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Introduction

Allogeneic blood and marrow transplantation (allo-BMT) remains
the only curative therapy for many malignant and nonmalignant
disorders (1). Unfortunately, successful outcomes are limited
by graft-versus-host disease (GVHD) and malignant relapse.
Therapies that effectively mitigate GVHD without compromis-
ing graft-versus-tumor (GVT) activity remain elusive (2). Recent
advances have improved knowledge of how the immune system
discriminates between nonmalignant self and residual malignan-
cy. However, a more complete understanding of the molecular
underpinnings of alloreactivity following allo-BMT remains an
unmet need toward improving patient outcomes (3).

The pathophysiology of acute GVHD (aGVHD) is complex
and is hypothesized to comprise 3 distinct phases. Initially, the
conditioning regimen causes diffuse damage and inflammation in
host tissues. This proinflammatory environment facilitates activa-
tion of donor T cells by host antigen-presenting cells (APCs). The
generation of cellular effectors in conjunction with the release of
soluble inflammatory proteins culminates in damage of target tis-
sues (4-6). Since its conception, this paradigm has been refined
and challenged (4, 7-9). Yet the hypothesis still underscores the
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DNA methyltransferase 3a (DNMT3a) is an important part of the epigenetic machinery that stabilizes patterns of activated
T cell responses. We hypothesized that donor T cell DNMT3a regulates alloreactivity after allogeneic blood and marrow
transplantation (allo-BMT). T cell conditional Dnmt3a KO mice were used as donors in allo-BMT models. Mice receiving allo-
BMT from KO donors developed severe acute graft-versus-host disease (aGVHD), with increases in inflammatory cytokine
levels and organ histopathology scores. KO T cells migrated and proliferated in secondary lymphoid organs earlier and
demonstrated an advantage in trafficking to the small intestine. Donor T cell subsets were purified after BMT for whole-
genome bisulfite sequencing (WGBS) and RNA-Seq. KO T cells had global methylation similar to that of WT cells, with
distinct, localized areas of hypomethylation. Using a highly sensitive computational method, we produced a comprehensive
profile of the altered epigenome landscape. Hypomethylation corresponded with changes in gene expression in several
pathways of T cell signaling and differentiation. Additionally, Dnmt3a-KO T cells resulted in superior graft-versus-tumor
activity. Our findings demonstrate a critical role for DNMT3a in regulating T cell alloreactivity and reveal pathways that control
T cell tolerance. These results also provide a platform for deciphering clinical data that associate donor DNMT3a mutations
with increased GVHD, decreased relapse, and improved survival.

well-established fact that donor T cells are central participants in
the immune dysregulation that characterizes GVHD, and it iden-
tifies opportunities to modulate this process. GVHD is closely
linked to the GVT effect, the main effectors of which are cytotoxic
donor T cells, which recognize allogeneic major or minor histo-
compatibility antigens and tumor neoantigens (4).

Epigenetic regulation is defined by posttranslational histone
modification and methylation of cytosine residues of CpG dinu-
cleotides within regulatory regions of genes (10). These changes,
which control target gene transcription, are reproduced on nascent
daughter DNA strands and are therefore somatically inheritable
after cell division. Importantly, they can also be reversible during
transitions between cellular fates. Hence, epigenetic regulation of
gene expression has moved to the forefront of scientific interest.
Epigenetic silencing is critical for normal terminal differentia-
tion of tissues in the body and is frequently dysregulated in can-
cer (4). In recent years, it has become increasingly evident that T
cell responses are heavily regulated by epigenetic mechanisms,
including DNA methylation (11, 12).

In the clinical setting, allo-BMT recipients have been found
to stably maintain the donor’s global methylation status, which is
affected by evolution of donor chimerism (13). Moreover, meth-
ylation levels in critical genes such as IFNG and FASL have been
shown to associate with the severity of aGVHD (13). Donor-
specific epigenetic signatures that correlate with aGVHD severity
have been proposed as a marker to be used alongside HLA typing
to optimize donor selection (13). Importantly, recently published
data revealed that patients with hematological malignancies
receiving allo-BMT from healthy donors harboring incidental
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DNMT3A mutations (most commonly loss-of-function) associ-
ated with asymptomatic clonal hematopoiesis of indeterminate
potential (CHIP) have higher rates of chronic GVHD and low-
er risk of malignant relapse (14). Subsequent data revealed that
donor DNMT3A mutations were independently associated with
improved overall survival and reduced risk of relapse, while other
CHIP-associated mutations, such as TET2, were not (15). Of note,
this effect was abrogated in patients receiving posttransplantation
cyclophosphamide (PT-Cy) as a GVHD prophylaxis, suggesting
that this phenomenon is at least partially mediated by effects
ondonor T cells (15).

We hypothesized that DNMT3a-dependent DNA methyl-
ation of donor T cells plays a critical role in the development of
alloreactivity after BMT. We used mice with conditional Dnmt3a
deletion in T cells as donors in well-established preclinical BMT
models to test this hypothesis. We demonstrate that transplanta-
tion of Dnmt3a-KO T cells conferred significantly more rapid and
severe GVHD, as well as improved GVT activity. We then applied a
comprehensive genome-wide epigenomic landscape analysis fol-
lowing whole-genome bisulfite sequencing (WGBS), which to our
knowledge has never been applied before to study GVHD. Finally,
we performed RNA-Seq and gene set enrichment analysis (GSEA)
to correlate the alterations in DNA methylation with changes in
gene expression, highlighting pathways intimately involved in T
cell activation and differentiation.

Results
Donors with conditional KO of Dnmt3a in T cells are immunophe-
notypically indistinguishable from WT littermate controls. Germline
Dnmt3a deletion results in death by 4 weeks of age; therefore,
mice with conditional KO in T cells were generated as previously
described (16-18). T cell-specific KO offspring are healthy, with
normal body size (18). We collected spleen, thymus, lymph nodes,
and bone marrow (BM) from KO mice and WT littermates. No
differences between groups were seen with respect to cellularity,
CD4" and CD8" distribution, or numbers of splenic Tregs (Supple-
mental Figure 1, A-C; supplemental material available online with
this article; https://doi.org/10.1172/JCI158047DS1), in keeping
with prior observations (18). In parallel experiments, T cells from
KO and WT C57BL/6] (B6) animals were purified and stimulated
in vitro with splenic dendritic cells (DCs) isolated from B6D2F1
(F1) mice. No differences in proliferation (Supplemental Figure
1D), cytolytic activity (Supplemental Figure 1E), or cytokine pro-
duction (data not shown) were observed between groups.

Loss of donor T cell Dnmt3a results in accelerated severe aGVHD.
To define the effect of Dnmt3a gene deletion in donor T cells
on alloreactivity, we used an established haploidentical model
wherein B6 (H-2%) and F1 (H-2%¢) mice serve as BMT donors and
recipients, respectively, as described in Methods. Recipients of
B6 Dnmt3a-KO donors exhibited more severe, systemic aGVHD,
as measured by survival and clinical score, when compared with
mice receiving allo-BMT from WT donors (Figure 1, A and B). As
expected, syngeneic BMT recipients did not develop GVHD and
were ultimately indistinguishable from nontransplanted con-
trols. Similarly, mice receiving T cell-depleted WT or KO BM
only did not develop GVHD (Figure 1C). Severe, systemic GVHD
observed following BMT with Dnmt3a-KO donors was associated

The Journal of Clinical Investigation

with increased histopathology scores in the gut (small and large
intestine) and liver, but not skin, compared with allogeneic con-
trols (Figure 1D). Proinflammatory cytokines, including IFN-y,
TNF-a, GM-CSF, IL-17, IL-3, and IL-10, were found to be signifi-
cantly increased in the serum of KO recipients on day 7 after BMT
(day +7) by Luminex multiplex immunoassay (Figure 1E) (19, 20).
To rule out graft failure as a contributor to early mortality, as was
seen by others when pharmaceutical hypomethylating agents
were administered early after BMT (21), we assessed marrow cel-
lularity and T cell chimerism along with peripheral blood compo-
nents on day +7. KO recipients exhibited robust BM engraftment
and donor-derived hematopoiesis (Figure 1F); peripheral WBC,
differential, and hemoglobin levels were comparable among the
groups, whereas as platelet recovery, while still adequate, was low-
er in KO recipients, likely reflective of severe systemic GVHD (22).
To ensure our observations were not due to a strain-dependent
phenomenon, we conducted similar BMT experiments in a widely
used MHC-disparate system (B6—~BALB/c]). As shown in Figure
1G, GVHD severity was again noted to be significantly increased
with DNMT3a-KO compared with WT control donors.

Accelerated aGVHD observed in the absence of donor T cell
Dnmt3a gene expression is driven primarily by CD8* cells. CD4* and
CD8" T cells both contribute to GVHD in the haploidentical model
described above (23-27). To more carefully ascertain the contribu-
tionof each T cell subset, we performed mixing experiments where-
in WT and KO CD4* and CD8" T cells were separately isolated and
coinjected at a CD4/CDS8 2:1 ratio in different combinations. The
number of experimental groups was expanded to include those
that received WT CD4* T cells with KO CD8" T cells, and vice ver-
sa. All mice receiving CD8* Dnmt3a-deficient T cells experienced
severe GVHD, with early death regardless of the genotype of the
CD4" cells (Figure 2A). The contribution of KO CD4" T cells alone
to GVHD severity was less impactful; death before day +50 was
rare, and survival was not significantly different from that of recip-
ients of WT cells (Figure 2B). Moreover, recipients of KO CD4*
and WT CD8" T cells demonstrated superior survival compared
with animals receiving KO CD4* and KO CD8" T cells (Figure 2C).
To extend these observations, we used additional GVHD models
(Supplemental Table 1) wherein donors and recipients differ sole-
ly in MHC class I (MCH-I): B6 (H-2°) donors into B6.C-H2"™!/By]
H-2° (Bm1; H-2) recipients; or MCH-II: B6 (H-2°) donors into B6.C-
H2'm12/KhEg] (Bm12; H-2%) recipients. In these models, the graft
contained, respectively, only purified CD8 or CD4. Therefore, the
development of GVHD is dependent solely on either CD8 (MHC-I-
mismatched model) or CD4 (MHC-II-mismatched model). The
severity of GVHD was even more pronounced in the MHC-I-based
model following Dnmt3a-KO BMT (Figure 2D), where it was again
associated with marked changes in histopathology scores in all tar-
get organs (Figure 2E). In the MHC-II-mismatched model, WT and
KO recipients developed severe GVHD following BMT with 11 Gy
total body irradiation (TBI), consistent with the robust early cyto-
kine release characteristic of this model (28-30); however, no dif-
ferences between groups were noted (Figure 2F). The TBI dose was
subsequently reduced to 9 Gy in order to mitigate early mortality
and provide the opportunity to study the effect of DNMT3a activity
in an established model of chronic GVHD; as previously described,
reducing the TBI dose in certain strain combinations can result in
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Figure 1. DNMT3a-deficient T cells result in accelerated experimental aGVHD. Lethally irradiated recipients received BMT from syngeneic (Syn), allogeneic
WT (Allo-WT), or Dnmt3a-KO donors (Allo-KO). Haploidentical Be—F1 model: (A) overall survival, (B) clinical GVHD score, (C) survival in the absence of T
cells and with T cell-depleted BM only. Data from 3 experiments; Syn n =15, Allo n = 28 each. (D) Histopathological organ-specific GVHD scores on day +7;
n = 4-5 per group. (E) Serum cytokine levels by multiplex bead assay on day +7. Data from 3 experiments; Syn n = 8, Allo n =17 each. (F) BM cellularity, T
cell chimerism, and peripheral blood counts on day +14; n = 4-5 per group. (G) Fully mismatched B6—BALB/c) model. Left to right: Survival, clinical GVHD
score, weight loss. Data from 2 experiments; Syn n =10, Allo n = 20 each. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Mann-Whitney U test,
Mantel-Cox log-rank test for survival data. ALC, absolute lymphocyte count; ANC, absolute neutrophil count; Hb, hemoglobin; Plt, platelets.
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Figure 2. DNMT3a loss in CD8* T cells is sufficient to result in increased GVHD. (A-C) Survival in mixing experiments wherein CD4* and CD8* WT and KO
T cells were separately isolated and coinjected at a CD4/CD8 ratio of 2:1in various combinations. Data from 2 experiments; Syn, WT, KO n = 8 each, mixed
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Mantel-Cox log-rank test for survival.

