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Abstract

Organ infiltration by donor T cells is critical to the development of acute graft-versus-host

disease (aGVHD) in recipients after allogeneic hematopoietic stem cell transplant (allo-HCT).
However, deconvoluting the transcriptional programs of newly recruited donor T cells from those
of tissue-resident T cells in aGVHD target organs remains a challenge. Here, we combined the
Serial Intravascular Staining technique with single-cell RNA-seq to dissect the tightly connected
processes by which donor T cells initially infiltrate tissues and then establish a pathogenic
tissue-residency program in a rhesus macaque allo-HCT model that develops aGVHD. Our
results enabled creation of a spatiotemporal map of the transcriptional programs controlling donor
CDS8™* T cell infiltration into the primary aGVHD target organ, the gastrointestinal (Gl) tract. We
identified the large and small intestines as the only two sites demonstrating allo-specific, rather
than lymphodepletion-driven, T cell infiltration. Gl-infiltrating donor CD8* T cells demonstrated a
highly activated, cytotoxic phenotype while simultaneously developing a canonical tissue-resident
memory T cell (Trp) transcriptional signature driven by IL-15/IL-21 signaling. We discovered
expression of a cluster of genes directly associated with tissue invasiveness, including those
encoding adhesion molecules (/7GB2), specific chemokines (CCL3, CCL4L 1) and chemokine
receptors (CD74), as well as multiple cytoskeletal proteins. This tissue invasion transcriptional
signature was validated by its ability to discriminate the CD8* T cell transcriptome of patients
with Gl aGVHD from those of GVHD-free patients. These results provide insights into the
mechanisms controlling tissue occupancy of target organs by pathogenic donor CD8" Try cells
during aGVHD in primate transplant recipients.

One sentence summary:

Flow cytometric and transcriptomic analyses reveal coordinated tissue-infiltration and tissue-
residence of donor T cells that drive gastrointestinal GVHD.

INTRODUCTION:

T cell infiltration into secondary lymphoid organs and non-lymphoid tissues is central to T
cell function and occurs during homeostatic tissue surveillance (1, 2), as well as during T
cell-driven immunopathology (including auto- (3, 4) and allo-immune disorders (5, 6)) and
T cell-mediated anti-tumor immune attack (7, 8). One of the best-studied clinical instances
of T cell infiltration occurs during acute graft-versus-host disease (aGVHD), wherein
donor T cells become activated, tissue-infiltrating, and highly cytotoxic after hematopoietic
stem cell transplant (HCT) (9). During aGVHD, donor T cells first populate secondary
lymphoid organs, where they undergo allo-antigen priming, and then home towards and
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infiltrate non-lymphoid GVHD-target organs (10-12). Upon infiltration, these cells induce
the immunologic and clinical manifestations of aGVHD, including wide-spread organ
damage (13). In mouse models, it has been demonstrated that donor T cells acquire tissue
resident memory (Try) features (including expression of CD103) during aGVHD (14-16).
However, central questions remain concerning how these pathogenic Trp are distinguished
from protective Trp, how donor Try become activated and cause tissue damage, and
perhaps most important, the mechanisms controlling the act of T cell invasion into target
organs prior to their evolution into Try. Determining the drivers of this dynamic process
represents a critical unmet need, with broad relevance for alloimmunity, as well as for
autoimmune diseases and immuno-oncology.

One of the major barriers to understanding the control of T cell infiltration into target
tissues has been the inherent difficulty in capturing the key variable of time in this process.
Time is a critical variable, given that T cells are actively homing towards and infiltrating
into target organs, and are concordantly evolving a highly pathogenic transcriptional
program. Without understanding the time-dependency of T cell infiltration, we cannot fully
comprehend key drivers and their dynamics. Here, we have been able to deconvolute time
as a variable during T cell infiltration and tissue destruction during primate aGVHD by
applying Serial Intravascular Staining (SIVS) and pairing this with multiparameter flow
cytometric and single-cell transcriptomic analyses. We performed these experiments using
the non-human primate (NHP) aGVVHD model (17-20), to best replicate the complex
dynamics and molecular drivers of clinical tissue infiltration and disease in an out-bred
immunologically experienced transplant recipient. This model takes advantage of the close
functional similarity of the immune systems in NHP and humans, such that insights can

be most rapidly translated to the clinic. SIVS allowed us to differentially label T cells
longitudinally in individual animals during the process of active tissue infiltration, in order
to ascertain the time-, tissue- and donor-dependence of T cell-mediated immune pathology
during aGVHD.

Applying SIVS to a non-human primate aGVHD model

We built a NHP model of allogeneic HCT (allo-HCT) and aGVHD, in which a donor

graft is transplanted into MHC-haploidentical recipient rhesus macaques pre-conditioned
with myeloablative total body irradiation (17, 19). For the experiments described herein,
transplant recipients received no post-transplant immunosuppression, which enabled
interrogation of the natural history of aGVHD (Figure 1A, Table S1). Two control cohorts,
encompassing autologous HCT (auto-HCT) recipients and untransplanted healthy controls
(HC), were also analyzed (Figure 1A). In accordance with our previous data (17, 19), allo-
HCT without immunosuppression resulted in early-onset lethal aGVHD, with skin and Gl
tract-predominant clinical disease (Figure 1B-D), coinciding with donor T cell engraftment
(Figure 1E). Despite histopathologic evidence of lymphocytic infiltration into the liver
(Figure S1A), allo-HCT recipients did not develop overt clinical signs of liver dysfunction/
damage, with bilirubin, ALT, AST, GGT and alkaline phosphatase remaining relatively
stable at the time of terminal analysis (Figure S1B). Thus, lethal Gl aGVHD dominated
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the clinical outcomes in these experiments with transplant recipients reaching humane
euthanasia endpoints prior to developing overt clinical liver disease. In contrast, auto-HCT
controls survived long-term without aGVHD (Figure 1C). aGVHD clinical activity began on
~day +5 and peaked on day +7-8 (Figure 1B), similar to the kinetics of mouse alloimmune T
cell trafficking to GVHD-target organs (13, 15). We performed a series of in vivo studies on
day +8 post-transplant, to determine the mechanisms driving tissue infiltration during severe
aGVHD.

