven xenograft model of GVHD. (A)
Representative FACS plots depicting GrA expression by CD3-gated human CD4* and CD4- (i.e., CD8*) T cells and quantitation of GrA*CD4* and CD8* T cells
in each organ. (B) Representative FACS plots depicting human GrA, GrB, and perforin staining of gated CD3*CD4* or CD3*CD8"* T cells. Error bars represent
standard deviation of the mean. Human PBMC NRG mouse experiments represent 3 NRG mice that received PBMCs from 2 distinct donors. Statistical
significance was determined by 1-way ANOVA with a Tukey’s posttest for multiple comparisons.

insight.jci.org

act in opposition. Interestingly, an additional subset of genes were synergistically induced by IL-4 and IL-6/21
and characterized by high expression of Gzma and other factors that contribute to Th cell differentiation (i.e.,
Ikzf3, Maf, Batf; Figure 4, A, C, and D; Supplemental Figure 2, C and D; and Supplemental Table 4). These data
indicate that IL-6/21 signaling redirects cells from an IL-4—driven Th2 phenotype into a GrA-producing lineage
by repressing specific aspects of the Th2 lineage and inducing a novel pattern of gene expression. However,
adoptive transfer of Th cells polarized with IL-4 alone or with IL-4 and IL-6/21 was poor at inducing aGVHD.
Both sets of recipient mice exhibited similar low clinical scores, weight loss, colon lengths, and lack of mortality
after HCT (P = 0.41, Supplemental Figure 3, A—C). The poor pathogenicity of these cells is likely attributed to a
loss of GrA production and large gains in IL-4 production after HCT (Supplemental Figure 3D).

Because IL-4 and IL-6/21 respectively activate STAT6 and STAT3, we examined targeted mRNA lev-
els in IL-4+IL-6/21—cultured cells isolated from WT, Stat6/-, and Stat3”/~ (Stat3V" “P+C<) mice by real-
time PCR. Elevated expression of Gzma, Maf, Ikzf3, and /21 in IL-4+1L-6/21—cultured cells required both
STAT6 and STAT3 as cells from deficient mice exhibited significantly reduced (P < 0.006) expression of
all these genes (Figure 4, E and F). These data are consistent with our RNA-Seq analysis and demonstrate
a necessity of both STAT6 and STAT?3 in activating Gzma expression and the associated gene expression
profile. Together, these data indicate that IL-4/STAT6 and IL-6/IL-21/STAT3 signals synergistically drive
the GrA* Th cell gene signature.

As we identified both STAT3 and STAT®6 to be critical for GrA* Th cell differentiation in vitro, we asked
whether these signals were also required for their differentiation during aGVHD. In these studies, lethally
irradiated BALB/c mice received T cell-depleted bone marrow and CD8" T cells from WT C57BL/6
mice and purified CD4* T cells from WT, Stat3”-, or Stat6”~ mice. After HCT, mice that received WT
and Stat6”/~ CD4" T cells exhibited similar increased clinical scores, but these were significantly reduced
in Stat3”’- CD4* T cell recipients (P < 0.0001) and accompanied by increased colon length (P = 0.004) as
compared with WT controls (Figure 5, A and B). Mice that received either Stat3- or Stat6-deficient CD4* T
cells had similar CD4" T cell numbers in the LI, SI, and liver as compared with WT recipients, suggesting
that neither factor was required for the survival or expansion of Th cells at this time point (Figure 5C).
While both Stat3- and Stat6-deficient CD4* T cells exhibited decreased GrA expression in the LI and SI,
this was much more dramatic in Stat3-deficient Th cells (P < 0.0001 vs. P = 0.004 or P = 0.003) and also
resulted in reduced GrA expression in the liver, where Star6-deficient cells had similar GrA expression to
WT cells in this organ (P = 0.33, Figure 6, A and B). Interestingly, while approximately 50% of LI-derived
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Figure 3. IL-4 and IL-6 signaling synergize in the induction of GrA* Th cells. (A) Naive Th cells were differentiated in the
presence of the indicated cytokines (TLR2 = PAM3CSK4) and stained for intracellular GrA. Data represents a single screen
with cells pooled from 3 mice. These data are representative of 3 individual screening experiments. Nil, no treatment. (B)
Indicated Th cells from 3 individual mice were cultured with/without IL-6 (10 ng/mL) followed by stimulation and intracel-
lular staining for cytokines and GrA. Representative contour plots are depicted (left panel), and the frequency of GrA* cells
is depicted in the right panel. (C) Cells from 3 mice were cultured with IL-4, anti-IFN-vy, and increasing doses of IL-6. On day
5 of culture mRNA was measured by real-time PCR. Statistical analysis was done by Student’s t test, and reported values
are corrected for multiple comparisons. (D) Cells from 3 individual mice were cultured with IL-4, IL-4+IL-6, or IL-4+IL-6 and
with 1L-21 (100 ng/mL) added at day 3 of culture. On day 5 of culture, cells were harvested and stained for intracellular GrA
and GrB (left panel), and frequencies of GrA* and GrB* cells were determined by flow cytometry (right panel). Statistical
analysis was done by 2-way ANOVA with Holm-Sidak correction for multiple comparisons. (E) Indicated Th subsets were
analyzed by CyTOF and displayed in a dot overlays plot. Cytokine screening assays were performed 4 times with pooled
naive CD4* T cells. Th polarization experiments were repeated 3-6 times. Error bars represent standard deviation of the
mean. CyTOF analysis was performed twice with pooled naive CD4* T cells isolated from multiple animals.

GrA*CD4" T cells expressed IFN-y in these experiments, this was significantly increased (~80%) in Stat3-
and Stat6-deficient CD4* T cells (Figure 6, C and D; P < 0.0001 and P = 0.0003, respectively), indicating
that both STAT3 and STAT6 play critical roles in suppressing a Th1-like phenotype in these cells and aid in
maintaining the GrA* Th cell lineage identity.

Th-derived GrA is required for aGVHD. Having identified a population of intestinal GrA* Th cells in mice
with aGVHD, we next questioned whether Th-derived GrA was important for development of disease. In
these experiments, we used the C57BL/6 into BALB/c model of aGVHD because pathology in this system is
dependent on CD4" T cells (19). Briefly, mice received syngeneic or allogeneic cells as above, and additional
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Figure 4. IL-6/21 alters the IL-4-induced transcriptional program and promotes Gzma production. (A) Heatmap of
statistically significant (FDR < 0.05; fold change > 2) gene expression of cells cultured under ThQ, ThO+IL-6/21 (IL-6/21),
ThO+IL-4 (IL-4), or ThO+IL-4+IL-6/21 (IL-4+IL-6/21) based on a 2-fold change cutoff. Data represent the means expres-
sion from cells isolated from 3 animals per condition. (B) Number of up- or downregulated genes as compared with
ThO cells. (C) Select genes from the subset of genes that are uniquely enriched in cells cultured with IL-4+IL-6/21. (D)
Verification of Gzma expression via real-time PCR. (E) mRNA expression levels in cells isolated from C57BL/6 Stat3"/f
Cd4-Cre” (WT) and Stat3"" Cd4-Cre* mice and (F) WT and Stat6~- mice (BALB/c) after culture with IL-4+IL-6/21. Exper-
iments from E and F are representative of 2 individual experiments with cells isolated from 2-3 mice per experiment.
Error bars represent standard deviation of the mean. Statistical significance was determined by Student’s t test.