a chronic GVHD phenotype by modifying the synergistic effect of
TBI and T cell dose on induction of alloreactivity (29, 31, 32). In
this context, systemic GVHD as assessed by survival and clinical
score was mild and similar in WT and KO recipients (Figure 2G).
However, mice receiving BMT from Dnmt3a-KO donors had more

severe target organ GVHD by the end of the observation period,
on day +50 (Figure 2H).

A CD4'CD8* double-positive T cell population emerges in
Dnmt3a-KO T cell recipients. In parallel experiments using the
B6—F1 system, mice were sacrificed on days +7 and +14. Analy-
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Figure 3. Increased GVHD correlates with the emergence of a distinct CD4‘CD8* T cell population in recipients of Dnmt3a-KO T cells. Flow cytometry of
CD4 versus CD8 on splenic T cells, showing the marked expansion of the DP population on day +7 in the B6—F1 (A) and B6—Bm1 (B) models, but not in a
B6—F1 model with BM only (C) or a syngeneic B6—B6 model with BMT from either WT or KO donors (D). TCD, T cell-depleted.

sis of single-cell suspensions of spleen and lymph nodes by mul-
ticolor flow cytometry identified a distinct CD4*CD8* double-
positive (DP) population of T cells that was dramatically expand-
ed in recipients of Dnmt3a-KO T cells (Figure 3A). This expand-
ed population is not present in naive Dnmt3a-KO donors at base-
line (18). The morphology revealed by the flow cytometry plots
suggests that this population emerged from the CD8" subset,
and the cytokine expression profile of this cell population most
closely resembled that of CD8 T cells (Supplemental Figure 3).
Indeed, in the CD8-dependent MHC-I model presented above
(Figure 2D), this population was also present (Figure 3B). By
conducting experiments using only allogeneic T cell-depleted
WT or KO BM without T cells, we showed that the DP popula-
tion emerged from expansion of a naive, alloreactive, splenic T
cell population rather than from de novo aberrant thymopoiesis
(Figure 3C). The DP population was also absent in the context
of homeostatic T cell expansion in recipients of syngeneic BMT
from either WT or KO donors (Figure 3D).

Disruption of Dnmt3a gene expression enhances early T cell pro-
liferation and migration to secondary lymphoid organs and the gas-
trointestinal tract after allo-BMT. To investigate the cause of the
enhanced GVHD severity observed in mice receiving Dnmt3a-KO
BMT, we next examined whether Dnmt3a gene deletion influ-
enced T cell migration to secondary lymphoid organs (SLOs) early
after infusion. Purified B6 WT and Dnmt3a-KO T cells were dif-
ferentially stained with fluorescent proliferation dyes (described
in Methods) and adoptively cotransferred at a dose of 3 x 10° to
5 x 10¢ cells into lethally irradiated F1 mice at a 1:1 ratio. Mice
were examined at 24 and 48 hours after T cell transfer, and flow
cytometry was performed on SLOs. A significant increase in the
percentage of Dnmt3a-KO cells was noted in the spleen at 24 and
48 hours, demonstrating that Dnmt3a-KO T cells migrated to

J Clin Invest. 2022;132(13):e158047 https://doi.org/10.1172/)CI158047

SLOs more efficiently and robustly than WT cells. The more pre-
cipitous loss of vital dye supports an early proliferation advantage
in the KO T cells (Figure 4A). Additionally, lower expression of
caspase-3/7 at the 48-hour time point in the KO T cells indicated
potentially reduced apoptosis in the absence of DNMT3a (Supple-
mental Figure 4). On day +4, a large portion of cells had lost the
proliferation dye, but WT and KO T cells were tracked and differ-
entiated by flow based on allelic differences in CD45 and CD90.
At this early time point, KO T cells were also found at higher per-
centages in mesenteric lymph nodes (MLNs) and Peyer’s patches
(PPs), as well as in intraepithelial lymphocytes (IELs) and lamina
propria (LP) of the gastrointestinal tract (Figure 4B). Interesting-
ly, several chemokines that we and others have shown to be crit-
ical to effector cell migration in GVHD — including CXCL10 via
CXCR3 (33, 34), CCL3 via CCRI1 (35, 36), and CCL2 via CCR2 (37,
38) — were found to be significantly elevated in the serum of KO
recipients on day +7 (Figure 4C). Next, we determined the effect
of Dnmt3a gene deletion on splenic T cell expansion on days +7
and +14 in the B6—F1 model. Surprisingly, the absolute numbers
of CD4" and CD8" T cells were not different between allogeneic
groups. Further evaluation found no differences in the number
or percentage of T cell memory subsets (by CD44 and CD62L
expression) or Tregs (data not shown).

Loss of Dnmt3a results in distinct areas of localized genomic
hypomethylation. To elucidate the DNMT3a-dependent changes
in DNA methylation and gene expression underlying the inflam-
matory phenotype seen after Dnmt34-KO BMT, we sought to
comprehensively characterize DNA methylation and gene expres-
sion in relevant T cell subsets. Using the B6—F1 model described
above, we isolated WT and KO CD4*, CD8", and CD4*CD8" splen-
ic T cells on day +10 using flow cytometric sorting. Genomic DNA
and RNA were isolated for WGBS and RNA-Seq, respectively.

:


https://doi.org/10.1172/JCI158047
https://www.jci.org/articles/view/158047#sd
https://www.jci.org/articles/view/158047#sd
https://www.jci.org/articles/view/158047#sd

RESEARCH ARTICLE

A

24 h

48 h

WT

Jwr
1198

;

2.60

(o]
o

The Journal of Clinical Investigation

Spleen T cells

%% *k

L
[0] A
% 60 = WT
7 A KO
£ 40
» u
8 20
10° x
B AR T T 0 T T
10 0 10 10 10 24 h 48 h
Mesenteric Intraepithelial
Spleen, day +4 lymph nodes Peyer’s patches lymphocytes Lamina propria
ot 70+ . 45 *k 60 *kk 60 2
s N Ada
60 . 401 s 50 s
Swq . S Sl . S
o 4 o304 =& [S) - o
X X xX R 20
40 |_J;| o] | B 304 |«
n
= 30 T T 20 T . 20 T T 0-
< Allo-WT  Allo-KO Allo-WT  Allo-KO Allo-WT  Allo-KO Allo-WT  Allo-KO
C CXCL10 (IP-10) CCL3 (MIP-1a) CCL4 (MIP-1b) CXCL2 (MIP-2) CXCL1 CCL11 (eotaxin)
*kk *
3000 l_\ 200 2000 *% 1000 *%
A A
A
F & 150 A 1500 800 :
—1 2000 - [ ] - -
E g E = E s E -l
8_) g 100 " 8_) 1000 8_) 400 AA
1000 ad .
. 501 12 500 o 2004 ﬁ
- [}
0 ﬁ T T 0 T T 0 T T 0 m T T
%*o s& *_O %*o *_O oﬁ(\ ’s\ /o %*o s& *_O %*o s& o*_o
S SR W S S

Figure 4. Loss of DNMT3a expression results in a trafficking advantage for donor T cells to SLOs. Purified WT and KO B6 T cells were stained with CSFE
and e450, respectively (and vice versa in replicate experiments) and were coadoptively transferred at a 1:1ratio (3 x 10° to 5 x 10° cells each) into lethally
irradiated allogeneic F1animals. Spleen (A) and lymph node (not shown) flow cytometry was performed 24 and 48 hours later. Data from 2 experiments;

n = 6 per time point per group. (B) On day +4, most cells lost the proliferation dye. WT and KO populations were distinguished via allelic differences
between CD45.1/2 and CD90.1/2. Data from 2 experiments; n = 8 per group (except MLNs n = 5). (C) Serum chemokine levels by multiplex bead assay in the
B6—F1 model on day +7. Data from 3 experiments; Syn n = 8, Allo n =17 each. *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney U test or Mantel-Cox

log-rank test for survival data.