To dissect the spatiotemporal compartmentalization in aGVHD, we used a method to

study T cell trafficking, known as “Serial Intravascular Staining’ (SIVS, described in

the companion manuscript (21)). SIVS takes advantage of direct intravenous injection

of sub-saturating doses of aCD45 antibodies, conjugated to different fluorescent tags,
which label leukocytes in the systemic circulation at the time of injection and at different
time-points prior to analysis (6 hours and 5 minutes, respectively). This strategy allowed
us to differentiate 3 spatiotemporal compartments in multiple tissues (Figure 1F). The

first compartment was identified by injecting a green-fluorescent AlexaFluor488 (AF488)-
tagged aCD45 antibody 5 minutes prior to euthanasia, which restricted a CD45-AF488
labeling to the intravascular compartment (‘IVas™ or ‘Compartment-1") (Figure 1F and
Figure S2). Compartments-2 and —3 were identified using a second aCD45 antibody;,
conjugated with the far red-fluorescent AlexaFluor647 (AF647), injected 6 hours prior to
aCD45-AF488 injection. When far red-fluorescent a CD45-AF647 stained cells migrated
out of the intravascular space into tissues, they retained their fluorescent tag, and thereby
could be distinguished from cells that were in the intravascular space at the time of necropsy.
These cells were identified as red (CD45-AF647%), but not green (CD45-AF4887), and

are referred to as ‘Compartment-2” or ‘recent infiltrating” cells (Figure 1F and Figure S2).
These two fluorescently-tagged cell populations could be further distinguished from a third
population of cells, which remained negative for both the green and the red CD45 labels.
These CD45-AF647-CD45-AF488~ cells were present in the tissues before the 6-hour
CDA45-AF647 injection, and were therefore protected from aCDA45 staining, and are referred
to herein as ‘Compartment-3’ or ‘tissue-localized’ cells (Figure 1F and Figure S2).

Using the SIVS technique, we were able to deconvolute the organ-specific spatiotemporal
compartmentalization of both CD4* and CD8* T cells after transplant (gated as shown

in Figure S2, T cell subset definitions are provided in Table S2). Given the central role

that CD8* T cells play in aGVHD-mediated organ destruction (22, 23), we concentrated
our discussion on the trafficking of these cells. Results from CD4* T cells are shown in
Supplementary Figures. We identified three different classes of organs/tissues based on their
relative balance of Compartment-1, =2 or =3 CD8* T cells (Figure 1G). We did not purify
T cells from the skin in this study, and so we limited our discussion to visceral organs

and tissues. Liver and lungs contained predominantly the intravascular, Compartment-1 T
cells. However, unlike lung 1Vas* cells, liver Compartment-1 CD8* T cell displayed a Trpm
phenotype (Figure S3A, B), consistent with previous work documenting the localization of
liver resident lymphocytes within a specific intra-sinusoidal niche (24, 25). Notably, during
aGVHD, these liver Compartment-1 CD8* T cells expressed the proliferation marker Ki67
as well as high proportions of cells expressing Granzyme B, suggesting an activated status
(Figure S3C, D). Bone marrow and spleen contained predominantly the recently infiltrating,
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Compartment-2 cells (as well as a large proportion of Compartment-1 cells). Lymph

nodes, kidneys, small intestine (with T cells isolated from the jejunum) and large intestine
contained predominantly tissue-localized Compartment-3 CD8" T cells (Figure 1G). Similar
organ-specific compartmentalization was observed for CD4* T cells (Figure S4A). Notably,
these distributions did not result in statistically significant changes between the three
experimental conditions (HC, auto-HCT and aGVVHD) suggesting that spatiotemporal T cell
compartmentalization may be a fundamental characteristic of organ immune structure that

is not impacted by either homeostatic or allo-activated T cell trafficking on the time scales
studied.

Combining SIVS and measurement of donor chimerism to identify T cells infiltrating GVHD
target organs

While the Compartment-3-predominant organs (lymph nodes, kidney, and GI tract) all
appeared similar through SIVS, by specifically tracking donor versus host T cell identity
during SIVS, we discovered a critical distinction between these tissues after allo-HCT.

This distinction was based on the balance between donor and host T cells in these tissues
(Figure 1H), reflecting the pace of replacement of recipient T cells by donor cells after
allo-HCT. These studies revealed that donor-origin Compartment-3 CD8* and CD4* T cells
predominated in the lymph nodes on day +8 (Figure 11 and Figure S4B), consistent with
rapid entry of transplanted T cells and replacement of host cells early after transplant.

In contrast, a substantial fraction of host-origin T cells remained in the tissue-localized
Compartment-3 cells of the large intestine, small intestine, kidney, and bone marrow (Figure
11 and Figure S4B) during the period of active infiltration of donor T cells into these tissues.
Regulatory CD4* T cells (Treg) represent an additional radiation-resistant population, with
host Treg previously demonstrated to contribute to the reconstitution of the Trgg pool
following lethal irradiation (26, 27). To determine the relative contribution of host Treg

to post-transplant reconstitution, we compared conventional CD4* T cell (CD4" Tcony)
and CD4* Trgg donor chimerism in allo-HCT recipients after MAMU-A001-mismatched
transplant. We found that, in the large intestine, a higher ratio of donor-versus-recipient
TrEG Were present on day +8 compared to donor-versus-recipient CD4* Tcony- This
correlated with higher expression of the tissue-residence marker CD69 in Trgg Vversus
Tconv (Figure S4C-E). The greater donor Trgg chimerism in the Gl tract may be due to the
counter-regulatory signaling that occurs during aGVHD (18), potentially driving these cells
into the Gl tract during disease.

Together, the data suggest a tenacious resident CD8™ T cell niche in the Gl tract, kidney, and
bone marrow, in which host T cells persist after transplant, even surviving lethal irradiation
(28), and further link the timing of donor T cell infiltration into these tissues with the onset
of clinical disease. Importantly, while a high proportion of host CD8" T cells remained in
Compartment-3 in the intestines, kidney and bone marrow, Compartment-2 was dominated
by donor T cells in these same tissues, (with some variability observed in the bone marrow
compared to other tissues, Figure 11 and Figure S4B). This dichotomy suggests that our
analysis was able to catch donor T cells in the act of organ infiltration. This is particularly
relevant for donor T cells infiltrating the intestines, since this infiltration was associated with
lethal Gl aGVHD (Figure 1B, C). This provided a strategy to interrogate the protein and
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gene expression patterns that mark these cells and to control their infiltration into aGVHD
target tissues.