groups of mice received allogeneic bone marrow and combinations of CD4* and CD8" T cells from WT or
Gzma'~ animals. As expected, mice that received Gzma’~ CD4" T cells had normal percentages of GrA*CD8*
T cells but lacked GrA* Th cells (Figure 7A and data not shown). Further, Gzma~’~ Th cell recipients had
similar intestinal total cell numbers, inflammatory cell numbers, frequencies of donor-derived (i.e., H-2K"")
Th cells, and frequencies of IFN-y* and IL-17A* Th cells as compared with controls (Supplemental Figure
4, A—C; and data not shown). These data indicate equivalent proliferation, trafficking, and activation of WT
and GrA-deficient Th cells in the intestines. In other analyses, mice that received WT Th cells exhibited sig-
nificantly increased clinical scores and mortality by day 10 post-HCT as compared with syngeneic controls
(P < 0.05, Figure 7B). Mice that received Gzma~~ Th cells exhibited significantly reduced clinical scores (P =
0.02-0.05) and mortality (P < 0.0001, Figure 7B) as compared with mice that received WT Th cells. Surviving
Gzma™'~ Th recipient mice persisted until 50 days post-HCT (Supplemental Figure 5, A and B). Mice that
received Gzma”’~ CD8" T cells, but WT CD4* T cells, exhibited similar clinical scores and mortality to mice
that received WT CD4* and CD8" T cells (Figure 7B). These data indicate that CD4" T cell-derived, but not
CD8* T cell-derived, GrA is critical for the progression of aGVHD in this CD4* T cell-dependent model. As
a whole, GrA* Th cells contribute to disease without altering the recruitment of inflammatory cells into the
intestines or altering the ability of Th cells to produce IFN-y, IL-4, or IL-17A.
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Figure 5. STAT3- and STAT6-deficient Th cells differentially drive aGVHD. Lethally irradiated BALB/c mice received
C57BL/6-derived bone marrow and WT CD8* T cells with CD4* T cells from WT (n = 21), Stat3"" CD4-Cre* (Stat3/")
(n =19), or Stat6~'- mice (n = 12). Clinical scores (A) and colon length (B) of recipient mice harvested at day 9 after
HCT. (C) Total viable CD4* T cell numbers from the LI, SI, and liver. Data are pooled from 3 individual experiments
where error bars represent standard deviation of the mean. n.s., not significant, P > 0.05 (1-way ANOVA with
Tukey's posttest for multiple comparisons).

Because only a fraction of HCTs performed clinically are from MHC major mismatched donors, we
aimed to confirm the role of GrA* Th cells in a minor histocompatibility (miHA) mismatch model of
GVHD. To this end, we induced GVHD in lethally irradiated C3.SW-H2%/SnJ mice by HCT with bone
marrow and T cells from C57BL/6 mice as per above. Similar to the allogeneic model, GrA*CD4* T cells
were significantly increased in the SI (P < 0.0001) in comparison with the liver in this model (Figure 7C).
GrA* Th cells from the SI of these animals also displayed a similar cytokine profile as observed in major
mismatch recipients (Supplemental Figure 4D). Importantly, Gzma’~ Th recipients exhibited reduced clin-
ical scores (days 8-15, P < 0.05) and enhanced survival as compared with WT recipients (P = 0.02, Figure
7D). Additionally, lack of GrA production by CD4* T cells in these models had no effect on total LI
infiltrating cells, total number of CD4* T cells in the LI, numbers of inflammatory cells, or Th lineage-as-
sociated cytokine expression (Supplemental Figure 4, E-G). Interestingly, the role of GrA* Th cells in
promoting aGVHD in the miHA-driven model was more modest than that observed in the major mismatch
model of aGVHD. This may be due to a greater dependency of CD8* T cells in the miHA-induced model
as compared with the more CD4* T cell-dependent nature of the major mismatch model (19). Regardless,
these data indicate that GrA* Th cells contribute to disease severity in both MHC major mismatch— and
miHA-driven aGVHD without altering immune cell infiltration or effector function.

CD4* T cell-derived GrA is dispensable for the beneficial graft-versus-leukemia response. HCT is an effective
therapy for treatment of hematological malignancies where allo- or miHA-specific T cells from the donor
aid in suppression of tumor cell growth. We demonstrated above that GrA* Th cells play a pathogenic
role in driving aGVHD, but whether they are required for the beneficial graft-versus-leukemia (GVL)
response is unknown. To address this, we performed mixed GVHD/GVL experiments where irradiated
BALB/c mice received syngeneic or allogeneic HCT with T cells from WT, Gzma”’~, or Gzma’~ CD4*
T cells and WT CD8" T cells along with GFP* MLL-AF9 leukemia cells. Given that MLL-AF9 cells
express MHC-II after transfer and are recognized by both CD4* and CD8* T cells in vitro and in vivo (20,
21), we used this model to assess the relative contributions of GrA produced by all T cells (i.e., CD4* and
CD8" T cells) versus that produced only by CD4* T cells in both the GVHD and GVL response.
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Figure 6. STAT3 and STAT6 induce GrA* Th cells’ differentiation and maintain lineage identity during GVHD. T cells isolated from mice from Figure 5
were analyzed for intracellular expression of GrA. (A) Representative FACS plots of intracellular GrA and CD4 expression from CD3" cells isolated from
LI, SI, and liver. (B) Quantification of the frequency of GrA*CD4* T cells from the LI, SI, and liver. (C) Representative FACS plots of GrA and IFN-y from
CD4* T cells isolated from LI and stimulated with PMA and ionomycin. (D) Quantification of the frequency of GrA*CD4* T cells expressing IFN-y. Data
are pooled from 3 individual experiments where error bars represent standard deviation of the mean. Statistical significance was determined by 1-way
ANOVA with Tukey’s posttest for multiple comparisons.
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After syngeneic HCT, despite minimal development of clinical score, we observed rapid death of
100% of these mice due to high GFP* leukemia burden in the bone marrow (Figure 8§, A-D). In con-
trast, mice with WT allo-HCT rapidly developed clinical scores and had a similar mortality rate as that
of the syngeneic controls; however, the majority of deaths occurred from GVHD (67%) rather than
leukemia (33%) (i.e., high clinical scores, lower GFP* tumor burden; Figure 8, A-D). Allogeneic HCT
with Gzma~ T cells resulted in reduced GVHD-associated clinical scores and mortality as compared
with WT controls (P < 0.0001 and P = 0.005, respectively). Additionally, Gzma - T cell recipients had
similar frequencies of GFP* tumor cells in the bone marrow (P > 0.05) and only modestly increased
mortality due to leukemia (42%, P > 0.05 as compared with WT allo-HCT recipients; Figure 8§, A-D).
Interestingly, mice receiving an allo-HCT with Gzma~”- CD4* T cells and WT CD8* T cells exhibited
the lowest clinical scores (P < 0.001 vs. Gzma~ T cells and P < 0.0001 vs. WT T cells) and mortality
as compared with all other allo-HCT recipients (P < 0.0001 vs. Gzma™”~ T cells and P < 0.0001 vs.
WT T cells). Further, Gzma”~ CD4* T cell recipients exhibited no signs of GFP* leukemia cells in the
bone marrow upon euthanization, and the only cause of death was GVHD (17%, Figure 8, A-D).
Intriguingly, GrA-deficient Treg cells have reduced capacity to regulate allo-specific T cell responses
during GVHD (22), and this reduced Treg function may explain the enhanced tumor cell clearance
we observed here. Together, these data suggest that CD4* and CD8* T cell-derived GrA have different
effects on the outcomes of GVHD and GVL and that CD4* T cell-derived GrA is dispensable for GVL.