WGBS serves as the gold standard in DNA methylation analysis,
providing single-base resolution assessment of DNA methyla-
tion at nearly all CpG sites in the genome (39). Importantly, lack
of DNMT3a did not result in genome-wide hypomethylation in
CD4*, CD8*, or CD4*CD8* DP T cells; genome-wide distribution
of DNA methylation levels was maintained between WT and KO
T cells (Figure 5A). Rather, Dnmt3a-KO T cells exhibited focal
hypomethylation over specific regulatory regions and genes. By
evaluating DNA methylation alterations across genomic features
annotated by their chromatin state and gene-regulatory function,
we found that Dnmt34-KO CD4* and CD8" T cells exhibited sub-
stantial hypomethylation of enhancer elements and promoters
bearing bivalent marks (Figure 5B). We analyzed WT and KO T
cells for differences in methylation over gene promoters, where
DNMT3a-dependent DNA methylation has an important role in
regulating gene expression (40). We ranked genomic promoter

regions by Jensen-Shannon distance (JSD) of the DNA methyla-
tion probability distributions, which revealed differential methyl-
ationin WT and KO T cells (Supplemental Tables 2 and 3). The JSD
captures methylation discordance, whether due to dMMLs, meth-
ylation entropy (stochasticity), or other statistical factors. Impor-
tantly, GSEA of promoters differentially methylated in WT and
Dnmt3a-KO T cells also identified significant enrichment of gene
sets related to T cell development and signaling (Figure 5, C and
D), suggesting that focal DNMT3a-dependent DNA methylation
alterations occur in functionally relevant gene targets affecting T
cell function. One example of a top-ranked region differentially
methylated between WT and Dnmt3a-KO CD8" T cells is the Ccr9
gene, which exhibited profound hypomethylation of its promot-
er in Dnmt3a-KO compared with WT cells (Figure 5E). CCR9 is
known to be involved in GVHD pathogenesis and specifically con-
tributes to T cell homing to intestinal tissues (41).
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Figure 5. Loss of DNMT3a results in distinct areas of localized genomic hypomethylation. Splenic WT and KO CD4+, CD8*, and CD4*CD8* T cells were iso-
lated by flow cytometry on day +10 in the B6—F1 model, and underwent DNA and RNA extraction for WGBS and RNA-Seq. (A) Similar distribution of MMLs
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Areas of differential methylation correspond to changes in
gene transcription. Given the effect of DNA methylation on
gene expression, we next assessed gene expression changes in
Dnmt3a-KO versus WT T cells from the same data set. We per-
formed principal component analysis (PCA) of gene expression
by WT and KO CD4*, CD8*, and CD4*CD8* DP cells. The data
showed that Dnmt3a KO resulted in distinct gene expression
profiles in CD4* and CD8" cells relative to their WT counterparts
(Figure 6A). Dnmt3a-KO CD4'CD8" DP cells demonstrated a
gene expression profile similar to that of KO CD8* T cells (Fig-
ure 6A). Differential gene expression analysis between WT and
KO CD4* T cells (Figure 6B and Supplemental Table 3) and WT
and KO CD8* T cells (Figure 6C and Supplemental Tables 4 and
5) identified both up- and downregulation of genes consequent
to Dnmt3a loss. Interestingly, genes exhibiting upregulation in
Dnmt3a-KO T cells (Figure 6D) included, among others, Ccr9,
which is mentioned above; Il7r, whose expression has been asso-
ciated with maintenance of Thl effector cells in chronic infec-
tion (42); Tmeml176a and Tmem176b, which have been shown to
be expressed in Th17 cells (43); and IFN-y-inducible molecules
such as Ifitm3 and Ifitm2 (44). Using published gene sets from
the Molecular Signature Database (MSigDB; C7, immunologic
signature database), we conducted GSEAs of the differentially
expressed genes in our data set and found significant overlap with
data from previous studies of transcriptional programs involving
regulation of T cell responses in various models of chronic infec-
tion, T cell effector differentiation, and T cell anergy or tolerance
(45-49). We found that KO CD8" T cells were highly enriched
for effector-like signatures and negatively enriched for exhaus-
tion-like signatures, while CD4" T cells were enriched for genes
expressed in activated and progenitor cell populations (Figure
6E and Supplemental Tables 6 and 7).

Alterations in methylome and transcriptome provide mechanistic
clues to the enhanced GVHD. As shown in Figure 5C, the Ccr9 gene
locus is hypomethylated in KO T cells after BMT. Additionally,
Ccr9 gene expression was significantly higher in Dnmt3a-defi-
cient CD4* and CD8" T cells (Figure 7A and Table 1). CCR9 is a
chemokine receptor critically involved in T cell trafficking to the
small intestine (37). Its expression is highest in IELs and LP of the
gastrointestinal tract; however, functional CCR9 expression has
also been confirmed in MLNs and PPs, where gut-homing T cells
are primed (50-53). In addition, CCR9:CCL25 receptor:ligand
interactions have been implicated in GVHD pathophysiology (37,
54, 55). In the coadoptive transfer experiments as described above,
on day +4, we found that a higher percentage of KO cells that had
migrated to the MLNs, PPs, IELs, and LP expressed CCR9 than
WT control cells (Figure 7B). CCR9 MFI was higher in the KO T
cells across all compartments (Figure 7C).

To further investigate the GSEA results shown in Figure 6 and
Supplemental Tables 6 and 7 — which indicated enrichment for
genes involved in chronic infection responses (in agreement with
previously published data showing a role for DNMT3a in effector
fate decisions; ref. 16) — we examined memory T cell subsets in
our BMT model and found no difference between the groups (data
not shown). T¢f7, which has been associated with effector cell dif-
ferentiation (16), was hypomethylated in the KO T cells but not
differentially expressed (data not shown).

The Journal of Clinical Investigation

In a separate set of experiments, we assessed T cell exhaustion
pathways. Transcriptional factors such as Nfat5 and Tox, known to
induce T cell hyporesponsiveness (56), were found to have signifi-
cantly lower expression levels in splenic Dnmt3a-KO T cells after
BMT in our RNA-Seq data (Table 2). Inhibitory markers such as
PD-1 and TIM3, directly regulated by Nfat family genes and Tox
(56), were underexpressed in the KO recipients (albeit with an
adjusted P> 0.05); and indeed, lower expression in the CD8* com-
partment was confirmed by flow cytometry (Figure 7D). Accord-
ingly, targets such as Pten and Pik3rI that are downstream of and
downregulated by PD-1 (57) were found to be overexpressed in the
allo-KO recipients (Table 2). In our WGBS data, the loci of these
genes and their promoters showed only mild differences in meth-
ylation, indicating that de novo DNA methylation affects numer-
ous transcriptional pathways that control the development of T
cell tolerance both directly and indirectly (Supplemental Figure 2).

Dnmt3a-KO T cells convey superior GVT effects. Given the
observed effect that lack of donor T cell DNMT3a activity had
on allogeneic responses after BMT, it was critical to define how
loss of Dnmt3a gene expression would affect GVT activity. We
did so using the haploidentical murine GVHD model represent-
ed in Figure 1. In these experiments, the splenic T cell dose was
decreased by 50% in both allogeneic groups to minimize early
GVHD-associated deaths, and a dose of 500 luciferase-express-
ing P815 tumor cells (H-2¢) was added to the BM inoculum on day
0. BMT recipients were monitored daily for survival and weekly by
bioluminescence. As expected, all syngeneic recipients receiving
P815 cells died of widely disseminated tumor cell infiltration by
day 25. By contrast allo-BMT using Dnmt3a WT donors resulted
in evident GVT activity in the context of GVHD. Notably, recipi-
ents of Dnmt3a-KO T cells exhibited superior tumor control and/
or eradication as compared with recipients of WT T cells, and this
potent antitumor response was associated with improved tumor-
free survival (Figure 8).

Discussion
GVHD and suboptimal GVT activity remain 2 major contributors to
morbidity and mortality after allogeneic BMT (58, 59). Expanding
the current knowledge on the pathophysiology of these tightly inter-
twined processes is crucial for improving patient outcomes. Both
GVHD and GVT responses fundamentally depend on donor T cell
activation by host APCs. Furthermore, epigenetic modifications,
such as de novo methylation as catalyzed by DNMT3a, critically
influence T cell differentiation and plasticity restriction (16-18).
Dnmt3a is selectively upregulated 38-fold following TCR stim-
ulation (18) and subsequently regulates Th cell polarization as well
as effector T cell differentiation (16, 17). Specifically, data from our
and other groups have shown that T cell effector function is epi-
genetically regulated to restrict patterns of effector gene expres-
sion dependent on the context of T cell activation (11, 16-18, 60).
These patterns are propagated following cell division to daughter
cells that participate in immunologic memory. For example, CD4"*
Th1 cells express high levels of IFN-y from an unmethylated locus,
while /4 and Foxp3 are silenced by DNA methylation (17). In con-
trast, Th2 cells demethylate and express high levels of IL-4, while
Ifng and Foxp3 are silenced by DNA methylation (17). Finally, Tregs
express high levels of the transcription factor Foxp3, which controls
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Figure 6. Areas of differential methylation correlate with changes in gene transcription. (A) PCA of whole-genome transcriptomes from RNA-Seq
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Figure 7. Alterations in methylome and transcriptome provide mechanistic clues for enhanced GVHD severity. (A) Close-up view of the heatmap pre-
sented in Figure 6D. (B) CCRY expression by flow cytometry in the migration experiments presented in Figure 4B. On day +4, most of the CCR9* cells in the
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Table 1. Ccr9 gene expression by RNA-Seq

T cell subset Base mean log,FC Adjusted P value
KO vs. WT CD4* 1386 176 0.026
KO vs. WT CD8" 1138 2.27 0.022

Base mean, log, fold change (log,FC), and adjusted P values for Ccr9 gene
transcripts. Positive log,FC indicates higher expression in the KO cells.

their repressive function, while expression of Ifiigand I/4 is silenced
by DNA methylation. Our group has also shown that T cell-specific
deletion of Dnmt3a enhances the plasticity of Th cells and allows
them to acquire alternative Th fates by reprogramming cytokine
expression (17). In addition, Dnmt3a-KO CD8* T cells can adopt
an early progression to a memory T cell phenotype in a cell-intrin-
sic manner (16-18). Such epigenetic changes have been shown to
preserve T cell effector function against acute viral infection and
appear to enhance clearance of chronic viral infection (12, 16).
Herein, we examine the effect of Dnmt3a gene deletion in
donor T cells on alloreactivity using several well-established pre-
clinical murine models of GVHD. We found that BMT with allo-
geneic T cells lacking Dnmt3a resulted in a phenotype of severe
systemic and target organ aGVHD consistent across several strain
combinations. These findings were associated with early migration
and proliferation of T cells in SLOs; potentially reduced apoptosis;
and subsequent infiltration into the intestinal tract, a target organ
critical to the propagation of the early inflammatory cascade of
GVHD (61). Accordingly, serum levels of several proinflammato-
ry cytokines and chemokines associated with GVHD and effector
cell migration — including IFN-y, TNF-0, CXCL10, CCL4, and
GM-CSF — were elevated in KO recipients (37, 41, 62-64). By con-
trast, statistically significant differences in T cell expansion (on
days +7 and +14) or cytotoxicity were not observed. As DNA meth-
ylation patterns are dependent on the context of cellular activation,
a possible explanation for this phenomenon is that these elements
may not be restricted by de novo DNA methylation in
the inflammatory milieu of a murine model specifi-
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strated preclinical activity in attenuating systemic GVHD when
administered after experimental BMT, although only in the con-
text of deferring T cell infusion for 11 days after BMT. Moreover,
decitabine appeared to be too myelosuppressive in this model (21,
65). The reported effects on GVHD were attributed to relatively
enhanced Treg engraftment and generation of inducible Tregs
from conventional T cells, with inhibition of proliferation or death
of effector T cells (65).