To rigorously distinguish pathogenic T cell infiltration during aGVHD from the physiologic
T cell trafficking that occurs during homeostatic reconstitution, we employed a control:
applying SIVS after autologous HCT. While our studies in allo-HCT identified multiple
organs undergoing T cell infiltration after transplant, homeostatic expansion occurs
alongside allo-activated T cell expansion during allo-HCT, given the exposure of recipients
to pre-transplant lymphodepleting irradiation. Comparing the extent of tissue infiltration

by Compartment-2 cells in allo-HCT versus auto-HCT controls (both analyzed on day +8
post-transplant) allowed us to deconvolute the role that homeostatic reconstitution played

in T cell tissue infiltration. To complete this analysis, the extent of tissue migration

was determined by calculating the percentage of tissue-infiltrating Compartment-2 T

cells compared to total extravascular (I\VVas~, Compartment-2 + Compartment-3) cells
(representative flow cytometry from the colon shown in Figure 2A). This analysis
demonstrated that for many tissues (including peripheral and visceral lymph nodes, spleen,
bone marrow, liver, lungs and kidneys), the amount of post-transplant CD8* (Figure 2B-D)
and CD4* (Figure 2B-D, Figure S5A-E) T cell migration on day +8 was not different

after allo-HCT compared to post-auto-HCT conditions, suggesting that most of the T cell
trafficking was in response to lymphodepletion, which abolished competition for a niche in
these organs. Indeed, when corrected using the auto-HCT controls, only two sites exhibited
statistically significant (p<0.05) differential CD8* T cell infiltration during aGVHD: the
large and small intestines (Figure 2D). Only the large intestine was identified as a site of
GVHD-specific CD4™ T cell infiltration (Figure S5E). This result is especially notable given
that the Gl tract has been repeatedly demonstrated in the NHP aGVHD model as key site of
clinical and histopathologic disease (17, 19).

Defining the characteristics of actively infiltrating T cells

The major impact that day +8 GI T cell infiltration had on clinical aGVHD was further
underscored by the positive correlation between the extent of CD8* T cell migration into
the large and (to a lesser extent) small intestine and the severity of aGVHD pathology

in individual transplant recipients — a correlation that was not observed in any other

organ (Figure 3A). We therefore determined the prominent characteristics of donor cells
infiltrating the GI tract, in order to understand the drivers of lethal aGVHD. As shown

in Figures 3B-H, flow cytometry identified a number of unique attributes of intestinal
tissue-infiltrating Compartment-2 CD8* T cells. This included the observation that, while
they were rigorously demonstrated to be extra-vascular and tissue-infiltrating by their lack
of staining by the green-fluorescent 1VVas+ CD45 antibody, these intestinal Compartment-2
CDS8™ T cells did not yet co-express the canonical Tgyy CD69*CD103* phenotype (Figure
3B), consistent with their migratory phenotype. A proportion of these Compartment-2 cells
did, however, express CD69 (Figure S6A, B), previously demonstrated to be up-regulated
early in the process of Ty differentiation, prior to up-regulation of CD103 expression (29).

The rapid evolution of donor CD8" T cells towards the canonical Try phenotype /in situ
was evident, as donor CD8* T cells acquired the Tgp-associated CD69*CD103* dual
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positive phenotype during their transition from Compartment-2 to Compartment-3, with the
highest proportion of CD69*CD103* co-expression in residual host CD8* T cells in the
intestine and other non-lymphoid tissues (Figure 3B, Figure S6C-D), confirming their Trp
phenotype. Compartment-3 CD4" T cells did not express CD103, (Figure S7), consistent
with previous work documenting low expression of CD103 on CD4* Trp cells (30).These
data suggest that during intestinal aGVHD, donor-derived CD8" Ty cells differentiate 7n
situfrom migratory precursors, likely in response to microenvironmental instructive signals
(as has been demonstrated in other models (1, 31-33), including intestinal transplantation

(6, 34)). Taken together, these results document the rapid acquisition of a Tg\ phenotype
(within 8 days after transplant) as donor CD8* T cells infiltrate and then occupy the Gl tract.

Pathogenic hallmarks of actively infiltrating and Ty donor CD8* T cells

Flow cytometric analysis demonstrated that a large proportion of intestinal tissue-infiltrating
Compartment-2 CD8* T cells were skewed towards a CCR7"CD45RA™ effector-memory
(Tem) phenotype compared to both HC and auto-HCT controls, while other CD8* T

cell subpopulations (including naive, memory stem cells, central memory and effector
memory-RA (subpopulation gating in Table S2 and Figure S2) were not overrepresented in
Compartment-2 (Figure 3C). These intestinal Compartment-2 CD8* Tgp cells were highly
proliferative and cytotoxic during aGVHD, as measured by their increased expression of
Ki67 (Figures 3D-E) and Granzyme B (Figures 3F-G) compared to untransplanted and
auto-HCT controls, or to host Compartment-2 cells, consistent with the observed clinical
pathogenicity that accompanied donor T cell tissue infiltration. Up to 44.4% of donor-
derived Compartment-2 CD8" T cells demonstrated dual expression of Granzyme B/Perforin
and up to 23.8% expressed Granzyme B/CD107a, confirming their high cytotoxic potential
(Figure S6E-F). Notably, in the tissue-localized Compartment-3, CD8* T cells from healthy
and auto-HCT controls, as well as the pathogenic donor T cells during aGVHD, also
exhibited a prominent CD45RA™CCR7~ Tgm phenotype (Figure S6G). However, only the
Compartment-3 donor cells retained high expression of Ki67 and Granzyme B, (along

with frequent co-expression of Perforin, and CD107a), documenting their distinction from
homeostatic Compompartment-3 cells and consistent with their pathogenicity (Figure S6E,
FHI.

Tissue T-cell chimerism is dependent on acquisition of Tgy characteristics by CD8* donor

T cells

It has previously been demonstrated that the expression of CD103 is critical for donor CD8*
T cell pathogenicity in the Gl tract, as it enables their retention in proximity to the epithelial
layer, where these cells mediate their cytotoxic functions (14, 16, 35). However, whether
the acquisition of Try characteristics is also a foundational requirement for donor T cells
to anchor in recipient tissues has previously not been a tractable question. By combining
SIV'S with donor chimerism measurements, we were able to directly address this issue.