GrA* Th cells are associated with intestinal crypt damage. CD4* T cells have been previously report-
ed to localize to intestinal crypts and induce aGVHD by destroying cells within this niche (23-25).
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Figure 7. Th-derived GrA contributes to immunopathology during aGVHD. (A) BALB/c mice received syngeneic (Syn, n = 11) or C57BL/6 bone marrow
with purified CD8* and CD4* T cells from WT or Gzma™/- C57BL/6 mice (WT CD4*/WT CD8*, n = 27; Gzma™'- CD4*/WT CD8*, n = 30; WT CD4*/Gzma™~
CD8*, n =15). LI cells were harvested (at day 10 post-HCT) and assessed for GrA production by CD3" cells by flow cytometry. Representative plots are
gated on CD3* cells (left panel), and the frequency of GrA*CD3*CD4* T cells was quantified (right panel) based on the flow cytometry plots. Clinical
scores and survival curves (B) from BALB/c recipient mice after HCT as per panel A. C3.SW-H2°/Sn) mice received bone marrow and T cells as per panel
A. (C) Representative contour plots depict GrA* T cells from the LI and the frequencies of GrA*CD4* T cells in recipient mice isolated from the liver, SI,
and LI. (D) Clinical scores and survival plot of C3.SW-H2°/Sn] that received WT (n = 14) or Gzma~- CD4* T cells (n = 14). Clinical score and survival plots
represent pooled data across multiple experiments with mouse numbers indicated. Error bars represent standard deviation of the mean. *P < 0.05

by Student’s t test in B and D. Statistical significance in survival plots was performed by log-rank test (see Methods). One-way ANOVA with Tukey's
posttest was used to determine statistical significance in A and C.

insight.jci.org

Consistent with this finding, we observed decreased colon length and increased goblet cell and crypt
loss in aGVHD mice as compared with syngeneic controls (Figure 9, A-D; P < 0.004). In contrast,
Gzma'~ Th cell recipient mice exhibited significantly increased colon lengths (P = 0.013, Figure 9B) and
reduced loss of goblet cells and intestinal crypts as compared with WT controls (Figure 9, A, C, and D;
P =0.01 and P = 0.02, respectively). This was accompanied by reduced cellular infiltration near crypt
bases, as indicated by arrows in Figure 9A. Liver portal inflammation was at similar elevated levels in
both WT and Gzma-deficient CD4* T cell recipients (P = 0.54, Figure 9, A and E), suggesting that CD4"*
T cell-derived GrA may have a specific role in promoting intestinal aGVHD via destruction of intesti-
nal crypts. Reduced intestinal pathology in Gzma~~ Th cell recipient mice did not lead to differences in
gut permeability, as measured by serum FITC-dextran levels after oral gavage (Figure 9F) or in intesti-
nal cytokine production (Figure 9G). However, reduced intestinal pathology in Gzma /- recipients did
correlate with significantly reduced serum cytokine levels of IL-2, IL-5, and monocyte chemoattractant
protein-1 (MCP-1) (P = 0.03, P = 0.04, P = 0.01, respectively) and a decrease in all other serum cyto-
kines that were elevated in WT recipients (P > 0.05, Figure 9H).

Discussion

In this study, we identified a potentially novel subset of GrA-producing CD4" T cells that accumulate
specifically within the intestines and were critical for lethal GVHD. From our CyTOF analysis, GrA-pro-
ducing Th cells were distinct from other Th subsets and did not express high levels of FOXP3 or IL-17A.
However, a smaller population of cells exhibited some coexpression of GrB and IFN-y that segregated
independently from TNF/IL-2—coproducing IFN-y—positive cells. Loss of IFN-y, TNF, and IL-2 is a hall-
mark of chronically stimulated (e.g., exhausted) CD4" and CD8" T cells (26, 27). In chronic infections,
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Figure 8. Th cell-derived GrA is not required for the beneficial GVL effect of HCT. Lethally irradiated BALB/c mice
received 10* GFP* MLL-AFS leukemia cells, bone marrow, and T cells from syngeneic controls or allo-HCTs from C57BL/6
mice with WT T cells, Gzma™- T cells, or Gzma™- CD4* T cells and WT CD8* T cells. After transplant, mice were moni-
tored for clinical score (A) and mortality (B). (C) At a predetermined clinical endpoint (or selected as controls if mice did
not reach the clinical endpoint), mice were euthanized, and the frequency of GFP* MLL-AF9 cells was quantified in the
bone marrow by flow cytometry. The percentages of mice that succumbed to leukemia or GVHD (D) were determined
based on clinical score and the frequency of GFP* MLL-AF9 cells present in the bone marrow as per panels A and C. Error
bars represent standard error of the mean in panel A from 12 mice per group and the standard deviation in panel C from
the number of mice indicated. Statistical difference in survival plots was performed by log-rank test (see Methods) and
for frequency of GFP* cells by 2-way ANOVA with Holm-Sidak correction for multiple comparisons.

exhausted Th1 cells take on characteristics of T follicular helper cells (i.e., CXCR5, BCL6, PD-1) and have
elevated expression of Batf, Hifla, Maf, and Eomes. It is therefore possible that GrA* Th cells in the intes-
tines might represent a product of chronic Th1 cell activation that has led to reduced IFN-y production and
loss of IL-2 and TNF. In vitro—derived GrA* Th cells also exhibited similar elevated expression of exhaust-
ed Th cell genes, including 1/21, Maf, Batf, Hifla, and Eomes (Figure 4, Supplemental Figure 2, and data not
shown). Importantly, while IFN-y may play a protective role in some aGVHD models, Th cell-derived GrA
was clearly detrimental. Therefore, this clearly distinguishes GrA-producing Th cells from IFN-y—produc-
ing Th1 cells in aGVHD.

The cytokines that guide the differentiation of GrA* Th cells in vitro are distinct from other Th lineag-
es. Synergistic signaling between IL-4 and IL-6/21 promoted optimal Gzma expression in vitro via alter-
ation of the IL-4-induced gene expression profile in a STAT3- and STAT6-dependent manner. A similar
phenomenon was also observed in both mouse and human macrophages polarized with IL-4 only (i.e.,
M2 macrophages) or in the presence of IL-6 that alters M2-polarized macrophage phenotype and function
(28-30). In vivo, both STAT3 and STAT6 were involved in the generation GrA* Th cells during GVHD,
with STAT3 having a greater effect. Interestingly, STAT3 and STAT6 had similar roles in maintenance of
GrA* Th cell lineage identity as loss of either STAT resulted in increased IFN-y production. While STAT3
is typically associated with Th17 and T follicular helper cell differentiation (31-34), this pathway is shared
by GrA-producing cells. Additionally, loss of STAT3 and STAT6 have each been associated with increased
Thl differentiation and IFN-y production both in vitro and in vivo (34, 35), indicating that these signaling
pathways inhibit Thl development. Although GrA-producing cells do coexpress IFN-y, the differential
requirement of STAT3 in promoting GrA production and limiting IFN-y indicates that these cells are diver-
gent from traditional Th1 cells. Further, these data suggest that part of the success of IL-6 blockade therapy
for GVHD in mice (36—38) and humans (39, 40) may result from decreasing GrA* Th cells in the intestine.
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Figure 9. CD4* T cell-derived GrA induces intestinal crypt damage. (A) H&E staining of LI and liver tissue from BALB/c mice that received syngeneic (Syn)
bone marrow and T cells or from C57BL/6 mice with WT CD8* T cells and CD4* T cells from WT or Gzma™'- mice at 9 days post-HCT. (B) Colon lengths from mice
in panel A. Quantification of goblet cell loss (C), crypt loss (D), and liver portal inflammation (E). (F) FITC-dextran concentrations in serum after oral gavage of
BALB/c recipients at day 9 after HCT. (G) Levels of LI-secreted cytokines that were significantly increased (P < 0.05) in WT recipients as compared with Syn
controls after 24 hours of ex vivo culture. (H) Levels of serum cytokines that were significantly increased (P < 0.05) in WT recipients as compared with Syn
controls. Error bars represent standard deviation of the mean of 4 syngeneic controls and 9 allo-HCT recipients. *P < 0.05 as compared with Syn controls.