Additionally, we comprehensively characterized the DNA
methylome of activated donor T cells after BMT by using genome-
wide bisulfite sequencing. In doing so, we employed a powerful
analysis tool, informME, which captures both mean methylation
levels (MMLs) and methylation variability (stochasticity) (66-
68). This tool is highly sensitive and specific in the identification
of areas of significant discordance by use of the JSD method of
information theory. JSD evaluates distances between probability
distributions of methylation, in contrast to conventional analysis
based exclusively on mean methylation differences. As previously
reported, Dnmt3a-KO T cells are able to maintain global distri-
bution of methylation (69). In fact, MMLs appeared to be slight-
ly higher in the KO T cells, potentially due to hypomethylation
and overexpression of Dnmit3b and Dnmtl (data not shown). The
distinct alterations that we noted in the epigenome cluster are in
areas involved in T cell differentiation and signaling pathways and
are relevant to altered gene expression in the experimental group
exhibiting severe aGVHD.

An interesting observation in our study was the emergence
of a CD4'CD8* DP T cell population in the recipients of Dnmt3a-
KO T cells. Coexpression of CD4 and CD8 is observed in the thy-
mus before thymocytes mature into single-positive T cells that
are released into the periphery. After this stage, coexpression of
CD4* and CD8* a/p receptors is generally considered to be mutu-
ally exclusive and lineage specific, with associated specific MHC
restriction for antigen recognition and fixed T cell function (helper
vs. cytolytic) (70). Evidence of DP T cells in the periphery has been
described in autoimmunity, viral infections (HIV, EBV), and even

cally designed to rapidly induce aGVHD.
To our knowledge, this is the first time that the
effect of DNMT3a on T cell alloreactivity has been

Table 2. Expression of genes involved in T cell exhaustion pathways

examined in detail. The role of DNA methylation KO vs. WT gene (protein) Tcell subset  Base mean log,FC Adjusted P value
in GVHD and GVT activity has been studied using  Mat5 (NFATS) o4 3335 -140 17107
hypomethylating agents. However, such results are (ns* 2850 103 8.07x10°
confounded by (i) the fact that pharmacologic DNA To (TOX) e Sdis mlil] L
methyltransferase inhibition is nonspecific (in terms EDS: 7615 ~033 33x10%
of both DNMT target enzyme and cell type) and (ii) LD Egg* :ggi; _ggz 21321
the well-known cytotoxic effects of these agents @). o (TIM3) o 3é79 __0"01 0"97
By contrast, our wo.rk examines the selective effect of 08" 7510 0.62 014
DNMT3a — the primary de novo DNA methyltrans-  pja1 (pisg regulatory subunit) (04" 6813 0.64 3710
ferase — on donor T cells without the contribution of D8’ 7218 075 48 %10
these confounding factors. Pharmacologic manip-  ptep (PTEN) D4 8023 035 75 % 105
ulation of activated Th cells with inhibitors such as (D8" 7776 0.50 46x10°

azacitidine or decitabine alters the normal pattern-
ing of gene methylation, resulting in inappropriate
coexpression of multiple cytokines and upregulation

Base mean, log,FC, and adjusted P values for KO vs. WT CD4* and CD8* T cells for gene
transcripts of Nfat5, Tox, Pdcd1, Havcr2, Pik3r1, and Pten. Data derived from the RNA-Seq
data set presented in Figure 6.

of FoxP3 (21). Interestingly, azacitidine has demon-
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cancer; however, their prevalence, development, and exact func-
tion remain largely unknown and are under investigation (70). To
our knowledge, this is the first time that this phenomenon has been
described in the context of dysregulated DNA methylation and
GVHD in either mice or humans. In our data set, this population
has a gene expression profile nearly identical to that of KO CD8* T
cells, suggesting that it arises from defective Cd4 locus silencing.

This cell subset did not contribute to increased T cell expansion,
and it did not have aberrant or excessive cytokine or cytotoxicity
marker production as compared with KO CD8" T cells.

From a translational research perspective, our data draw
striking parallels with recent clinical observations: patients with
hematological malignancies receiving an allo-BMT from healthy
donors with incidental DNMT3A mutations (most commonly loss-
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of-function and associated with asymptomatic CHIP) had high-
er rates of chronic GVHD, lower risk for relapse, and improved
overall survival (14, 15). In these patients, the risk of direct evo-
lution of DNMT3A-clonal hematopoiesis to donor cell leukemia
(DCL) is low, and most DCLs were traced to atypical donor clonal
hematopoiesis involving myelodysplastic syndrome-associated
(MDS-associated) genes or germline risk alleles (15). The authors
concluded that “only in vivo experiments can decipher mecha-
nisms about how CHIP might lead to GVHD development” (14).
Increased aGVHD was not noted in the recipients of grafts har-
boring DNMT3A mutations in this patient cohort, although it was
reported in a more recent study (71). In this large, single-institution
study, Oran and colleagues examined 363 BMT recipients with
acute myeloid leukemia or MDS who received BMT from donors
at least 55 years of age, 53 of whom had evidence of CHIP. They
found that the incidence of grade II-IV and III-IV aGVHD was
significantly higher following BMT with CHIP-positive donors.
Importantly, the association remained significant after multivar-
iate analysis. The reason for the discrepancy between these find-
ings and those reported by Frick et al. remains to be determined
but may be related to GVHD prophylaxis; 30% of patients in the
Frick report received antithymocyte globulin (ATG), whereas none
received this therapy in the patient cohort examined by Oran.
While severe aGVHD was the prominent finding in our models,
we also saw a lesser but notable effect in one model of chronic
GVHD (Figure 2F). Obvious differences between the human and
murine observations include the fact that all human recipients
of allo-BMT receive preemptive GVHD prophylaxis, while the
murine models examined herein were designed specifically to
induce aGVHD. In addition, although the variant allele frequency
of human DNMT3A mutations within hematopoietic cells in the
clinical studies mentioned above has not yet been described, it is
likely that the frequency is not 100%, as in the case in the T cells
contained in the graft administered in our experimental models.
Similarly, human DNMT3A mutations in the context of clonal
hematopoiesis are typically heterozygous, in contrast to the com-
plete gene loss in our murine models. Clinical data reporting abro-
gation of the effect of DNMT3A mutations on increased GVHD
risk as well as lower risk of malignant relapse after administration
of posttransplant cyclophosphamide — which immunomodulates
T cell responsiveness (72) — support our hypothesis that this phe-
nomenon is at least partially driven by donor T cells harboring
DNMT3A mutations.

In the work presented here, DNMT3a appears to provide
overarching regulation of T cell alloreactivity in several estab-
lished murine models of GVHD, via a multitude of pathways. Two
examples are presented herein. We found that T cell migration
to the intestine was greater in the absence of T cell Dnmt3a, a
phenomenon mediated at least in part by undermethylation and
overexpression of CCR9. Additionally, KO T cells had alterations
in epigenetically regulated exhaustion programs, which may have
contributed to both enhanced GVHD and augmented antitumor
responses. The enhanced GVT activity noted in our experimen-
tal model is in accordance with recently published findings of
enhanced chimeric antigen receptor (CAR) T cell efficacy after
DNA methylation inhibition, either through Dnmt3a deletion or
pharmacologically (73, 74). Our approach has uncovered multiple
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other potential mechanisms of allodysregulation, ongoing investi-
gation of which is outside the scope of the current work.

In sum, we demonstrate that de novo DNA methylation is a
major mechanism through which alloreactivity is modulated, and
our line of investigation has revealed several pathways that could
identify potential future therapeutic targets in this context. Our
data set may also provide insight into the pathophysiology of a
recently described phenomenon in patients receiving allografts
from DNMT3A-mutated donors; as well as a platform by which
these clinical phenomena can be further deciphered to optimize
current clinical strategies for mitigating GVHD and optimizing
GVT activity following allogeneic BMT.

Methods

Mice. T cell conditional DNMT3a?»#?»» mice expressing Cre recombi-
nase under control of the Cd4 promoter were generated on a B6 (H-2%)
background as previously described (16). Female F1 (H-2"9), BALB/c]
(H-29), B6.C-H2"™/By] (Bml; H-2%), and B6(C)-H2"™?/KhEg] (Bm12;
H-2°) mice aged 8-12 weeks were purchased from the Jackson Laborato-
ry and bred in our animal facility in the Sidney Kimmel Comprehensive
Cancer Center of the Johns Hopkins University School of Medicine.

T cellisolation. T cells were isolated from splenic single-cell suspen-
sions by positive selection using an autoMACS Pro Separator (Miltenyi
Biotec) and anti-CD4, -CD8, -CD90.1, or -CD90.2 magnetic beads as
previously described (25, 26, 75). Flow cytometric analysis confirmed
the purity of enriched populations, which was greater than 90%. Small
intestine T cell isolation was performed as detailed by Sheridan and
Lefrancois (76). Lymph nodes were passed through a 70 pum strainer
using a 3 cc syringe plunger to generate single-cell suspensions.

Flow cytometry. Single-cell suspensions were stained for surface
markers and intracellular markers as previously described (24, 25, 75),
and data were collected using an Attune NxT Flow Cytometer (Ther-
mo Fisher Scientific) or a BD FACSCelesta Flow Cytometer (BD Bio-
sciences) and analyzed using FlowJo software (Tree Star Inc.).

BMT experiments. Recipients were commercially available female
mice aged 8-12 weeks. The use of male recipients was avoided, as
male aggression, particularly under stress, can negatively (and errone-
ously) affect experimental end points such as GVHD severity. Donors
were female or male, aged 8-12 weeks. WT age- and sex-matched lit-
termates were used as donors serving as controls for all experiments.
BMT recipient mice received TBI in 2 fractions using the CIXD Biolog-
ical Irradiator (Xstrahl Inc.). TBI was given at a total dose of 700-1300
cGy depending on the model, prior to the injection of BM (5 x 10°) and
purified T cells. The final T cell dose was dependent on the specific
murine model employed, as previously described (24, 25, 33, 38, 75)
and detailed in Supplemental Table 1. BM and T cells were suspended
in 250 pL Leibovitz’s L-15 medium and injected intravenously into the
tail vein of recipient mice on day O (23-25, 35). Recipient mice were
housed in a facility with an acidified water supply; no antibiotics were
administered before or after transplant.

Assessment of aGVHD. The severity of GVHD was assessed as
previously described (24, 25, 75). Recipient mice were ear tagged pri-
or to BMT. Weights were recorded on day O and weekly thereafter.
Survival was monitored daily. The severity of systemic GVHD was
assessed weekly using a semiquantitative scoring system as described
previously (77). Tissues were harvested for ex vivo analysis or fixed in
10% buffered formalin for routine histological staining (H&E). Target
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organ GVHD severity was assessed by histopathology of the tongue,
liver, small intestine, and ascending colon in a blinded fashion by a
single pathologist, as described previously (23).