Our data demonstrate that the acquisition of the CD69*CD103* phenotype was critical

for establishing long-term residence in non-lymphoid tissues, as both the extent of donor
CD8* T cell migration into tissues and their rate of conversion into Trp cells (calculations
described in detail in Methods) together, but not separately, defined tissue donor CD8* T
cell chimerism (Figure 3H-1).
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Determining the transcriptomes of pathogenic donor Tgy CD8* T cells during aGVHD

SIVS allowed us to rigorously identify tissue-associated CD8* T cells in healthy

controls and after transplant. We next combined SIVS with single-cell RNA-Sequencing
(scRNA-seq) to identify the transcriptional programs associated with the infiltration and
pathogenicity of donor-derived tissue-associated CD8" T cells during aGVHD. Because

the data shown in Figure 2 and Figure S3 demonstrate that the only organs experiencing
allo-specific T cell infiltration at day +8 after transplant were the small and large intestines,
and because the large intestine demonstrated the most robust correlation between the influx
of donor CD8* T cells and tissue pathology (Figure 3A), we confined our sScRNA-seq
analysis to the large intestine. Prior to performing scRNA-seq, we flow cytometrically sorted
viable, tissue-associated CD45+ cells from the large intestine of healthy control animals

(n = 4) and from the aGVHD cohort (n = 4) by gating on I\Vas~ (hon-Compartment-1)

cells (Table S3). Auto-HCT recipients had too few T cells in the Gl tract on day 8 post-
transplant to reliably purify by cell sorting, and thus were not included in this analysis.
Where possible, donor and host cells were flow cytometrically purified based on disparate
expression of MAMU-AQ01 (in two of the four aGVHD animals analyzed, Table S1). In the
two remaining allo-HCT recipients, we used computational methods to discern donor and
host cells based on sex-mismatch between the transplant pairs, using Y-chromosome-derived
transcripts (see Methods for details). Using this methodology, we successfully reconstructed
transcriptomes from 21,490 single cells, followed by the identification of 14,185 T cells,
based on their expression of canonical T cell genes (Figure S8). To identify 4,715 CD8*

T cells, we used the annotation tool VISION to score each cell using a CD8* vs CD4*
signature (36) and retained high-scoring clusters.

To systematically determine the features that differentiated pathogenic donor CD8* Trum

in the Gl tract from physiologic host or HC CD8* Try, we used VISION to score a Trp-
signature from Milner et al., 2017 (37) in all donor, host, and HC CD8* T cells, thereby
identifying the continuum of Ty transcriptional programing at a single-cell level in all
Gl-associated CD8" T cells (Figure 4A-B, Figure S9A). We chose the Milner Ty signature
because it identifies the key genetic regulators of Ty differentiation from multiple tissues
regardless of a cell’s activation status, thus providing the most accurate measure of Trym
transcriptional features. As shown in Figure 4A-B, and in agreement with flow cytometric
analysis (Figure 3B), donor-derived Gl CD8* T cells had a lower mean Trp score
compared to either host- or HC-derived cells (p<0.001 using the Wilcoxon test), consistent
with there being a higher proportion of actively infiltrating (rather than established

Trm) donor cells during Gl aGVHD. Given that the Milner signature was derived from
studies in mice, we also compared the NHP donor, host and HC CD8* T cells to two
human-derived Gl-tract-specific tissue-resident T cell signatures (Zhang_CD8_CO05_CD6
and Zhang_CD8_C06_CD160) (38), which confirmed the higher Tr\ differentiation status
of large intestine host and HC CD8" T cells compared to donor CD8* T cells (Figure S9).
Notably, the murine Milner signature was highly correlated with both of the human-derived
intestinal Try cell signatures (Figure S9B). A third human-derived, but not Gl-specific,
Trm Signature, identified by Kumar et al (39), also showed significant correlation with the
Milner Ty signature (p<0.0001), but this non-Gl-derived signature did not discriminate
intestinal donor CD8" T cells from residual host CD8* T cells and CD8* T cells from
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HC large intestines (Figure S9C-E). This observation may have been expected, given
previous work that has demonstrated that the transcriptomic profiles of Tgpy cells display
considerable interorgan variation (40).

To further determine what differentiated pathogenic donor CD8* T cells from both host and
HC CD8* Trm, We first defined a Trp-high cutoff score by identifying the upper Trm
score quartile from HC CD8* T cells (Figure 4B) and then applied this score cutoff to

both the donor and host CD8" T cells, to identify Trp-high subpopulations in each. This
allowed us to probe the transcriptional differentiators between pathogenic donor Trp-high
cells and both host and HC Ty controls through differential expression (DE) calculations,
followed by pathway enrichment analysis and classification of up-stream regulators. This
pipeline distinguished the following features of pathogenic CD8* Ty cells: they develop
rapidly (within 8 days) after allo-HCT, and they consist of pathogenic donor cells that
simultaneously enact Trp transcriptional programming in addition to upregulation of key T
cell activation programs. These programs include upregulation of specific cellular metabolic
pathways (including oxidative phosphorylation and mitochondrial respiration, which have
been demonstrated to be central to both Try, development (41-43) and aGVVHD pathogenesis
(44, 45)), co-stimulatory signaling pathways (including aGVHD-promoting 1COS- (46, 47),
IL-2- (48, 49) and OX40- (20, 50) signaling pathways) and cytotoxicity pathways (51))
compared to their physiologic counterparts (Figure 4C-D, Tables S4-S5). We also identified
a higher enrichment score for the aGVHD pathogenicity signature adopted from /chiba et
al (52) in donor Trpm-high cells in comparison with host and HC Trp-high cells (Figure
4E-F), further substantiating the pathogenicity of the donor Trp. Of note, our analysis

of the up-stream regulators that control the activation pathways in donor Trym-high CD8*

T cells revealed involvement of 1L-15 and IL-21 cytokine signaling (Figure 4G, Table