#P < 0.05 comparing WT Th and Gzma™'- Th recipient mice. n.s., not significant (all by 1-way ANOVA with Tukey’s posttest for multiple comparisons).
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During aGVHD, the intestines are one of the major target organs of donor Th cells, and their presence
in this niche is associated with increased inflammatory cytokine production and lethality (1, 2). In our study,
transfer of Gzma-deficient CD4" T cells resulted in reduced lethality and reduced goblet cell and intestinal
crypt loss as compared with controls. Interestingly, this did not result in changes in intestinal permeability
as measured by serum FITC-dextran after oral gavage. These data may indicate that overall barrier perme-
ability is acutely similar, which is mirrored by similar clinical scores at this early time point. At later time
points (i.e., >day 15 post-HCT), however, barrier function may be restored more rapidly in the absence of
GrA, which may lead to enhanced survival. How GrA* Th cells mediate intestinal damage remains unclear.
While GrA was initially shown to cause apoptosis when delivered through perforin-formed membrane
pores, GrA was more recently shown to have little cytotoxic potential (41). Additionally, intestinal GrA* Th
cells in aGVHD mice did not express perforin (data not shown). GrA has other reported roles in promoting
inflammatory cytokine and chemokine production (IL-1f, IL-6, TNF, MCP-1) via interaction with TLRs
(42-45). However, these cytokines were not differentially expressed within the intestines, and only MCP-1
was significantly reduced in the serum of Gzma '~ recipient mice. Although MCP-1 has documented roles in
cellular trafficking during idiopathic pulmonary syndrome (46), we did not observe decreased recruitment of
inflammatory cells to the intestines in the absence of GrA. These data indicate that GrA-mediated intestinal
damage is likely independent of its role in inflammatory cytokine production and cytolysis.

While Th cells are required in a number of murine models for the development of GVHD, the exact sub-
types involved and the effector molecules that they produce to induce disease have been difficult to determine.
Treg cells play an important role in limiting intestinal pathology during GVHD. Interestingly, GrA expression
is decreased in Treg cells in patients with aGVHD and was required for Treg cell protective function in murine
GVHD (22, 47). We observed few FOXP3* Treg cells (<4% of the total CD4s) in the intestines of mice with
aGVHD in our studies; however, approximately 20% to 30% of the intestinal Treg cells present did express
GrA. While our studies were not designed to study the role of Treg cells in disease, it is possible that GrA in
Treg cells and conventional Th cells may have opposite roles in regulating intestinal pathology.

Pathogenic Th subsets have been more difficult to define during aGVHD. Thl-derived IFN-y has contro-
versial roles in pathogenesis and depends highly on the conditioning regimen (8-10). Likewise, transfer of Th17
cells is sufficient to induce GVHD but with striking specificity for driving pathology in the lung and skin (3).
Ullrich et al. (48) described a GM-CSF-producing Th cell subset dependent on basic leucine zipper transcrip-
tion factor ATF-like (BATF) that was involved in intestinal inflammation. Mechanistically, BATF-deficient
cells failed to accumulate within the intestines and induced pathology that is consistent with defects in BATF-
deficient cells in inducing colitis (48-50). Batf was also highly expressed by GrA* Th cells induced in vitro by
IL-4 and IL-6/21, and it is intriguing to speculate that these may be similar cell types. IL-23R*CD11c* Th cells
were also recently shown to promote intestinal damage during GVHD (51). 1123r-deficient donor cells induced
reduced liver, lung, and colon pathology scores and dramatically blunted Th1 and Th17 responses, suggesting
that IL-23R is required for systemic GVHD effects and may not be specific to intestinal inflammation. In con-
trast to this report, Buchele et al. suggest that IL-23R on donor T cells may not be required for intestinal GVHD
(49). Because IL-23/IL-23R activates STAT3, which in turn can activate BATF in other pathogenic Th cell lin-
eages, it is possible that both IL-23R and BATF are critical regulators of GrA* Th cell differentiation.

In human HCT patients, granzymes have been used as biomarkers of aGVHD and a predictor of
disease severity. In an 86-patient cohort, Kircher et al. (52) demonstrated that serum GrA was detected
at higher levels than GrB and was a better predictor of disease severity than HLA mismatch or donor/
recipient age. Earlier studies by this same group indicated that GrA, but not GrB, produced in mixed lym-
phocyte reactions between donor and host PBMCs significantly correlated with GVHD grade posttrans-
plant. Further, enhanced GrA expression in these mixed lymphocyte reactions correlated with increased
numbers of MHC-II mismatches and outgrowth of CD4" T cells (53). While the cellular source of GrA in
actual patients with GVHD remains unclear, these data strongly indicate that CD4* T cells are a potential
producer of this protease. Our experiments in a human PBMC-induced NRG mouse model of GVHD
support this hypothesis. While GrA was produced by both human CD4" and CD8* T cells in the spleen
and liver, human CD4* T cells in the intestines were the dominant producers of GrA and exhibited a non-
cytolytic phenotype as compared with GrB- and perforin-expressing CD8" T cells in the same tissue. These
data combined with the clinical data mentioned above indicate that GrA-producing CD4* T cells may also
contribute to human aGVHD. Further, these data indicate that specific GrA inhibitors or broader serine
protease inhibitors may represent a novel treatment strategy for patients with GVHD.
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Methods

Mice and initiation of aGVHD (including clinical scoring). C57BL/6 and BALB/c mice were purchased from The
Jackson Laboratory or Envigo and housed in the animal facility at the Indiana University School of Medicine or
within the Purdue University animal facility. Gzma~~ mice (54) were housed as above. Stat6”~ (55) and C3.SW-
H2%SnJ (stock 00438) mice were purchased from The Jackson Laboratory, and Stat3"" mice were originally
provided by David Levy (New York University, New York, New York, USA) (56) and crossed to CD4-Cre mice
to delete STAT3 in T cells. Both male and female mice were used between the ages of 8 and 13 weeks.

In order to initiate aGVHD, BALB/ ¢ mice were exposed to 900 cGy of irradiation from a '*’Cs source
or 500 cGy from X-rad 320 x-ray irradiator (Accela). The following day, bone marrow was isolated from
the femurs of BALB/c (syngeneic) or C57BL/6 (allogeneic) mice and depleted of T cells using anti-mouse
CD90 beads (Miltenyi Biotec), according to manufacturer’s directions, to remove more than 98% of all T
cells from the initial population. T cell-depleted (TCD) bone marrow (5 x 10° cells) was injected into irra-
diated BALB/c recipients along with 10°¢ BALB/c splenocytes (syngeneic) or CD4* (6 X 10°) and CD8* T
cells (4 x 10°) isolated from the spleens of C57BL/6 or Gzma™'~, Stat3”~, or Stat6’~ mice (allogeneic) using
anti-mouse CD4 or anti-mouse CD8 microbeads (Miltenyi Biotec). The mice were housed in sterilized
microisolator cages and were given acidified water (pH < 3) ad libitum beginning the day of irradiation
until termination of the experiment. For C3.SW-H2*SnJ recipient mice, male mice were irradiated with
1100 cGy irradiation 24 hours before transfer of 107 TCD bone marrow cells from C57BL/6 donors and 2
x 10° purified T cells (1.2 x 10° CD4*, 0.8 x 10° CD8") from WT or Gzma~’~ donors.

Clinical aGVHD scores were assessed weekly using a previously described scoring system (57). In
short, clinical score was measured using the following parameters: weight loss, posture, mobility, skin integ-
rity, stool score, and fur texture. Each parameter was scored 0-2, with 0 being normal and 2 being severe,
and added to get a total GVHD clinical score. Mice were euthanized when the clinical score reached 9.0.

Induction and assessment of the GVL effect. BALB/c mice were lethally irradiated with 900 cGy on day —1
and received HCT from syngeneic mice (5 X 10° TCD bone marrow cells and 8 X 10° purified T cells) or
allogeneic C57BL/6 donors (all received 5 x 10° bone marrow cells and 8 x 10° purified WT T cells, puri-
fied T cells from Gzma '~ mice, or 5 x 10° purified Gzma’- CD4* T cells and 3 x 10° WT CD8* T cells) along
with 4 x 10° GFP* MLL-AF9 cells that have been described elsewhere (58). After HCT and inoculation
with leukemia cells, mice were monitored for GVHD-associated clinical score and mortality, and cause of
death was determined by accumulative analysis of GVHD score and the frequency of GFP* MLL-AF9
cells in the bone marrow upon euthanization as previously described (58).