Graft-versus-leukemia experiments. P815 (H-2K¢, CD45.2) is a
mastocytoma cell line derived from DBA/2 mice (ATCC). Injection of
P815 cells into syngeneic mice (H-2KY) is uniformly lethal and results
in massive tumor infiltration and enlargement of the liver and spleen,
with characteristic nodule formation (26). In GVT experiments, B6
WT and Dnmt3a-KO mice were used as allo-BMT donors, and 500
P815 tumor cells were added to the BM inoculum on day O, a time that
ensures viable leukemia cells are not affected by the cytotoxic effects
of TBI. This GVT mouse model has been instrumental in translational
application of novel agents for the treatment or prevention of GVHD
(27, 78-83). The P815 cell line was transduced with a lentiviral vector
carrying luciferase, allowing visualization of proliferating cells using
bioluminescence imaging (BLI). Following intraperitoneal luciferin
injection, mice were imaged as described previously (84). BLI imag-
es were acquired on an IVIS Spectrum Preclinical In Vivo Imaging
System (PerkinElmer) and analyzed with Living Image Software 4.4
(PerkinElmer) as described previously (84). Survival was monitored
daily. Tumor burden was assessed weekly by BLI. Postmortem exam-
ination as well as spleen and liver weights were also used to confirm
the cause of death as either GVHD or tumor (23-25, 75).

T cell migration experiments. T cell migration experiments were
conducted as previously described (23). Purified B6 WT (CD45.1%,
CD90.2%) and Dnmt3a-KO T (CD45.2*, CD90.1%) cells were stained
with CSFE (final 0.5 uM) and eFluor 450 (e450; final 1.25 uM),
respectively. The fluorescent dyes used to stain WT and KO cells
were reversed in replicate experiments to ensure reproducibility of
results. Equal numbers of WT and KO T cells (3 x 10° to 5 x 10°) were
then coinjected into lethally irradiated F1 mice (CD45.2%, CD90.2*).
Spleens and lymph nodes were isolated from recipient mice at 24, 48,
and 96 hours after injection, and lymphocytes were examined by flow
cytometry. T cell influx into the small intestine was also evaluated
on day +4. Proliferating cells from WT or KO donors were identified
based on decreased staining for proliferation dyes, and when cells
had lost the fluorescent dye due to ongoing proliferation, they were
followed by flow cytometry using the allelic differences in CD45 and
CD90 as detailed above.

MLR assays. MLR assays were performed as previously described
(24, 25). In brief, purified splenic T cells and DCs were suspended in
supplemented 10% FBS-RPML. B6 T cells (2 x 10%) were cultured in
96-well plates in the presence of B6 or F1 DCs (2 x 10%) at 37°C in a
humidified incubator supplemented with 7% CO,. Flow cytometry was
used to assess per-cell cytokine production and proliferation (24, 25).

Cytolytic activity. Cytotoxic T cells (CTLs) were generated as pre-
viously described (24, 25, 75). In brief, B6 T cells were stimulated in
bulk mixed lymphocyte reaction (MLR) assays in 24-well plates for
4 days. T cells were isolated by Ficoll gradient and added to 96-well
plates (starting with 4 x 10* T cells/well and then serial 2-fold dilu-
tions) with radioactive *H-thymidine-labeled P815 (H-2K¢) or EL4
(H-2K") target cells (1 x 10° cells starting at 20:1 CTL/target ratio).
Wells containing target cells only (T) were used to determine sponta-
neous *Hrelease (S): S=[(T-S)/T] x 100. After 4 hours, cells were har-
vested from experimental (E) wells containing target cells and serially
diluted T cells, and assayed for *H-thymidine release. The percentage
of cytotoxicity was calculated as [(S - E)/S] x 100.
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WGBS library preparation and sequencing. WT and KO CD4",
CD8*, and DP splenic T cells were collected and sorted to greater than
90% purity by flow cytometry on a BD FACSAria on day +10. Genomic
DNA was isolated from purified cell populations using a MasterPure
DNA Purification kit (New England BioLabs). WGBS single-indexed
libraries were generated using a NEBNext Ultra DNA Library Prep kit
for Illumina (New England BioLabs) according to the manufacturer’s
instructions, with the following modifications: 500 ng input gDNA
was quantified by Qubit dsDNA BR assay (Invitrogen) and spiked with
1% unmethylated Lambda DNA (Promega, D1521) to monitor bisul-
fite conversion efficiency. We fragmented input gDNA with a Cova-
ris $220 Focused-ultrasonicator to an average insert size of 350 bp.
Samples were sheared for 60 seconds using Covaris microTUBEs,
with instrument settings of duty cycle 10%, intensity 5, and cycles per
burst 200. Size selection was performed using AMPure XP beads, and
insert sizes of 300-400 bp were isolated. Samples were bisulfite con-
verted after size selection using an EZ DNA Methylation-Gold Kit or
EZ DNA Methylation-Lightning Kit (Zymo, D5005, D5030) following
the manufacturer’s instructions. After bisulfite conversion, we per-
formed amplification using a KAPA HiFi Uracil+ (KAPA Biosystems,
KK282) polymerase based on the following cycling conditions: 98°C
45 seconds/8 cycles: 98°C 15 seconds, 65°C 30 seconds, 72°C 30 sec-
onds/72°C 1 minute. AMPure cleaned-up libraries were run on a 2100
Bioanalyzer (Agilent) High-Sensitivity DNA assay, and samples were
also run on the bioanalyzer after shearing and size selection for quality
control purposes. We quantified libraries by quantitative PCR (qPCR)
using a Library Quantification Kit for Illumina sequencing platforms
(KAPA Biosystems, KK4824) and 7900HT Real-Time PCR System
(Applied Biosystems). We sequenced WGBS libraries on an Illumina
HiSeq4000 instrument using 150 bp paired-end indexed reads and
25% of nonindexed PhiX library control (Illumina). We processed
FASTAQ files using Trim Galore! version 0.6.4_dev (Babraham Bioin-
formatics, https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/) to perform single-pass adapter and quality trimming
of reads. We aligned reads to the mm10/GRCm38 genome using Bis-
mark version 0.20.0 and Bowtie2 version 2.3.4.2 (http://bowtie-bio.
sourceforge.net/index.shtml). We subsequently processed BAM files
with Samtools version 1.9 (http://www.htslib.org/) for sorting, merg-
ing, duplicate removal, and indexing.

Differential methylation analysis. We performed differential analysis
between test (KO) and reference (WT) WGBS samples using informME
(68). We computed, within analysis regions, JSDs between the corre-
sponding methylation level probability distributions, as well as differ-
ences between MMLs (dMMLs) and normalized methylation entropy.

Genomic features and annotations. Files and tracks bear genomic
coordinates for mm10. We obtained CpG islands (CGIs) from Wu et al.
(85). We defined CGI shores as 2 kb sequences flanking CGIs on either
side; shelves as 2 kb sequences flanking either side beyond the shores;
and open sea as everything else. We used the R package “TxDb.
Mmusculus.UCSC.mm10.knownGene” to define genes, exons, and
introns. We defined the promoter region of a gene as the 4 kb window
centered at its transcription start site (TSS) and determined the gene
body region to be the remainder of the gene. We obtained enhancer
and promoter annotations, as well as other relevant genomic annota-
tions not mentioned above, using ChromHMM and 15 mm9 mouse
chromosomal states defined by Bogu et al. and lifted to the mm10
assembly using the R package “rtracklayer” (86, 87).
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RNA-Seq. Strand-specific mRNA libraries were generated using
the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina,
and mRNA was isolated using a Poly(A) mRNA Magnetic Isolation
Module (New England BioLabs, E7490). Preparation of libraries fol-
lowed the manufacturer’s protocol (version 2.2 05/19). Input was
1 pg, and samples were fragmented for 15 minutes for an RNA insert
size of approximately 200 bp. The following PCR cycling conditions
were used: 98°C 30 seconds/8 cycles: 98°C 10 seconds, 65°C 75 sec-
onds/ 65°C 5 minutes. Stranded mRNA libraries were sequenced on
an Illumina HiSeq4000 instrument using 47 bp paired-end dual-in-
dexed reads and 1% of PhiX control. mRNA-Seq depth ranged from
30 to 100 million reads. Reads were aligned to mm10 using STAR
version 2.4.2a (88) with the following options: --readFilesCommand
zcat --outSAMtype BAM Unsorted SortedByCoordinate --quantMode
TranscriptomeSAM GeneCounts. We generated summarized exper-
iment objects using the UCSC mm10 genes.gtf annotation and the
following command from the Bioconductor package “GenomicAlign-
ments”: summarizeOverlaps(features=exonsByGene, reads=bam-
singleEnd=FALSE, ignore.strand=FALSE,
fragments=TRUE). Differential expression analysis and significance

files, mode="Union”,
testing were performed using DESeq2 (89). Following the differential
expression analyses, the resulting ¢ statistics were run through Wilcox-
on’s rank-sum gene set tests using the limma R package on the MsigDB
gene sets. Normalized enrichment score (NES) values were generated
using the fgsea R package.

Data availability. WGBS and RNA-Seq data were deposited in the
NCBI'’s Gene Expression Omnibus database (GEO GSE196542).

Statistics. As previously described (23), survival curves were plot-
ted using Kaplan-Meier estimates. The Mann-Whitney U test was

RESEARCH ARTICLE

used for statistical analysis of in vitro/ex vivo data, clinical scores, and
tumor burden, while the Mantel-Cox log-rank test was used to analyze
survival data. A P value less than 0.05 was considered statistically sig-
nificant. Analyses were performed using GraphPad Prism version 9.0.
Data represent mean * SEM.

Study approval. All animal studies were approved by the Johns
Hopkins University IACUC (protocol MO19M300).

Author contributions

YPK, MAK, CJG, and KRC conceived and designed the study. YPK,
MAK, MAB, HHF, AH, ORK, CL, and CJG generated and collected
data. YPK, MAK, MAB, HHF, and CJG analyzed data. LL and NJL
helped design experiments and interpret data. YPK, MAK, CJG,
and KRC contributed to preparation of the manuscript. All authors
reviewed and gave final approval of the manuscript.

Acknowledgments

Work was supported by Alex’s Lemonade Stand Foundation
for Childhood Cancer, the John Hansen Research Grant from
DKMS, the Emerson Collective, Giant Food, the MacMillan
Family Foundation, the Ashworth/Welch Charitable Fund, and
the Sea Dream Charitable Foundation. We would like to thank
Lukasz Gondek for input on human DNMT3A mutations and
careful review of the manuscript, and Leslie Cope and Michael
Considine for advice on GSEA.

Address correspondence to: Kenneth R. Cooke, 1650 Orleans
Street, Baltimore, Maryland, 21287, USA. Phone: 443.287.4959;
Email: kcooke5@jh.edu.

1. Mary M. Horowitz. Thomas’ Hematopoietic Cell
Transplantation: Stem Cell Transplantation. Fifth
ed: Wiley; 2015:8-17.

2. Barrett AJ. Understanding and harnessing the

graft-versus-leukaemia effect. Br ] Haematol.

2008;142(6):877-888.

Auletta JJ, Cooke KR. Bone marrow transplanta-

w

tion: new approaches to immunosuppression and
management of acute graft-versus-host disease.
Curr Opin Pediatr.2009;21(1):30-38.