S6), suggestive of a central role for these cytokines in Try differentiation (particularly
during lymphopenic conditions) (29, 53), as well as their pathogenic role during aGVHD
(54-58). We further confirmed that both IL-15 and IL-21 could induce maturation towards a
CD69"CD103* Trpm phenotype in NHP splenocytes in vitro. We found that IL-15 induced
Trm differentiation in splenocytes isolated from both HC animals and from those with
aGVHD, whereas IL-21 promoted Try differentiation only in aGVHD-derived cells (Figure
4H). Given our observation of the specificity of IL-21 in the differentiation of CD8" Trm
during aGVHD, we further investigated this biological pathway. IL-21R was expressed on
both Compartment-2 and Compartment-3 donor CD8* T cells in the large intestine during
aGVHD, with higher expression on the surface of recently infiltrating Compartment-2 cells.
In contrast, expression of IL-21R on residual host cells was low (Figure 41). Of note, both
IL-21R" and IL-21R~ donor CD8" T cells in Compartments 2- and 3- demonstrated similar
expression of Ki67, Perforin and Granzyme B, suggesting that, as previously reported in
mice (54, 58), expression of IL-21R does not differentiate between proliferating/cytotoxic
and more quiescent cells. We also measured the expression of /L21 itself and found a
proportion of donor cells in the large intestine expressing this gene (8.69%) following
allo-HCT, thus providing a local source of this cytokine during GI aGVHD (Figure S10D-F).
Together, these data identify multiple transcriptional pathways and up-stream regulators that
are strongly associated with aGVVHD-mediated tissue destruction, providing the first direct
link between Tr\ differentiation and donor T cell pathogenesis in primate aGVHD.
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Identifying transcriptional control of actively infiltrating donor CD8* T cells

In addition to identifying the drivers of pathogenic CD8" Ty, this study also provided

an opportunity to interrogate the transcriptional hallmarks of actively tissue-infiltrating
pathogenic CD8* T cells at unprecedented specificity. To accomplish this, based on the
SIVS results (Figure 3B) which demonstrated that Compartment-2 actively infiltrating cells
display a migratory, rather than Tgrm-like, phenotype, we first identified a Trp-low cut-off
score (by identifying the lower Milner Tgy score quartile from HC CD8* T cells, Figure
4C), and then applied this score cut-off to both donor and host CD8* T cells. This allowed
us to isolate donor cells that were tissue associated, given that they were first sorted as
non-intravascular (Compartment-1-negative) prior to SCcRNA-seq, and simultaneously did
not yet display features of Try. We then defined the transcriptional differentiators between
pathogenic donor Trpm-low cells and both host and HC Tgpm-low controls by applying
differential expression calculations (Figure 5A, Tables S7-S9). Similar to their donor Tru-
high counterparts, donor CD8" Trp-low cells demonstrated high enrichment scores for

the aGVHD pathogenicity signature from /chiba et al (52) (Figure S10G). In agreement
with flow cytometric analysis (Figure 3F-G and Figure S6E-F), transcriptome analysis
demonstrated that these cells co-expressed genes encoding multiple cytotoxic mediators
(Figure S10H), also consistent with their pathogenic status. Of note, a direct comparison

of donor CD8* Trp-low cells with their Trp-high counterparts revealed that while the
Trm-low cells had similar expression of the cytotoxicity-related transcripts GZMA, GZMB,
and PRFI1, they demonstrated lower expression of the genes encoding TNFRSF1B (59), /ID2
(60), /FNG (61) and RGSI (62) (Figure S10I and Table S10), which have been demonstrated
to play major roles in the pathogenicity of both GI GVHD and T cell-driven colitis.
Moreover, and consistent with the role for IL21 in Ty differentiation described above
(Figure 4H), our analysis of predicted up-stream regulators of Trp-high versus Trp-Low
CD8* T cells confirmed activation of IL-21 signaling in Trm-High > Try-Low (Table
S11). Together, these data suggest that while Compartment-2 and Compartment-3 CD8*

T cells both display pathogenic characteristics, Compartment 3 cells express additional
genes associated with auto- and allo-immunity, likely enabling them to perpetuate intestinal
inflammation during GI GVHD.

Finally, we focused on the Trp-low-specific transcriptome by identifying those
differentially expressed genes that were unique to the Trp-low donor versus control
comparisons (and not identified in the Trpm-high versus control comparisons). This analysis
distinguished 53 transcripts (46 up-regulated genes and 7 down-regulated genes) that were
specifically dysregulated in donor CD8* Trp-low cells, as well as their associated pathways
and up-stream regulators (Figure 5B-D, Tables S12-S14). Regulatory network analysis again
identified IL-15, as well as type | and type Il Interferons (and their corresponding signals)
as key up-stream regulators controlling the transcriptional programming of these donor
tissue-infiltrating T cells (Figure 5D, Table S14). Pertinent to the goal of defining the drivers
of T cell infiltration, we identified a subset of genes that have been shown to be critical for
cellular adhesion, migration and tissue infiltration in other clinical scenarios. These included
chemokines, as well as regulators of their secretion and receptors (CCL3(63), CCL4L1
(64), GZMM (65), CD74(66)), surface adhesion receptors and regulators of their expression
(LTB (67) and /TGB2(68)); and cytoskeleton components and regulators (AC78 (69),
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ACTGI(69), CAPI(70), COTL1(71), ISG15(72), LSP1(73), PFNI (74)) (Figure 5E).
These data thus provide the first transcriptional map of this unique subpopulation of actively
infiltrating donor CD8* T cells, nominating a new class of molecules that enable pathologic
CD8* T cell tissue invasion during GVHD.

Validating the clinical relevance of the NHP tissue-infiltration transcriptional signature

To validate that the genes and pathways identified through the NHP experiments were
relevant to human disease, we compared our NHP transcriptional signatures to a CD8* T
cell signature generated from patients with aGVHD. The human aGVHD signature was
constructed from peripheral blood CD8" T cells that were sorted on days +21 and +28
post-transplant from 42 patients receiving an unrelated-donor HCT and standard calcineurin
inhibitor/methotrexate aGVVHD prophylaxis (Table S15). Twenty-eight of these patients
developed Grade 2-4 aGVHD (with 27 of 28 having either upper or lower Gl disease).