Human PBMC NRG mouse model of GVHD. To examine GrA production from human CD4" T cells
in the context of GVHD, NRG mice (originally from The Jackson Laboratory, purchased from the Pur-
due Biological Evaluation Core) were injected i.v. with 5 x 10° to 20 X 10° human PBMCs that had been
recovered the previous day (37°C, 5% CO,, complete RPMI) from frozen stocks isolated from 2 distinct
donors (from ZenBio). After injection, mice were monitored daily until they reached 20% body weight
loss or developed a significant clinical score (>3). Upon euthanization, immune cells were isolated from
the spleen, liver, SI, and LI; were stained for cell surface expression of human CD3, CD4, and CDS§; and
were fixed, permeabilized, and stained for intracellular human GrA, GrB, and perforin (see below). The
frequency of GrA-, GrB-, and perforin-expressing T cells was subsequently determined by flow cytometry.

Isolation of T cells and dissociation of tissues for cytometry. Naive CD44 CD4" T cells were isolated from
the spleen and mesenteric lymph nodes (MesLNs) of C57BL/6 mice via negative magnetic enrichment
(Miltenyi Biotec). CD4" and CD8" T cells were isolated from spleens and MesLNs using anti-CD4 and
anti-CD8 microbeads following the manufacturer’s instructions (Miltenyi Biotec).

Mononuclear cells were harvested from spleens and MesLNs using sterile frosted glass slides to disrupt
the spleen, followed by removal of debris; in some experiments red blood cells were removed with red blood
cell lysis buffer (BioLegend). Liver mononuclear cells were isolated by pressing perfused liver tissue through
a wire mesh sieve (Bellco Glass) to make a single-cell suspension that was resuspended in 40% Percoll and
centrifuged for 10 minutes at 4°C at 872¢ to remove debris and fat/connective tissue. Red blood cell lysis
buffer was used to remove residual red blood cells. To isolate mononuclear cells from intestines, small and
large intestines were harvested, and Peyer’s patches were removed from small intestinal tissue. Intestines were
cut longitudinally and washed with vigorous shaking 3 times with 40 mL of PBS to remove mucus. Washed
intestinal tissue was then finely diced with scissors and transferred into digestion medium containing DMEM
(Gibco, Thermo Fisher Scientific) with 2% BSA, 10 pg/mL of DNasel (Roche), and 100 pg/mL of Liberase
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TL (Roche) or 1.5 mg/mL of type III collagenase (Worthington). Cells were incubated at 37°C for 1.5 hours
in a shaking incubator (250 rpm) before straining through a 100 pm nylon sieve and washing with PBS con-
taining 2% fetal calf serum. The resulting cells were resuspended in 40% Percoll and centrifuged as with liv-
er-derived samples per above. Viable cells isolated from each tissue were enumerated via trypan blue staining
and counted on a hemocytometer.

Cell stimulation, flow cytometry, and Cy TOF. Antibodies used for flow cytometry are listed in Supplemental
Table 1. Briefly, cells (1 x 10 to 2 X 10°) isolated from various tissues were left unstimulated (complete media
only) or stimulated in complete media supplemented with PMA (50 ng/mL) and ionomycin (1 pg/mL) in the
presence of 2 pM monensin (MilliporeSigma) for 5 hours at 37°C. Following stimulation, cells were preincu-
bated with purified anti-CD16/32 antibodies and fixable viability dye (eBioscience, Thermo Fisher Scientific)
and subsequently stained for surface markers (i.e., CD3, CD4). Cells were washed with FACS buffer (PBS,
0.1% BSA, 0.01% sodium azide) and fixed with 3.7% formaldehyde (v/v in PBS) for 20 minutes at 4°C. Cells
were subsequently washed and permeabilized in 1X permeabilization buffer (eBioscience, Thermo Fisher
Scientific) and stained for intracellular cytokines and granzymes.

For CyTOF experiments, cells were stimulated and fixed as above; however, antibody reagents were
developed specifically for use with CyTOF and purchased from Fluidigm unless otherwise noted (Sup-
plemental Table 2). After incubation, cells were washed with PBS (Rockland Immunochemicals Inc.),
and their viability was assessed by cisplatin (Fluidigm Inc.). Cells were then washed with Maxpar cell
staining buffer (Fluidigm Inc.). Cells were fixed in PBS with 1.35% formaldehyde (MilliporeSigma) for
10 minutes at room temperature. Samples to be barcoded by Pd isotope were resuspended in barcode
perm buffer (Fluidigm Inc.). Appropriate barcodes in barcode perm buffer were transferred into each
individual sample and incubated for 30 minutes at room temperature. After washing with Maxpar cell
staining buffer, all barcoded samples were combined into 1 tube. To prevent high nonspecific background
signal, Fc blocking (BioLegend) was performed, followed by surface antibody cocktail staining. After
permeabilization using the Nuclear Antigen Staining Buffer Set (Fluidigm Inc.), cells were stained with
intracellular and transcription factors antibody cocktail. Cells were then stained with '*Ir DNA-inter-
calator in Maxpar fix and perm buffer (Fluidigm Inc.) to identify all nucleated cells. In the final step,
cells were washed by type I, ultrapure water (18.2 MQ) and filtered into cell strainer cap tubes (40 pm).
Prior to the data acquisition, cell concentration was adjusted to 5 x 10°/mL to obtain approximately
500 events/s. To normalize data, cells were diluted in ultrapure water containing 0.1x EQ Four Element
Calibration Beads (Fluidigm Inc.). Samples were then injected into cyTOF2 mass cytometer machine
(Fluidigm Inc.). Data were acquired from barcode channels (channels 102, 104, 105, 106, 108, and 110),
EQ beads channels (channels 140, 151, 153, 165, and 175), Cisplatin channel (channel 195), cell interca-
lator '%Ir, and corresponding channels to the antibody panel (Supplemental Table 2).

In vitro culture of Th cells. Naive CD4" T cells were cultured in tissue culture—treated multiwell plates
that were coated overnight with 2 pg/mL of anti-CD3¢ (Bio X Cell) at 10° cells/mL. Thl, Th2, and
Th9 were cultured as previously described (59), and in some cases IL-6 and/or IL-21 was added to these
cultures in varying concentrations as noted. In cytokine screening experiments, cells were cultured in
flat-bottom, 96-well plates with plate-bound anti-CD3 and soluble anti-CD28 as per above. Cytokines
were added at day 0 of culture (IL-4, 10 ng/mL; IL-6, 20 ng/mL; IL-12, 10 ng/mL; IL-21, 100 ng/mL;
Pam3CSK4, 2 ug/mL; TGF-B, 2 ng/mL; TNF 100 ng/mL; see Supplemental Table 3 for other cytokines
used), and cells were expanded 1:4 in fresh media with no additional cytokines day 3 of culture. All
cytokines were purchased from PeproTech, except TGF-B, which was purchased from R&D Systems,
Bio-Techne. Pam3CSK4 was purchased from InvivoGen.

Serum/intestinal cytokine analysis, permeability, and histology. Serum was collected by cardiac puncture imme-
diately after CO, asphyxiation and allowed to clot for 6 hours at 4°C. After clotting, samples were centrifuged
for 10 minutes at 2000g, and serum was aliquoted into fresh tubes. For intestinal cytokine analysis, 2 cm sec-
tions of midcolon were collected into 1 mL of sterile complete RPMI medium and incubated for 24 hours
at 37°C and 5% CO,. Medium was collected and centrifuged for 10 minutes at 2000g to remove debris, and
clarified medium was frozen at —20°C until cytokine measurements. Cytokine levels were assessed by mouse
cytokine Bio-Plex Pro (23-plex, Bio-Rad) following the manufacturer’s directions at the Multiplex Analysis
Core within the Indiana University Melvin and Bren Simon Cancer Center.

Intestinal permeability was measured by FITC-dextran permeability assays. In these studies, BALB/c mice
received bone marrow and T cells from BALB/c (syngeneic) or WT or Gzma~~ mice (allogeneic) as above.
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At day 9 post-HCT, mice were orally gavaged with 150 puLL of 80 mg/mL FITC-dextran (4 kDa, MilliporeSig-
ma) dissolved in PBS, and 4 hours later blood was harvested by retro-orbital bleed; serum was prepared as
above. Serum samples were immediately assayed for FITC fluorescence signal via a fluorescent plate reader
(Synergy 4, BioTek Instruments).