4. Blazar BR, et al. Advances in graft-versus-host
disease biology and therapy. Nat Rev Immunol.
2012;12(6):443-458.

. Ferrara JL, et al. The pathophysiology of
acute graft-versus-host disease. Int ] Hematol.
2003;78(3):181-187.

6. Reddy P, et al. A crucial role for antigen-

presenting cells and alloantigen expression

in graft-versus-leukemia responses. Nat Med.

2005;11(11):1244-1249.

Shlomchik WD. Graft-versus-host disease. Nat

Rev Immunol. 2007;7(5):340-352.

. Shlomchik WD, et al. Prevention of graft versus

host disease by inactivation of host antigen-pre-

senting cells. Science. 1999;285(5426):412-415.

Koyama M, et al. Recipient nonhematopoietic

antigen-presenting cells are sufficient to induce

lethal acute graft-versus-host disease. Nat Med.
2011;18(1):135-142.

10. Zhang L, et al. Epigenetics in health and disease.

Adv Exp Med Biol. 2020;1253:3-55.

U1

~

o]

©

J Clin Invest. 2022;132(13):e158047 https://doi.org/10.1172/)CI158047

11. Lee GR, et al. T helper cell differentiation: regu-
lation by cis elements and epigenetics. Immunity.
2006;24(4):369-379.

12. Ghoneim HE, et al. De novo epigenetic programs 21. Choi]J, et al. In vivo administration of hypometh-
inhibit PD-1 blockade-mediated T cell rejuvena-
tion. Cell. 2017;170(1):142-157.

13. Rodriguez RM, et al. DNA methylation dynamics
in blood after hematopoietic cell transplant. PLoS
One. 2013;8(2):e56931.

14. Frick M, et al. Role of donor clonal hematopoiesis
in allogeneic hematopoietic stem-cell transplan-
tation. J Clin Oncol. 2019;37(5):375-385.

15. Gibson CJ, et al. Donor clonal hematopoiesis and
recipient outcomes after transplantation. J Clin
Oncol. 2022;40(2):189-201.

16. Ladle BH, et al. De novo DNA methylation by DNA
methyltransferase 3a controls early effector CD8+
T-cell fate decisions following activation. Proc Natl
Acad Sci U S A.2016;113(38):10631-10636.

17. Thomas RM, et al. De novo DNA methylation is
required to restrict T helper lineage plasticity.

J Biol Chem. 2012;287(27):22900-22909.

18. Gamper CJ, et al. Identification of DNA methyl-
transferase 3a as a T cell receptor-induced regu-
lator of Th1 and Th2 differentiation. ] Immunol.
2009;183(4):2267-2276.

19. Valekova I, Skalnikova HK, Jarkovska K, Motlik J,
Kovarova H. Multiplex immunoassays for quan-
tification of cytokines, growth factors, and other
proteins in stem cell communication. Methods
Mol Biol. 2015;1212:39-63.

20.Fu Q, Zhu J, Van Eyk JE. Comparison of mul-
tiplex immunoassay platforms. Clin Chem.
2010;56(2):314-318.

ylating agents mitigate graft-versus-host disease
without sacrificing graft-versus-leukemia. Blood.
2010;116(1):129-139.

22.YaoY, et al. Dysfunction of bone marrow vascular
niche in acute graft-versus-host disease after
MHC-haploidentical bone marrow transplanta-
tion. PLoS One. 2014;9(8):e104607.

23. Cooke KR, et al. LPS antagonism reduces graft-
versus-host disease and preserves graft-
versus-leukemia activity after experimental
bone marrow transplantation. ] Clin Invest.
2001;107(12):1581-1589.

24. Askew D, et al. Cyclin-dependent kinase 5 activ-
ity is required for allogeneic T-cell responses
after hematopoietic cell transplantation in mice.
Blood. 2017;129(2):246-256.

25. Auletta JJ, et al. Human mesenchymal stromal
cells attenuate graft-versus-host disease and
maintain graft-versus-leukemia activity follow-
ing experimental allogeneic bone marrow trans-
plantation. Stem Cells. 2015;33(2):601-614.

26. Teshima T, et al. IL-11 separates graft-versus-
leukemia effects from graft-versus-host disease
after bone marrow transplantation. J Clin Invest.
1999;104(3):317-325.

27.Reddy P, et al. Histone deacetylase inhibitor
suberoylanilide hydroxamic acid reduces acute

= [


https://doi.org/10.1172/JCI158047
mailto://kcooke5@jh.edu
https://doi.org/10.1111/j.1365-2141.2008.07260.x
https://doi.org/10.1111/j.1365-2141.2008.07260.x
https://doi.org/10.1111/j.1365-2141.2008.07260.x
https://doi.org/10.1097/MOP.0b013e3283207b2f
https://doi.org/10.1097/MOP.0b013e3283207b2f
https://doi.org/10.1097/MOP.0b013e3283207b2f
https://doi.org/10.1097/MOP.0b013e3283207b2f
https://doi.org/10.1038/nri3212
https://doi.org/10.1038/nri3212
https://doi.org/10.1038/nri3212
https://doi.org/10.1007/BF02983793
https://doi.org/10.1007/BF02983793
https://doi.org/10.1007/BF02983793
https://doi.org/10.1038/nm1309
https://doi.org/10.1038/nm1309
https://doi.org/10.1038/nm1309
https://doi.org/10.1038/nm1309
https://doi.org/10.1038/nri2000
https://doi.org/10.1038/nri2000
https://doi.org/10.1126/science.285.5426.412
https://doi.org/10.1126/science.285.5426.412
https://doi.org/10.1126/science.285.5426.412
https://doi.org/10.1016/j.immuni.2006.03.007
https://doi.org/10.1016/j.immuni.2006.03.007
https://doi.org/10.1016/j.immuni.2006.03.007
https://doi.org/10.1016/j.cell.2017.06.007
https://doi.org/10.1016/j.cell.2017.06.007
https://doi.org/10.1016/j.cell.2017.06.007
https://doi.org/10.1371/journal.pone.0056931
https://doi.org/10.1371/journal.pone.0056931
https://doi.org/10.1371/journal.pone.0056931
https://doi.org/10.1200/JCO.2018.79.2184
https://doi.org/10.1200/JCO.2018.79.2184
https://doi.org/10.1200/JCO.2018.79.2184
https://doi.org/10.1200/JCO.21.02286
https://doi.org/10.1200/JCO.21.02286
https://doi.org/10.1200/JCO.21.02286
https://doi.org/10.1073/pnas.1524490113
https://doi.org/10.1073/pnas.1524490113
https://doi.org/10.1073/pnas.1524490113
https://doi.org/10.1073/pnas.1524490113
https://doi.org/10.1074/jbc.M111.312785
https://doi.org/10.1074/jbc.M111.312785
https://doi.org/10.1074/jbc.M111.312785
https://doi.org/10.4049/jimmunol.0802960
https://doi.org/10.4049/jimmunol.0802960
https://doi.org/10.4049/jimmunol.0802960
https://doi.org/10.4049/jimmunol.0802960
https://doi.org/10.1373/clinchem.2009.135087
https://doi.org/10.1373/clinchem.2009.135087
https://doi.org/10.1373/clinchem.2009.135087
https://doi.org/10.1182/blood-2009-12-257253
https://doi.org/10.1182/blood-2009-12-257253
https://doi.org/10.1182/blood-2009-12-257253
https://doi.org/10.1182/blood-2009-12-257253
https://doi.org/10.1371/journal.pone.0104607
https://doi.org/10.1371/journal.pone.0104607
https://doi.org/10.1371/journal.pone.0104607
https://doi.org/10.1371/journal.pone.0104607
https://doi.org/10.1172/JCI12156
https://doi.org/10.1172/JCI12156
https://doi.org/10.1172/JCI12156
https://doi.org/10.1172/JCI12156
https://doi.org/10.1172/JCI12156
https://doi.org/10.1182/blood-2016-05-702738
https://doi.org/10.1182/blood-2016-05-702738
https://doi.org/10.1182/blood-2016-05-702738
https://doi.org/10.1182/blood-2016-05-702738
https://doi.org/10.1002/stem.1867
https://doi.org/10.1002/stem.1867
https://doi.org/10.1002/stem.1867
https://doi.org/10.1002/stem.1867
https://doi.org/10.1002/stem.1867
https://doi.org/10.1172/JCI7111
https://doi.org/10.1172/JCI7111
https://doi.org/10.1172/JCI7111
https://doi.org/10.1172/JCI7111
https://doi.org/10.1073/pnas.0400380101
https://doi.org/10.1073/pnas.0400380101

RESEARCH ARTICLE

graft-versus-host disease and preserves graft-
versus-leukemia effect. Proc Natl Acad Sci U S A.
2004;101(11):3921-3926.

28. Blazar BR, et al. Rapamycin inhibits the genera-

(o]

tion of graft-versus-host disease- and graft-
versus-leukemia-causing T cells by interfering
with the production of Th1 or Th1 cytotoxic cyto-
kines. J Immunol. 1998;160(11):5355-5365.

29. Chu YW, Gress RE. Murine models of chronic
graft-versus-host disease: insights and unre-
solved issues. Biol Blood Marrow Transplant.
2008;14(4):365-378.

30. Schroeder MA, DiPersio JF. Mouse models of
graft-versus-host disease: advances and limita-
tions. Dis Model Mech. 2011;4(3):318-333.

. Klarquist J, Janssen EM. The bm12 Inducible
model of systemic lupus erythematosus (SLE) in
C57BL/6 mice. ] Vis Exp. 2015;(105):e53319.

. Eisenberg RA, Via CS. T cells, murine chronic

3

—

3

N

graft-versus-host disease and autoimmunity.
J Autoimmun. 2012;39(3):240-247.

33. Hildebrandt GC, et al. Blockade of CXCR3 recep-
tor:ligand interactions reduces leukocyte recruit-
ment to the lung and the severity of experimental
idiopathic pneumonia syndrome. ] Immunol.
2004;173(3):2050-2059.

34. Duffner U, et al. Role of CXCR3-induced donor
T-cell migration in acute GVHD. Exp Hematol.
2003;31(10):897-902.

35. Choi SW, et al. CCR1/CCL5 (RANTES) receptor-
ligand interactions modulate allogeneic T-cell
responses and graft-versus-host disease
following stem-cell transplantation. Blood.
2007;110(9):3447-3455.

36. Serody JS, et al. T-lymphocyte production of mac-

o

rophage inflammatory protein-lalpha is critical
to the recruitment of CD8(+) T cells to the liver,
lung, and spleen during graft-versus-host dis-
ease. Blood. 2000;96(9):2973-2980.