All patients with Grade 3-4 aGVHD demonstrated lower Gl disease (Table S15). The
resulting transcriptomes were dichotomized between patients who developed severe Grades
3-4 aGVHD versus those with Grades 0-2 aGVHD (Figure 5F) or those with moderate-
severe Grades 2-4 aGVHD versus those with Grades 0-1 aGVHD (Figure S10L). These
analyses demonstrated significant overlap (q=0.02) between the migratory donor CD8*
Trm-low signatures and the human CD8* T cell aGVHD signature (Figure 5F, Figure
S10L, Table S16). These results provide strong evidence for the relevance of the NHP

data to human aGVHD, and they demonstrate the ability to probe the peripheral blood for
signatures relevant to the migrating pathogenic cells that ultimately infiltrate the GI tract
during clinical aGVHD. Thus, while the peripheral blood did not contain the complete
pathologic signature derived from Gl-tract infiltrating T cells (Table S16), the peripheral
blood signature complemented the organ-specific results, which successfully dichotomized
patients with moderate-to-severe clinical disease.

Discussion

Here, the application of SIVS plus scRNA-seq to NHP aGVHD has enabled the
interrogation of tissue-localized T cell immunity at an unprecedented depth of detail in

an outbred, pathogen-exposed, immunologically-experienced system. By applying serial
infusions of differentially-labeled anti-CD45 antibodies (‘SIVS’, (21)), we have been able to
include time as a variable in our analysis, facilitating the detection of three spatiotemporally-
defined T cell compartments: (1) T cells that were intravascular at the time of analysis;

(2) T cells that were intravascular six hours prior to analysis, and subsequently infiltrated
into target tissues; and, (3) T cells that were tissue-associated for at least six hours prior

to analysis and did not acquire either of the two CD45 labels. By overlaying our ability

to distinguish donor versus host cells after allo-HCT onto these three compartments, we
have developed a highly sensitive and specific paradigm to identify pathogenic donor CD8*
T cells, either in the act of organ infiltration or in the act of tissue destruction during Gl
aGVHD.

Our observations provide strong support for the rapid evolution of a pathogenic Tgrm
transcriptional program in donor CD8" T cells after allo-HCT, representing a striking
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counterpart to recent observations documenting the longevity of donor-origin Tgy in
transplanted lung and intestinal allografts (5, 6, 34). Our results demonstrate that within
eight days after allo-HCT, donor T cells infiltrate target organs and rapidly exhibit protein
and transcriptional Trp hallmarks. However, despite clear expression of a Try program,
when compared to either host or HC Gl-tract CD8* T cells, the donor CD8* T are clearly
not homeostatic. They upregulate multiple transcriptional networks driving T cell activation,
including evidence of both metabolic reprograming toward mitochondrial respiration and
massively upregulated cytotoxicity pathways. Our results also identify IL-15 and IL-21

as key up-stream regulators, which together coordinate the transcriptional programming
responsible for the pathogenic donor CD8* Try differentiation. These two cytokines have
been shown to drive aGVHD in mouse models (54-57) and IL-15 signaling is required

for CD8* Trp generation in multiple barrier tissues (29, 76). Compared to 1L15, the role

of IL-21 in the generation of Ty cells is far less established (53), and in this study, we
provide new evidence that IL-21 can drive Ty, differentiation from circulatory precursors
during aGVHD, but not under homeostatic conditions. Notably, the demonstration of
redundant T cell activation programs may provide an explanation for the well-documented
difficulty of reversing ongoing clinical aGVHD: pathogenic Gl-tract Trp are not only
physically sequestered from therapeutic agents (1, 2), they are also potentially protected
from monomorphic treatment approaches, given the non-overlapping pathways that they
activate.

This study also enabled the identification of the transcriptional network controlling donor
CD8™ T cells ‘caught in the act’ of tissue infiltration. These rare cells have previously been
intractable to detailed examination, because of their small numbers and their fleeting nature.
Through the combination of SIVS and scRNA-seq, we were able to identify and deeply
interrogate this critical cell population. By enabling flow-sorting of Gl-tract T cells that
were Compartment-1 (iVas)-negative, SIVS allowed us to rigorously exclude intravascular
cells from our analysis. While Compartment-2 cells were too rare in the Gl tract for sorting,
the fact that these cells were rigorously demonstrated to be non-Tgrpy by flow cytometry
allowed us to transcriptionally identify them by their Tr\m-low signature. Transcriptional
analysis subsequently identified central features of these actively infiltrating cells. While
these include several ‘usual suspects’ in aGVVHD, comprising co-stimulatory/co-inhibitory
pathways (79), the immunoproteosome (80) and several targetable metabolic pathways (44,
45, 81), one of the most important findings was the transcriptional program of adhesion/
extravasation/migration that these actively infiltrating cells initiated. These represent distinct
pathways compared to donor CD8* T cells that had already enacted Tgp programming,

as well as from both host and HC Compartment-2 cells. The identification of tissue
infiltration-associated gene networks may have relevance to other immune phenomena:
These include solid organ transplant rejection and auto-immune diseases, which both
require infiltration and long-term tissue persistence of pathogenic cells (82). In addition,
the discovery of a CD8" T cell infiltration gene network may be used to improve the

ability of anti-tumor T cells to more successfully infiltrate their targets and survive in the
tumor microenvironment, given the recently-discovered mechanistic connections between
tumor-infiltrating lymphocytes and Ty biology (7, 8).
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This study has the following limitations: First, we studied the non-prophylaxed ‘natural
history’ of aGVHD, and mechanisms of infiltration and pathogenic T cell residency

may be altered by immunoprophylaxis. Second, this study was limited to two anti-CD45
infusions, six hours apart, thus constraining our ability to discriminate shorter- versus-
longer-lived tissue-resident cells. Additional CD45-antibody infusions will enable more
precise dissection of the pace/character of pathogenic tissue residency. Finally, the SCRNA-
seq experiments focused only on the Gl tract. Mechanisms controlling aGVHD are expected
to be at least partially organ-specific; thus, further work with other target tissues will add
important insights.

In summary, by combining SIVS with scRNA-seq we have interrogated pathogenic donor
CD8™ T cells in the act of infiltrating and causing tissue destruction during GI aGVHD.

Our results document a transcriptional network defining T cell infiltration during this disease
and validate the clinical relevance of this network. They nominate a new class of targets by
which to control the act of T cell infiltration, which constitutes a necessary prelude to T
cell-mediated organ damage.

Materials and Methods

Study Design.