For histology, liver and LI tissue were stored in buffered formalin (Formal-Fixx, Thermo Fisher Sci-
entific), and tissue sectioning, H&E staining, and imaging were performed by HistoWiz (https://home.
histowiz.com). Histological analysis was done blinded and intestines were scored according to current
guidelines (60) whereas portal inflammation was scored via the Knodell scale (61).

RNA extraction, real-time PCR, and RNA-Seq analysis. RNA was extracted from 5 mm sections of SI or
colon and placed directly in 1 mL of Trizol (Ambion) and snap-frozen at —80°C. After thawing, tissues were
homogenized for 30 seconds or until tissue was completely dissociated. RNA from in vitro Th cultures was
harvested by placing 2 X 10° to 2 X 10° Th cells in Trizol reagent. RNA was isolated from these preparations
via phenol-chloroform extraction and assayed via real-time PCR as previously described (17).

For RNA-Seq, cells were isolated in Trizol reagent and RNA was isolated as above. [llumina-sequenced
reads from these cells were further quality filtered, aligned to the mouse genome (mm10), postprocessed,
quantified, and analyzed by Otogenetics. The quantified expression profile for each condition was further
examined for downstream analysis. Test of significance was performed using CuffDiff (62) (and adjusted
to ¢ < 0.05) between each pair of conditions (i.e., ThO vs. ThO+IL-6/21, ThO vs. ThO+IL-4, and ThO vs.
ThO+IL-4+IL-6/21). Differentially expressed genes (at 5% FDR) were represented as 2-fold upregulated
and downregulated genes. RNA-Seq data were deposited into the National Center for Biotechnology Infor-
mation’s Gene Expression Omnibus database (GSE154660).

Cytometry data analysis. For mass cytometry files, the concatenated normalized fcs files were uploaded to a
Cytobank web server (Cytobank Inc.) for gating out dead cells and quality control. To run further analysis on
multiplexed samples, the debarcoding protocol (Fluidigm Inc.) was performed with the Barcode Separation
0.16 and Mahalanobis Distance 5 values. viSNE analyses were performed on cytometry data from all samples.
To be more informative in visualizing each cluster on the viSNE plot, we ran SPADE on viSNE and overlaid
different populations on a 2D tSNE plot. Flow cytometry data were analyzed with FlowJo (v8.9, Tree Star).

Statistics. Standard data plots and statistics (2-tailed Student’s f test or 1-way ANOVA with Tukey’s posttest,
indicated in figure legend text) were produced with Prism (GraphPad Prism, v8) and were considered signifi-
cant if P < 0.05. Survival plots were analyzed for significance by a log-rank test, where differences between 2
groups were assessed by using 2-tailed unpaired Student’s ¢ tests or Mann-Whitney U test. Bonferroni’s correc-
tion was used when comparing multiple groups. All statistical tests were done with GraphPad Prism v8.

Study approval. All mice used and mouse studies were with the approval of the Indiana University or
Purdue University ITACUC.

Author contributions

S Park, BG, JA, HJ, PMB, SC, TI, and TAH performed experiments and analyzed data from experiments.
MK, RS, and SCJ analyzed RNA-Seq data and aided in the interpretation of RNA-Seq results. JP provided
the Gzma '~ mice and provided insight on the manuscript. S Paczesny provided insight on the experimental
design for the GVHD and GVL experiments and helped write the manuscript. MHK provided insight on
the experimental design of Th cell culturing experiments and data analysis and aided in writing of the man-
uscript. MRO performed experiments, analyzed data, and wrote the manuscript.

Acknowledgments

The work in the study was supported by NIH grants R21 AI117380 and R01 AI095282 to MHK. Sup-
port provided by the Herman B Wells Center was in part from the Riley Children’s Foundation. TT was
supported by the Department of Pediatrics through the Project Development Team within the IIndiana
Clinical and Translational Sciences Institute NIH/National Center for Research Resources grant number
UL1TRO001108. MRO had support from Purdue University Public Health Service Grant T32AR062495
and from the Showalter Trust. S Paczesny had support from NIH/National Cancer Institute grant
RO1CA168814, and BG had support from NIH/National Institute of Diabetes and Digestive and Kid-
ney Diseases grant T32DK007519. TAH was supported by Public Health Service grant T32AI1060519.
Core facility usage was also supported by Indiana University Simon Cancer Center Support Grants
P30CA082709 and U54 DK106846. Work by MK was supported by NIH/National Heart, Lung, and

insight.jci.org  https://doi.org/10.1172/jci.insight.124465 15


https://doi.org/10.1172/jci.insight.124465
https://home.histowiz.com
https://home.histowiz.com

RESEARCH ARTICLE

Blood Institute 5K22HI.125593. Work in the JP laboratory is funded by FEDER (Fondo Europeo de
Desarrollo Regional), Gobierno de Aragon (Group B29_17R), Ministerio de Ciencia, Innovacién e Uni-
versidades (MCNU), Agencia Estatal de Investigacion (SAF2017-83120-C2-1-R), Fundacion Inocente Ino-
cente, ASPANOA, and Carrera de la Mujer de Monzo6n. The authors gratefully acknowledge the support

of Purdue Biological Evaluation shared resource from the Purdue Center for Cancer Research, NIH grant
P30 CA023168. We would also like to thank Jie Sun, Kai Yang, Amina Abdul Qayum, D. Alejandro
Canaria, and Benjamin Ulrich for critical reading of this manuscript.

Address correspondence to: Matthew R. Olson, Hansen Hall, 201 S. University St., Room 309, West Lafay-
ette, Indiana 47906, USA. Email: olson126@purdue.edu. Or to: Mark H. Kaplan, Wells Center for Pediatric
Research, 1044 W. Walnut St., Room 202, Indianapolis, Indiana 46202, USA. Email: mkaplan2@iu.edu.

—_

w N

w

(=}

~

o

©

1

f=}

1

—_

1

w

14.

16.

17.

18.

19.
20.

2

—

22.

23.

24.

25.

26.

2

~

. Castilla-Llorente C, et al. Prognostic factors and outcomes of severe gastrointestinal GVHD after allogeneic hematopoietic cell

transplantation. Bone Marrow Transplant. 2014;49(7):966-971.

Jamani K, et al. Prognosis of grade 3-4 acute GVHD continues to be dismal. Bone Marrow Transplant. 2013;48(10):1359-1361.
Carlson MJ, West ML, Coghill JM, Panoskaltsis-Mortari A, Blazar BR, Serody JS. In vitro-differentiated TH17 cells mediate lethal
acute graft-versus-host disease with severe cutaneous and pulmonary pathologic manifestations. Blood. 2009;113(6):1365-1374.

.YiT, et al. Reciprocal differentiation and tissue-specific pathogenesis of Th1, Th2, and Th17 cells in graft-versus-host disease.

Blood. 2009;114(14):3101-3112.

.YiT, et al. Absence of donor Th17 leads to augmented Th1 differentiation and exacerbated acute graft-versus-host disease.

Blood. 2008;112(5):2101-2110.

.Fu J, et al. T-bet is critical for the development of acute graft-versus-host disease through controlling T cell differentiation and

function. J Immunol. 2015;194(1):388-397.

. Murphy WJ, et al. Differential effects of the absence of interferon-gamma and IL-4 in acute graft-versus-host disease after allo-

geneic bone marrow transplantation in mice. J Clin Invest. 1998;102(9):1742-1748.

. Yang YG, Dey BR, Sergio JJ, Pearson DA, Sykes M. Donor-derived interferon gamma is required for inhibition of acute graft-

versus-host disease by interleukin 12. J Clin Invest. 1998;102(12):2126-2135.
Dey BR, Yang YG, Szot GL, Pearson DA, Sykes M. Interleukin-12 inhibits graft-versus-host disease through an Fas-mediated
mechanism associated with alterations in donor T-cell activation and expansion. Blood. 1998;91(9):3315-3322.