37. Wysocki CA, et al. Leukocyte migration
and graft-versus-host disease. Blood.
2005;105(11):4191-4199.

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

39. Alholle A, et al. Genome-wide DNA methylation
profiling of recurrent and non-recurrent chordo-
mas. Epigenetics. 2015;10(3):213-220.

40. Jones PA. Functions of DNA methylation: islands,
start sites, gene bodies and beyond. Nat Rev
Genet.2012;13(7):484-492.

41. Kenneth R, et al, eds. Serody. Immune Biology of
Allogeneic Hematopoietic Stem Cell Transplanta-
tion. 2nd ed. Academic Press, Elsevier; 2019.

. Colpitts SL, et al. IL-7 receptor expression pro-
vides the potential for long-term survival of both
CD62Lhigh central memory T cells and Th1
effector cells during Leishmania major infection.
JImmunol. 2009;182(9):5702-5711.

43. Drujont L, et al. RORyt+ cells selectively express

4

N

redundant cation channels linked to the Golgi
apparatus. Sci Rep. 2016;6:23682.

44. Bedford JG, et al. Rapid interferon independent

S

expression of IFITM3 following T cell activation
protects cells from influenza virus infection.
PL0S One. 2019;14(1):e0210132.

45. Luckey CJ, et al. Memory T and memory B cells
share a transcriptional program of self-renewal
with long-term hematopoietic stem cells. Proc
Natl Acad Sci USA.2006;103(9):3304-33009.

46. Sarkar S, et al. Functional and genomic profiling
of effector CD8 T cell subsets with distinct mem-
ory fates. ] Exp Med. 2008;205(3):625-640.

47. Kaech SM, et al. Molecular and functional profil-
ing of memory CD8 T cell differentiation. Cell.
2002;111(6):837-851.

48. West EE, et al. Tight regulation of memo-
ry CD8(+) T cells limits their effectiveness
during sustained high viralload. Immunity.
2011;35(2):285-298.

49. Subramanian A, et al. GSEA-P: a desktop applica-
tion for Gene Set Enrichment Analysis. Bioinfor-
matics. 2007;23(23):3251-3253.

50. Lee HS, et al. Characterization of CCR9
expression and thymus-expressed chemokine
responsiveness of the murine thymus, spleen
and mesenteric lymph node. Immunobiology.
2012;217(4):402-411.

51. Hammerschmidt S, et al. Stromal mesenteric
lymph node cells are essential for the genera-
tion of gut-homing T cells in vivo. ] Exp Med.
2008;205(11):2483-2490.

52. Carramolino L, et al. Expression of CCR9
beta-chemokine receptor is modulated in thymo-
cyte differentiation and is selectively maintained
in CD8(+) T cells from secondary lymphoid
organs. Blood. 2001;97(4):850-857.

53. Cosorich I, et al. CCR9 Expressing T helper and T
follicular helper cells exhibit site-specific identi-
ties during inflammatory disease. Front Immunol.
2018;9:2899.

54. Inamoto Y, et al. Donor single nucleotide poly-
morphism in the CCR9 gene affects the inci-
dence of skin GVHD. Bone Marrow Transplant.
2010;45(2):363-369.

55. Schreder A, et al. Differential effects of gut-
homing molecules CC chemokine receptor 9
and integrin-B7 during acute graft-versus-host
disease of the liver. Biol Blood Marrow Transplant.
2015;21(12):2069-2078.

56. Seo W, et al. Transcriptional regulatory network
for the establishment of CD8* T cell exhaustion.
Exp Mol Med. 2021;53(2):202-209.

57. AiL, et al. Roles of PD-1/PD-L1 pathway: sig-
naling, cancer, and beyond. Adv Exp Med Biol.
2020;1248:33-59.

58. Penack O, et al. How much has allogeneic stem
cell transplant-related mortality improved since
the 1980s? A retrospective analysis from the
EBMT. Blood Adv. 2020;4(24):6283-6290.

59. Styczynski J, et al. Death after hematopoietic
stem cell transplantation: changes over calendar
year time, infections and associated factors. Bone
Marrow Transplant. 2020;55(1):126-136.

60. Bird J], et al. Helper T cell differentiation
is controlled by the cell cycle. Immunity.
1998;9(2):229-237.

61. Hill GR, Ferrara JL. The primacy of the gastroin-
testinal tract as a target organ of acute graft-
versus-host disease: rationale for the use of cyto-
kine shields in allogeneic bone marrow trans-
plantation. Blood. 2000;95(9):2754-2759.

62. Waller EK. A new role for an old cyto-
kine: GM-CSF amplifies GVHD. Blood.

The Journal of Clinical Investigation

2020;135(8):520-521.

63. Piper C, et al. Pathogenic Bhlhe40+ GM-CSF+
CD4+ T cells promote indirect alloantigen pre-
sentation in the GI tract during GVHD. Blood.
2020;135(8):568-581.

64. Blazar BR, et al. Dissecting the biology of
allogeneic HSCT to enhance the GvT effect
whilst minimizing GvHD. Nat Rev Clin Oncol.
2020;17(8):475-492.

65. Cooper ML, et al. Azacitidine mitigates graft-
versus-host disease via differential effects on the
proliferation of T effectors and natural regulatory
T cells in vivo. ] Immunol. 2017;198(9):3746-3754.

66. Koldobskiy MA, et al. Converging genetic and
epigenetic drivers of paediatric acute lym-
phoblastic leukaemia identified by an infor-
mation-theoretic analysis. Nat Biomed Eng.
2021;5(4):360-376.

67. Koldobskiy MA, et al. A dysregulated DNA
methylation landscape linked to gene expres-
sion in MLL-rearranged AML. Epigenetics.
2020;15(8):841-858.

68. Jenkinson G, et al. An information-theoretic
approach to the modeling and analysis of
whole-genome bisulfite sequencing data. BMC
Bioinformatics. 2018;19(1):87.

69. Tsankov AM, et al. Loss of DNA methyltransfer-
ase activity in primed human ES cells triggers
increased cell-cell variability and transcriptional
repression. Development. 2019;146(19):dev174722.

70. Parel Y, Chizzolini C. CD4+ CD8+ double posi-
tive (DP) T cells in health and disease. Autoim-
mun Rev. 2004;3(3):215-220.

71. Oran B, et al. Donor clonal hematopoiesis
increases risk of acute graft versus host disease
after matched sibling transplantation. Leukemia.
2022;36(1):257-262.

72. Wachsmuth LP, et al. Post-transplantation cyclo-
phosphamide prevents graft-versus-host disease
by inducing alloreactive T cell dysfunction and
suppression. J Clin Invest. 2019;129(6):2357-2373.

73. El Khawanky N, et al. Demethylating therapy
increases anti-CD123 CAR T cell cytotoxicity
against acute myeloid leukemia. Nat Commun.
2021;12(1):6436.

74. Prinzing B, et al. Deleting DNMT3A in CAR
T cells prevents exhaustion and enhanc-
es antitumor activity. Sci Transl Med.
2021;13(620):eabh0272.

75. Metheny L, et al. Human multipotent adult
progenitor cells effectively reduce graft-vs-host
disease while preserving graft-vs-leukemia activity
following experimental, allogeneic bone marrow
transplantation. Stem Cells. 2021;39(11):1506-1519.

76. Sheridan BS, Lefrancois L. Isolation of mouse
lymphocytes from small intestine tissues. Curr
Protoc Immunol. 2012;Chapter 3:Unit3 19.

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

78. Choi SW, et al. Vorinostat plus tacrolimus and
mycophenolate to prevent graft-versus-host
disease after related-donor reduced-intensity
conditioning allogeneic haemopoietic stem-cell
transplantation: a phase 1/2 trial. Lancet Oncol.
2014;15(1):87-95.