This was a prospective study in rhesus macaques designed to determine the biological

role of T cell migration and to identify the molecular signature of pathogenic tissue-
infiltrating T cells in aGVHD-induced tissue immunopathology. Several cohorts of
transplant recipients (assigned in an unblinded, non-randomized manner) were studied:
(1) autologous transplants (abbreviated as ‘Auto-HCT’, n = 9 for clinical analysis and
n=4 for immunological analysis); (2) allogeneic transplants with no GVHD prophylaxis
(abbreviated as ‘allo-HCT’ and ‘aGVHD’, n = 11 for clinical analysis and n = 4, for
immunological analysis, including 3 MAMU-A001-mismatched transplantations); (3) a
control cohort of healthy, immunologically naive macaques (abbreviated as ‘HC’, n=4
for immunological analysis). Auto- and allo-HCT recipients used for SIVS experiments
were euthanized at pre-determined experimental endpoint on day +8 and were censored
from survival analysis. Animal demographic parameters, transplant characteristics, and
doses of aCD45 antibodies, administered in vivo are shown in Table S1. Sample size
calculations were not performed for the present study, given existing data from multiple
previous transplant cohorts published by our group (17-20), documenting the substantial
differences in median GVHD-free and overall survival after MHC haplo-identical allogeneic
HCT versus autologous transplantation in NHP. Blinding was performed on all pathologic
analysis and on the initial analysis of flow cytometry data, as well as on transcriptomic
sample handling and data processing.

NHP Ethics Statement.

This study was conducted in strict accordance with USDA regulations and the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. It was approved by the Biomere Inc and the University of Washington
Institutional Animal Care and Use Committees.
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Human studies ethics statement.

The patients described in this study were enrolled in clinical trial #NCT01743131 that
was conducted according to the principles set forth in the Declaration of Helsinki and
that was approved by participating center IRBs. Written informed consent was received
from all participants. Hematopoietic Cell Transplantations (HCT) in NHP. \We used our
previously described strategy for HCT in rhesus macaques (17-19), described in detail in
Supplementary Materials and Methods.

aCD45 infusions.

Purified aCD45 (clone MB4-6D6) was purchased from Miltenyi Biosciences. Antibodies
were conjugated in Dr. Roederer’s laboratory to AlexaFluor dyes. Conjugated antibodies
were diluted in sterile Normal Saline Solution, and 5 ml were slowly infused over 5 minutes
to animals via a central catheter placed in the femoral vein (auto-HCT and allo-HCT
cohorts) or to sedated animals via a peripheral catheter placed in saphenous vein (HC
cohort). To track lymphocyte migration, aCD45 antibodies conjugated with AlexaFluor647
(aCD45-AF647) were administered 6 hours before euthanasia/tissue collection at a dose

of 30 mcg/kg. To discriminate tissue-residing cells from cells remaining in the vasculature,
aCD45 antibodies, conjugated with AlexaFluor488 (aCD45-AF488), were administered 5
minutes before euthanasia/tissue collection at a dose of 30 or 60 mcg/kg (Figure 1, Figure
S2; Table S1). Blood samples were drawn from the catheter before and 5 minutes after each
aCD45 antibody injection to ensure that all blood leukocytes were uniformly labeled with
the injected antibodies.

Necropsy and tissue processing.

Tissues from euthanized animals were processed after perfusion with PBS using enzymatic
digestion and mechanic separation as described in the Supplementary Materials and
Methods.

Immune Analysis.

Blinding was performed on all pathologic analysis. Flow cytometry data were collected
using BD FACS LSRFortessa and analyzed using FloJo 10 in an unblinded manner. The
gating strategy and the assessment of cellular migration using intravascular aCD45 labeling
are described in Figure S2, Table S2 and Supplementary Materials and Methods.

Transcriptomic analysis.

Single cell libraries from sorted samples were generated using the 10X Chromium 3’
platform, and then sequenced using a NovaSeq S2 (lllumina). Single-cell RNA-seq reads
were aligned to a transcriptome based on the Mmul 10 Macaca mulatta reference genome
with Ensembl’s (v98) annotations and the analysis was performed in an unblinded manner
using Seurat v3.1, VISION, clusterProfiler and IPA as described in the Supplementary
Materials and Methods. Bulk RNA-Seq from human samples were trimmed using
Trimmomatic v.39 (83) and aligned with kallisto v.0.46.1 (84). Analysis was performed
using DESeq?2 (85) and clusterProfiler(86).
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Statistical analysis

Both paired and unpaired Student’s t-test were used for comparing two groups, where
appropriate. One-way ANOVA with Holm-Sidak multiple comparison post-test or two-way
ANOVA analysis with Holm-Sidak multiple comparison post-test were used for comparing
multiple groups, where appropriate. Groups were considered significantly different when
p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spatiotemporal compartmentalization of T cells in tissues during aGVHD.
(A-B) The experimental animals received autologous or allogeneic HCT as shown in

(A) and clinical aGVHD scores for skin (B, left panel), gastrointestinal tract (B, middle
panel) and liver (B, right panel) were calculated for GVHD (n=11 animals) and auto-HCT
(n=9 animals) experimental NHP cohorts. *p<0.05, using two-way ANOVA with multiple
comparison Holm-Sidak post-test. (C) Overall survival of NHP recipients following allo-
and auto-HCT without immunosuppression is presented. Studies with pre-set experimental
endpoints were censored. **p<0.01 using log-rank (Mantel-Cox) test. (D) aGVHD
histopathology scores were measured for indicated organs from healthy control (HC)
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animals or HCT recipients on day +8 after allo- or auto-HCT without immunosuppression.
*p<0.05, using multiple comparison Holm-Sidak test. (E) Donor chimerism in whole blood
or FACS-purified peripheral blood T cells from allo-HCT recipient animals was quantified
by microsatellite analysis. (F) Experimental schema and representative flow cytometry
plot from HC lung that illustrate the SIVS method using fluorescent aCD45-antibodies

to discern cellular compartmentalization and to track cellular migration into tissues are
shown. (G) Relative distribution of CD8* T cells among the intravascular compartment
(Compartment-1; green dots), the recent infiltrating cell compartment (Compartment-2; red
dots) and the tissue-localized compartment (Compartment-3; gray dots) in the indicated
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organs from healthy control animals (HC; n=4 animals), auto-HCT recipients (auto-HCT;
n=4 animals) and allo-HCT recipients (GVHD; n=4 animals) on day +8 post-transplant.
The green, and gray triangles and the red diamond at the bottom of the figure illustrate the
pattern of the three compartments in the tissues examined. pLN, peripheral Lymph Nodes;
medLN, mediastinal Lymph Nodes; mesLN, mesenteric Lymph Nodes. (H) Measurement
of donor chimerism in the colon of an allo-HCT recipient animal, based on discordant
expression of MHC-1 allele MAMU-AO001, in the three different compartments. (1) Donor
CDS8™ T cell chimerism in different compartments across different organs on day +8
following MAMU-A001-mismatched MHC-haploidentical allo-HCT (n=3 animals). The
gray triangle at the bottom of the figure illustrates the pattern of donor chimerism in the
tissues examined.
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Figure 2. Dynamics of CD8" T cell trafficking into GVHD-target organs following HCT in NHP.