. Welniak LA, Blazar BR, Anver MR, Wiltrout RH, Murphy WJ. Opposing roles of interferon-gamma on CD4+ T cell-mediated

graft-versus-host disease: effects of conditioning. Biol Blood Marrow Transplant. 2000;6(6):604—612.

. Santos E Sousa P, et al. Peripheral tissues reprogram CD8* T cells for pathogenicity during graft-versus-host disease. JCI Insight.

2018;3(5):97011.

.Brown DM, Lee S, Garcia-Hernandez Mde L, Swain SL. Multifunctional CD4 cells expressing gamma interferon and perforin

mediate protection against lethal influenza virus infection. J Virol. 2012;86(12):6792-6803.

. Thewissen M, Somers V, Hellings N, Fraussen J, Damoiseaux J, Stinissen P. CD4+CD28null T cells in autoimmune disease:

pathogenic features and decreased susceptibility to immunoregulation. J Immunol. 2007;179(10):6514-6523.
Zaunders JJ, et al. Identification of circulating antigen-specific CD4+ T lymphocytes with a CCR5+, cytotoxic phenotype in an
HIV-1 long-term nonprogressor and in CMV infection. Blood. 2004;103(6):2238-2247.

.Hua L, et al. Cytokine-dependent induction of CD4+ T cells with cytotoxic potential during influenza virus infection. J Virol.

2013;87(21):11884-11893.

Ali N, et al. Xenogeneic graft-versus-host-disease in NOD-scid IL-2Rynull mice display a T-effector memory phenotype. PLoS
One. 2012;7(8):e44219.

Olson MR, Verdan FF, Hufford MM, Dent AL, Kaplan MH. STAT3 impairs STATS5 activation in the development of IL-9-se-
creting T cells. J Immunol. 2016;196(8):3297-3304.

‘Wei L, Laurence A, Elias KM, O’Shea JJ. IL-21 is produced by Th17 cells and drives IL-17 production in a STAT3-dependent
manner. J Biol Chem. 2007;282(48):34605-34610.

Reddy P, Negrin R, Hill GR. Mouse models of bone marrow transplantation. Biol Blood Marrow Transplant. 2008;14(1 suppl 1):129-135.
Matte-Martone C, et al. Differential requirements for myeloid leukemia IFN-y conditioning determine graft-versus-leukemia
resistance and sensitivity. J Clin Invest. 2017;127(7):2765-2776.

.Ramadan A, et al. Specifically differentiated T cell subset promotes tumor immunity over fatal immunity. J Exp Med.

2017;214(12):3577-3596.

Velaga S, et al. Granzyme A is required for regulatory T-cell mediated prevention of gastrointestinal graft-versus-host disease.
PLoS One. 2015;10(4):e0124927.

FuYY, et al. T cell recruitment to the intestinal stem cell compartment drives immune-mediated intestinal damage after alloge-
neic transplantation. Immunity. 2019;51(1):90-103.e3.

Hanash AM, et al. Interleukin-22 protects intestinal stem cells from immune-mediated tissue damage and regulates sensitivity to
graft versus host disease. Immunity. 2012;37(2):339-350.

Zhao D, et al. Survival signal REG3a prevents crypt apoptosis to control acute gastrointestinal graft-versus-host disease. J Clin
Invest. 2018;128(11):4970-4979.

Brooks DG, Teyton L, Oldstone MB, McGavern DB. Intrinsic functional dysregulation of CD4 T cells occurs rapidly following
persistent viral infection. J Virol. 2005;79(16):10514-10527.

. Crawford A, et al. Molecular and transcriptional basis of CD4+ T cell dysfunction during chronic infection. Immunity.

insight.jci.org  https://doi.org/10.1172/jci.insight.124465 16


https://doi.org/10.1172/jci.insight.124465
mailto://olson126@purdue.edu
mailto://mkaplan2@iu.edu
https://doi.org/10.1038/bmt.2014.69
https://doi.org/10.1038/bmt.2014.69
https://doi.org/10.1038/bmt.2013.59
https://doi.org/10.1182/blood-2008-06-162420
https://doi.org/10.1182/blood-2008-06-162420
https://doi.org/10.1182/blood-2009-05-219402
https://doi.org/10.1182/blood-2009-05-219402
https://doi.org/10.1182/blood-2007-12-126987
https://doi.org/10.1182/blood-2007-12-126987
https://doi.org/10.4049/jimmunol.1401618
https://doi.org/10.4049/jimmunol.1401618
https://doi.org/10.1172/JCI3906
https://doi.org/10.1172/JCI3906
https://doi.org/10.1172/JCI4992
https://doi.org/10.1172/JCI4992
https://doi.org/10.1016/S1083-8791(00)70025-5
https://doi.org/10.1016/S1083-8791(00)70025-5
https://doi.org/10.1128/JVI.07172-11
https://doi.org/10.1128/JVI.07172-11
https://doi.org/10.4049/jimmunol.179.10.6514
https://doi.org/10.4049/jimmunol.179.10.6514
https://doi.org/10.1182/blood-2003-08-2765
https://doi.org/10.1182/blood-2003-08-2765
https://doi.org/10.1128/JVI.01461-13
https://doi.org/10.1128/JVI.01461-13
https://doi.org/10.1371/journal.pone.0044219
https://doi.org/10.1371/journal.pone.0044219
https://doi.org/10.4049/jimmunol.1501801
https://doi.org/10.4049/jimmunol.1501801
https://doi.org/10.1074/jbc.M705100200
https://doi.org/10.1074/jbc.M705100200
https://doi.org/10.1172/JCI85736
https://doi.org/10.1172/JCI85736
https://doi.org/10.1084/jem.20170041
https://doi.org/10.1084/jem.20170041
https://doi.org/10.1371/journal.pone.0124927
https://doi.org/10.1371/journal.pone.0124927
https://doi.org/10.1016/j.immuni.2019.06.003
https://doi.org/10.1016/j.immuni.2019.06.003
https://doi.org/10.1016/j.immuni.2012.05.028
https://doi.org/10.1016/j.immuni.2012.05.028
https://doi.org/10.1172/JCI99261
https://doi.org/10.1172/JCI99261
https://doi.org/10.1128/JVI.79.16.10514-10527.2005
https://doi.org/10.1128/JVI.79.16.10514-10527.2005
https://doi.org/10.1016/j.immuni.2014.01.005

28.

29.

30.

3

—_

32.
33.

34.
35.

36

37.

38.

3

\O

40.

4

—

4

w

44.

4

w

46.

47.
48.

49.

50.

5

—_

52.
53.

54.
55.

56.

57.

58.

59.

6

(=1

6

—

62.

RESEARCH ARTICLE

2014;40(2):289-302.

Gupta S, et al. IL-6 augments IL-4-induced polarization of primary human macrophages through synergy of STAT3, STAT6
and BATF transcription factors. Oncoimmunology. 2018;7(10):e1494110.

Mauer J, et al. Signaling by IL-6 promotes alternative activation of macrophages to limit endotoxemia and obesity-associated
resistance to insulin. Nat Immunol. 2014;15(5):423-430.

Yan D, Wang HW, Bowman RL, Joyce JA. STAT3 and STATG6 signaling pathways synergize to promote cathepsin secretion
from macrophages via IRE1a activation. Cell Rep. 2016;16(11):2914-2927.

.Ma CS, et al. Functional STAT3 deficiency compromises the generation of human T follicular helper cells. Blood.

2012;119(17):3997-4008.

Mathur AN, et al. Stat3 and Stat4 direct development of IL-17-secreting Th cells. J Immunol. 2007;178(8):4901-4907.

Ray JP, Marshall HD, Laidlaw BJ, Staron MM, Kaech SM, Craft J. Transcription factor STAT3 and type I interferons are core-
pressive insulators for differentiation of follicular helper and T helper 1 cells. Immunity. 2014;40(3):367-377.

Yang XO, et al. STAT3 regulates cytokine-mediated generation of inflammatory helper T cells. J Biol Chem. 2007;282(13):9358-9363.
Liu X, Lee YS, Yu CR, Egwuagu CE. Loss of STAT3 in CD4+ T cells prevents development of experimental autoimmune dis-
eases. J Immunol. 2008;180(9):6070-6076.