79. Hill GR, et al. Differential roles of IL-1 and TNF-

16 J Clin Invest. 2022;132(13):e158047 https://doi.org/10.1172/)CI158047



https://doi.org/10.1172/JCI158047
https://doi.org/10.1073/pnas.0400380101
https://doi.org/10.1073/pnas.0400380101
https://doi.org/10.1073/pnas.0400380101
https://doi.org/10.1016/j.bbmt.2007.12.002
https://doi.org/10.1016/j.bbmt.2007.12.002
https://doi.org/10.1016/j.bbmt.2007.12.002
https://doi.org/10.1016/j.bbmt.2007.12.002
https://doi.org/10.1242/dmm.006668
https://doi.org/10.1242/dmm.006668
https://doi.org/10.1242/dmm.006668
https://doi.org/10.1016/j.jaut.2012.05.017
https://doi.org/10.1016/j.jaut.2012.05.017
https://doi.org/10.1016/j.jaut.2012.05.017
https://doi.org/10.4049/jimmunol.173.3.2050
https://doi.org/10.4049/jimmunol.173.3.2050
https://doi.org/10.4049/jimmunol.173.3.2050
https://doi.org/10.4049/jimmunol.173.3.2050
https://doi.org/10.4049/jimmunol.173.3.2050
https://doi.org/10.1016/S0301-472X(03)00198-X
https://doi.org/10.1016/S0301-472X(03)00198-X
https://doi.org/10.1016/S0301-472X(03)00198-X
https://doi.org/10.1182/blood-2007-05-087403
https://doi.org/10.1182/blood-2007-05-087403
https://doi.org/10.1182/blood-2007-05-087403
https://doi.org/10.1182/blood-2007-05-087403
https://doi.org/10.1182/blood-2007-05-087403
https://doi.org/10.1182/blood-2004-12-4726
https://doi.org/10.1182/blood-2004-12-4726
https://doi.org/10.1182/blood-2004-12-4726
https://doi.org/10.1182/blood-2003-08-2708
https://doi.org/10.1182/blood-2003-08-2708
https://doi.org/10.1182/blood-2003-08-2708
https://doi.org/10.1182/blood-2003-08-2708
https://doi.org/10.1182/blood-2003-08-2708
https://doi.org/10.1080/15592294.2015.1006497
https://doi.org/10.1080/15592294.2015.1006497
https://doi.org/10.1080/15592294.2015.1006497
https://doi.org/10.1038/nrg3230
https://doi.org/10.1038/nrg3230
https://doi.org/10.1038/nrg3230
https://doi.org/10.4049/jimmunol.0803450
https://doi.org/10.4049/jimmunol.0803450
https://doi.org/10.4049/jimmunol.0803450
https://doi.org/10.4049/jimmunol.0803450
https://doi.org/10.4049/jimmunol.0803450
https://doi.org/10.1038/srep23682
https://doi.org/10.1038/srep23682
https://doi.org/10.1038/srep23682
https://doi.org/10.1371/journal.pone.0210132
https://doi.org/10.1371/journal.pone.0210132
https://doi.org/10.1371/journal.pone.0210132
https://doi.org/10.1371/journal.pone.0210132
https://doi.org/10.1073/pnas.0511137103
https://doi.org/10.1073/pnas.0511137103
https://doi.org/10.1073/pnas.0511137103
https://doi.org/10.1073/pnas.0511137103
https://doi.org/10.1084/jem.20071641
https://doi.org/10.1084/jem.20071641
https://doi.org/10.1084/jem.20071641
https://doi.org/10.1016/S0092-8674(02)01139-X
https://doi.org/10.1016/S0092-8674(02)01139-X
https://doi.org/10.1016/S0092-8674(02)01139-X
https://doi.org/10.1016/j.immuni.2011.05.017
https://doi.org/10.1016/j.immuni.2011.05.017
https://doi.org/10.1016/j.immuni.2011.05.017
https://doi.org/10.1016/j.immuni.2011.05.017
https://doi.org/10.1093/bioinformatics/btm369
https://doi.org/10.1093/bioinformatics/btm369
https://doi.org/10.1093/bioinformatics/btm369
https://doi.org/10.1016/j.imbio.2011.10.014
https://doi.org/10.1016/j.imbio.2011.10.014
https://doi.org/10.1016/j.imbio.2011.10.014
https://doi.org/10.1016/j.imbio.2011.10.014
https://doi.org/10.1016/j.imbio.2011.10.014
https://doi.org/10.1084/jem.20080039
https://doi.org/10.1084/jem.20080039
https://doi.org/10.1084/jem.20080039
https://doi.org/10.1084/jem.20080039
https://doi.org/10.1182/blood.V97.4.850
https://doi.org/10.1182/blood.V97.4.850
https://doi.org/10.1182/blood.V97.4.850
https://doi.org/10.1182/blood.V97.4.850
https://doi.org/10.1182/blood.V97.4.850
https://doi.org/10.1038/bmt.2009.131
https://doi.org/10.1038/bmt.2009.131
https://doi.org/10.1038/bmt.2009.131
https://doi.org/10.1038/bmt.2009.131
https://doi.org/10.1016/j.bbmt.2015.08.038
https://doi.org/10.1016/j.bbmt.2015.08.038
https://doi.org/10.1016/j.bbmt.2015.08.038
https://doi.org/10.1016/j.bbmt.2015.08.038
https://doi.org/10.1016/j.bbmt.2015.08.038
https://doi.org/10.1038/s12276-021-00568-0
https://doi.org/10.1038/s12276-021-00568-0
https://doi.org/10.1038/s12276-021-00568-0
https://doi.org/10.1182/bloodadvances.2020003418
https://doi.org/10.1182/bloodadvances.2020003418
https://doi.org/10.1182/bloodadvances.2020003418
https://doi.org/10.1182/bloodadvances.2020003418
https://doi.org/10.1038/s41409-019-0624-z
https://doi.org/10.1038/s41409-019-0624-z
https://doi.org/10.1038/s41409-019-0624-z
https://doi.org/10.1038/s41409-019-0624-z
https://doi.org/10.1016/S1074-7613(00)80605-6
https://doi.org/10.1016/S1074-7613(00)80605-6
https://doi.org/10.1016/S1074-7613(00)80605-6
https://doi.org/10.1182/blood.V95.9.2754.009k25_2754_2759
https://doi.org/10.1182/blood.V95.9.2754.009k25_2754_2759
https://doi.org/10.1182/blood.V95.9.2754.009k25_2754_2759
https://doi.org/10.1182/blood.V95.9.2754.009k25_2754_2759
https://doi.org/10.1182/blood.V95.9.2754.009k25_2754_2759
https://doi.org/10.1182/blood.2019004681
https://doi.org/10.1182/blood.2019004681
https://doi.org/10.1182/blood.2019004681
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1182/blood.2019001696
https://doi.org/10.1038/s41571-020-0356-4
https://doi.org/10.1038/s41571-020-0356-4
https://doi.org/10.1038/s41571-020-0356-4
https://doi.org/10.1038/s41571-020-0356-4
https://doi.org/10.4049/jimmunol.1502399
https://doi.org/10.4049/jimmunol.1502399
https://doi.org/10.4049/jimmunol.1502399
https://doi.org/10.4049/jimmunol.1502399
https://doi.org/10.1038/s41551-021-00703-2
https://doi.org/10.1038/s41551-021-00703-2
https://doi.org/10.1038/s41551-021-00703-2
https://doi.org/10.1038/s41551-021-00703-2
https://doi.org/10.1038/s41551-021-00703-2
https://doi.org/10.1080/15592294.2020.1734149
https://doi.org/10.1080/15592294.2020.1734149
https://doi.org/10.1080/15592294.2020.1734149
https://doi.org/10.1080/15592294.2020.1734149
https://doi.org/10.1186/s12859-018-2086-5
https://doi.org/10.1186/s12859-018-2086-5
https://doi.org/10.1186/s12859-018-2086-5
https://doi.org/10.1186/s12859-018-2086-5
https://doi.org/10.1242/dev.174722
https://doi.org/10.1242/dev.174722
https://doi.org/10.1242/dev.174722
https://doi.org/10.1242/dev.174722
https://doi.org/10.1016/j.autrev.2003.09.001
https://doi.org/10.1016/j.autrev.2003.09.001
https://doi.org/10.1016/j.autrev.2003.09.001
https://doi.org/10.1038/s41375-021-01312-3
https://doi.org/10.1038/s41375-021-01312-3
https://doi.org/10.1038/s41375-021-01312-3
https://doi.org/10.1038/s41375-021-01312-3
https://doi.org/10.1172/JCI124218
https://doi.org/10.1172/JCI124218
https://doi.org/10.1172/JCI124218
https://doi.org/10.1172/JCI124218
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1038/s41467-021-26683-0
https://doi.org/10.1126/scitranslmed.abh0272
https://doi.org/10.1126/scitranslmed.abh0272
https://doi.org/10.1126/scitranslmed.abh0272
https://doi.org/10.1126/scitranslmed.abh0272
https://doi.org/10.1002/stem.3434
https://doi.org/10.1002/stem.3434
https://doi.org/10.1002/stem.3434
https://doi.org/10.1002/stem.3434
https://doi.org/10.1002/stem.3434
https://doi.org/10.1182/blood.V88.8.3230.bloodjournal8883230
https://doi.org/10.1182/blood.V88.8.3230.bloodjournal8883230
https://doi.org/10.1182/blood.V88.8.3230.bloodjournal8883230
https://doi.org/10.1182/blood.V88.8.3230.bloodjournal8883230
https://doi.org/10.1016/S1470-2045(13)70512-6
https://doi.org/10.1016/S1470-2045(13)70512-6
https://doi.org/10.1016/S1470-2045(13)70512-6
https://doi.org/10.1016/S1470-2045(13)70512-6
https://doi.org/10.1016/S1470-2045(13)70512-6
https://doi.org/10.1016/S1470-2045(13)70512-6
https://doi.org/10.1172/JCI6896

The Journal of Clinical Investigation

alpha on graft-versus-host disease and graft versus
leukemia. J Clin Invest. 1999;104(4):459-467.

80. Antin JH, et al. Interleukin-1 blockade does not
prevent acute graft-versus-host disease: results
of arandomized, double-blind, placebo-
controlled trial of interleukin-1 receptor antago-
nist in allogeneic bone marrow transplantation.
Blood.2002;100(10):3479-3482.

81. Antin JH, et al. A phase I/1I double-blind, placebo-
controlled study of recombinant human interleu-
kin-11 for mucositis and acute GVHD prevention
in allogeneic stem cell transplantation. Bone Mar-
row Transplant. 2002;29(5):373-377.

82. Uberti JP, et al. Pilot trial on the use of etanercept

J Clin Invest. 2022;132(13):e158047 https://doi.org/10.1172/)CI158047

and methylprednisolone as primary treatment
for acute graft-versus-host disease. Biol Blood
Marrow Transplant. 2005;11(9):680-687.

83. Choi SW, et al. Change in plasma tumor necrosis
factor receptor 1levels in the first week after
myeloablative allogeneic transplantation cor-
relates with severity and incidence of GVHD and
survival. Blood. 2008;112(4):1539-1542.

84. Ganguly S, et al. Donor CD4+ Foxp3+ regulatory
T cells are necessary for posttransplantation
cyclophosphamide-mediated protection against
GVHD in mice. Blood. 2014;124(13):2131-2141.

85. Wu H, et al. Redefining CpG islands using
hidden Markov models. Biostatistics.

RESEARCH ARTICLE

2010;11(3):499-514.

86. Bogu GK, et al. Chromatin and RNA maps reveal
regulatory long noncoding RNAs in mouse. Mol
Cell Biol. 2015;36(5):809-819.

87. Ernst J, Kellis M. Chromatin-state discovery and
genome annotation with ChromHMM. Nat Pro-
toc. 2017;12(12):2478-2492.

88. Dobin A, et al. STAR: ultrafast universal RNA-seq
aligner. Bioinformatics. 2013;29(1):15-21.

89. Love MI, et al. Moderated estimation of fold
change and dispersion for RNA-seq data with
DESeq2. Genome Biol. 2014;15(12):550.

90. Xie Z, et al. Gene set knowledge discovery with
Enrichr. Curr Protoc. 2021;1(3):€90.

- [


https://doi.org/10.1172/JCI158047
https://doi.org/10.1172/JCI6896
https://doi.org/10.1172/JCI6896
https://doi.org/10.1182/blood-2002-03-0985
https://doi.org/10.1182/blood-2002-03-0985
https://doi.org/10.1182/blood-2002-03-0985
https://doi.org/10.1182/blood-2002-03-0985
https://doi.org/10.1182/blood-2002-03-0985
https://doi.org/10.1182/blood-2002-03-0985
https://doi.org/10.1038/sj.bmt.1703394
https://doi.org/10.1038/sj.bmt.1703394
https://doi.org/10.1038/sj.bmt.1703394
https://doi.org/10.1038/sj.bmt.1703394
https://doi.org/10.1038/sj.bmt.1703394
https://doi.org/10.1016/j.bbmt.2005.05.009
https://doi.org/10.1016/j.bbmt.2005.05.009
https://doi.org/10.1016/j.bbmt.2005.05.009
https://doi.org/10.1016/j.bbmt.2005.05.009
https://doi.org/10.1182/blood-2008-02-138867
https://doi.org/10.1182/blood-2008-02-138867
https://doi.org/10.1182/blood-2008-02-138867
https://doi.org/10.1182/blood-2008-02-138867
https://doi.org/10.1182/blood-2008-02-138867
https://doi.org/10.1182/blood-2013-10-525873
https://doi.org/10.1182/blood-2013-10-525873
https://doi.org/10.1182/blood-2013-10-525873
https://doi.org/10.1182/blood-2013-10-525873
https://doi.org/10.1093/biostatistics/kxq005
https://doi.org/10.1093/biostatistics/kxq005
https://doi.org/10.1093/biostatistics/kxq005
https://doi.org/10.1038/nprot.2017.124
https://doi.org/10.1038/nprot.2017.124
https://doi.org/10.1038/nprot.2017.124
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8