. Chen X, et al. Blockade of interleukin-6 signaling augments regulatory T-cell reconstitution and attenuates the severity of graft-

versus-host disease. Blood. 2009;114(4):891-900.

Givon T, Revel M, Slavin S. Potential use of interleukin-6 in bone marrow transplantation: effects of recombinant human inter-
leukin-6 after syngeneic and semiallogeneic bone marrow transplantation in mice. Blood. 1994;83(6):1690-1697.

Noguchi D, et al. Blockade of IL-6-signaling inhibits the pathogenesis of CD4+ T cell-mediated lethal graft-versus-host reaction
against minor histocompatibility antigen. Immunol Lett. 2011;136(2):146-155.

. Drobyski WR, et al. Tocilizumab for the treatment of steroid refractory graft-versus-host disease. Biol Blood Marrow Transplant.

2011;17(12):1862-1868.
Roddy JV, et al. Tocilizumab for steroid refractory acute graft-versus-host disease. Leuk Lymphoma. 2016;57(1):81-85.

. Metkar SS, et al. Human and mouse granzyme A induce a proinflammatory cytokine response. Immunity. 2008;29(5):720-733.
42.

Arias MA, et al. Elucidating sources and roles of granzymes A and B during bacterial infection and sepsis. Cell Rep.
2014;8(2):420-429.

. Campbell RA, et al. Granzyme A in human platelets regulates the synthesis of proinflammatory cytokines by monocytes in

aging. J Immunol. 2018;200(1):295-304.
Shimizu K, et al. Granzyme A stimulates pDCs to promote adaptive immunity via induction of type I IFN. Front Immunol.
2019;10:1450.

. Wensink AC, et al. Granzymes A and K differentially potentiate LPS-induced cytokine response. Cell Death Discov.

2016;2:16084.

Hildebrandt GC, et al. A critical role for CCR2/MCP-1 interactions in the development of idiopathic pneumonia syndrome
after allogeneic bone marrow transplantation. Blood. 2004;103(6):2417-2426.

Ukena SN, et al. Human regulatory T cells in allogeneic stem cell transplantation. Blood. 2011;118(13):e82-€92.

Ullrich E, et al. BATF-dependent IL-7RhiGM-CSF* T cells control intestinal graft-versus-host disease. J Clin Invest.
2018;128(3):916-930.

Buchele V, et al. Targeting inflammatory T helper cells via retinoic acid-related orphan receptor gamma t is ineffective to prevent
allo-response-driven colitis. Front Immunol. 2018;9:1138.

Wang C, et al. BATF is required for normal expression of gut-homing receptors by T helper cells in response to retinoic
acid. J Exp Med. 2013;210(3):475-489.

.Zhou V, et al. A colitogenic memory CD4* T cell population mediates gastrointestinal graft-versus-host disease. J Clin Invest.

2016;126(9):3541-3555.

Kircher B, Schumacher P, Nachbaur D. Granzymes A and B serum levels in allo-SCT. Bone Marrow Transplant. 2009;43(10):787-791.
Kircher B, et al. Towards functional transplant donor matching by measurement of granzyme A and granzyme B production
levels. J Immunol Methods. 2004;293(1-2):51-59.

Ebnet K, et al. Granzyme A-deficient mice retain potent cell-mediated cytotoxicity. EMBO J. 1995;14(17):4230-4239.

Kaplan MH, Schindler U, Smiley ST, Grusby MJ. Stat6 is required for mediating responses to IL-4 and for development of Th2
cells. Immunity. 1996;4(3):313-319.

Raz R, Lee CK, Cannizzaro LA, d’Eustachio P, Levy DE. Essential role of STAT3 for embryonic stem cell pluripotency. Proc
Natl Acad Sci U S A. 1999;96(6):2846-2851.

Cooke KR, et al. An experimental model of idiopathic pneumonia syndrome after bone marrow transplantation: I. The roles of
minor H antigens and endotoxin. Blood. 1996;88(8):3230-3239.

Zhang J, et al. ST2 blockade reduces sST2-producing T cells while maintaining protective mST2-expressing T cells during graft-
versus-host disease. Sci Transl Med. 2015;7(308):308ra160.

Olson MR, et al. Paracrine IL-2 is required for optimal type 2 effector cytokine production. J Immunol. 2017;198(11):4352-4359.

. Koelink PJ, et al. Development of reliable, valid and responsive scoring systems for endoscopy and histology in animal models

for inflammatory bowel disease. J Crohns Colitis. 2018;12(7):794-803.

. Knodell RG, et al. Formulation and application of a numerical scoring system for assessing histological activity in asymptomat-

ic chronic active hepatitis. Hepatology. 1981;1(5):431-435.
Trapnell C, et al. Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nar
Protoc. 2012;7(3):562-578.

insight.jci.org  https://doi.org/10.1172/jci.insight.124465 17


https://doi.org/10.1172/jci.insight.124465
https://doi.org/10.1016/j.immuni.2014.01.005
https://doi.org/10.1080/2162402X.2018.1494110
https://doi.org/10.1080/2162402X.2018.1494110
https://doi.org/10.1038/ni.2865
https://doi.org/10.1038/ni.2865
https://doi.org/10.1016/j.celrep.2016.08.035
https://doi.org/10.1016/j.celrep.2016.08.035
https://doi.org/10.1182/blood-2011-11-392985
https://doi.org/10.1182/blood-2011-11-392985
https://doi.org/10.4049/jimmunol.178.8.4901
https://doi.org/10.1016/j.immuni.2014.02.005
https://doi.org/10.1016/j.immuni.2014.02.005
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.4049/jimmunol.180.9.6070
https://doi.org/10.4049/jimmunol.180.9.6070
https://doi.org/10.1182/blood-2009-01-197178
https://doi.org/10.1182/blood-2009-01-197178
https://doi.org/10.1016/j.imlet.2011.01.004
https://doi.org/10.1016/j.imlet.2011.01.004
https://doi.org/10.1016/j.bbmt.2011.07.001
https://doi.org/10.1016/j.bbmt.2011.07.001
https://doi.org/10.3109/10428194.2015.1045896
https://doi.org/10.1016/j.immuni.2008.08.014
https://doi.org/10.1016/j.celrep.2014.06.012
https://doi.org/10.1016/j.celrep.2014.06.012
https://doi.org/10.4049/jimmunol.1700885
https://doi.org/10.4049/jimmunol.1700885
https://doi.org/10.1182/blood-2003-08-2708
https://doi.org/10.1182/blood-2003-08-2708
https://doi.org/10.1182/blood-2011-05-352708
https://doi.org/10.1172/JCI89242
https://doi.org/10.1172/JCI89242
https://doi.org/10.1084/jem.20121088
https://doi.org/10.1084/jem.20121088
https://doi.org/10.1172/JCI80874
https://doi.org/10.1172/JCI80874
https://doi.org/10.1038/bmt.2008.395
https://doi.org/10.1002/j.1460-2075.1995.tb00097.x
https://doi.org/10.1016/S1074-7613(00)80439-2
https://doi.org/10.1016/S1074-7613(00)80439-2
https://doi.org/10.1073/pnas.96.6.2846
https://doi.org/10.1073/pnas.96.6.2846
https://doi.org/10.1182/blood.V88.8.3230.bloodjournal8883230
https://doi.org/10.1182/blood.V88.8.3230.bloodjournal8883230
https://doi.org/10.1126/scitranslmed.aab0166
https://doi.org/10.1126/scitranslmed.aab0166
https://doi.org/10.4049/jimmunol.1601792
https://doi.org/10.1093/ecco-jcc/jjy035
https://doi.org/10.1093/ecco-jcc/jjy035
https://doi.org/10.1002/hep.1840010511
https://doi.org/10.1002/hep.1840010511
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1038/nprot.2012.016

. RESEARCH ARTICLE

insight.jci.org  https://doi.org/10.1172/jci.insight.124465 18


https://doi.org/10.1172/jci.insight.124465