(A) Mononuclear cells were isolated from different organs from HC animals (n=4) or
from recipient animals on day +8 following auto-HCT (n=4 animals) or MAMU-AQ01-
mismatched allo-HCT (n=3 animals). A representative gating tree depicts SIVS-based
measurement of donor and host CD8* T cell migration in MAMU-AQ01-mismatched
allo-HCT transplantation. (B-D) Plots, depicting relative migration of donor and host
CD8* T cells from MAMU-AQO1-mismatched allo-HCT recipients, normalized to the
migration of CD8" T cells in untransplanted HC animals (B); relative migration of CD8*
T cells from autologous HCT recipients, normalized to the migration of CD8* T cells

in untransplanted HC (C) and relative migration of donor and host CD8* T cells from
MAMU-A001-mismatched allo-HCT recipients, normalized to the migration of CD8* T
cells following auto-HCT (D). pLN — peripheral Lymph Nodes, medLN — mediastinal
Lymph Nodes, mesLN — mesenteric Lymph Nodes. *p<0.05 using t-test with Holm-Sidak
multiple comparison correction.

Sci Transl Med. Author manuscript; available in PMC 2022 September 13.

. @ @
T & «® &
aCDA5-AF647

Compartments 2+3 5O *
— =L 10 . 6
5’% # * ° ——
X sg ° © © * ° ¥
™ ~ ° Q °
8 0 T T T T T T T T T T
9 X QO (2 (/]
A RN S R
Y & & R \(.\@. . \f\@ NS <&
@ » 4
L MAMU-AC01 D) & &
—~15
(Baner) . 8T~ GVAD Host
2 Z 104~ GVHD Donor
= <
GVHD Donor cells 52 ~1p=0.18 % .
=> "
K -, [OJ -
;g:_ %‘ et 0- g g T g 2 T T
E. AR o A S ¢ 3
| & & T E P S
0 N NSNS




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tkachev et al.

A)

CD8 T cell migration (%)

Page 25
B) in%e ) %?Q C) Compartment-2 CD8 T cells
. . . . Intestine intestine — o o
Small intestine Large intestine g
2 o “Tr2=082: p= ]
1 R?=0.368; p=0.048 | . R2=0.82; p=0,0001_, 2
2
2 2 @
= F]
0{—— 0¥ s
05 10 15 20 0 1 2 3 = g 0 -~ —
Pathology score ¢ & T *?‘(;;s}'&@c(\o *?‘%_\5"30"000
S F S (PP = O 9)
> HC o Auto-HCT o GVHD Donor (@(\9‘0\\9 DN N AR
8] £ 08 © ©
\2\0\29 GO Small Large
65 G.x [€) GG <) intestine intestine
D) Large intestine E) Small intestine Large intestine
R e Bk
HC Auto GVHD Host  GVHD Donor 60 T, 60T
] 11 15.4 [50:0- = . = =
- 12-0‘ ! : - é‘ € 40 € 40 S
1 | ; i S 3 ® | = [
¥ | | A [ e =~ [
| == i 4 C o o o) m
1 ¥ ] i = & ‘ & £ o of A}
| |1 ] olglhll I olQRILIE
T T T 20 S a0 S
CD3 %%bo Q\.%b o5
R RS
% &
F) Large intestine G) Small intest L itaat
HC Auto GVHD Host  GWHD Donor w ﬂggﬁf‘:m
192 B5 [ | 72% 1007 7w, 1007 “aa,
: - : 80 e X
‘ | & 60 0 i & 60
e = g40f] il g 40
- {_ . ® 20 gé:-: O 20
O-bppry 0
S
Qg%"@ B
- : N AR
H) Migration Retention G @G
i
[ 4 ; Donor
r l L | cDeas { =
@ T—' .ﬁ B *& %:. |cD8 T cells
1 e
P e
= ]
2\g EBios..
o\e < 1\3
|) %_ % Host
['4 CD8 Tcells g
—_ 60 R?=0.002, p=0.88 1.0 Té 8 o
£ 401 L4 c 0.84 R#=027,p=006 .- @ g Re=047.pmog07 | ¢ Bonemarrow
s =] - E i o Lungs
e s ® Small intestine
o § ® Large intestine
3 20— 0.0+ g 0+ © Kidney
0 20 40 60 80 100 0 20 40 80 80 100 < 0 20 40 60 80 100

Donor chimerism in compartment-3 (%)

Figure 3. Migration of donor CD8* T cells to the large and small intestine correlates with the
severity of tissue pathology during aGVHD in NHP.

(A) Correlations between the migration of CD8" T cells and GVHD histopathology scores
in the small intestine (jejunum; /eft panel) and large intestine (colon; right panel) are shown.
Lines with tinted areas indicate the 95% CI using linear regression. (B) Percentage of

donor or host CD69*CD103* CD8* T cells were measured within the recent infiltrating
compartment (Compartment-2) and the tissue-localized compartment (Comparment-3).
Lines connect corresponding values that were obtained from the same animal. *p<0.05,
**p<0.01 using paired t-test. Comp-2 = Compartment-2; Comp-3= Compartment-3. (C)
Recent infiltrating (Compartment-2) CD8* T cells in the small and large intestines from
healthy control (HC) animals (n=4 for small intestine and n=3 for large intestine), auto-HCT
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cohort on day +8 (Auto, n=4 animals) and host (GVHD Host) and donor (GVHD Donor)
cells following MAMU-A001-mismatched allo-HCT on day +8 (n=3 animals) were stained
for CCR7, CD45RA and CD95 expression and the distributions between memory subsets
are shown. ND — no data. (D-E) Representative flow cytometry plots (D) and summary

data (E) depict Ki67 expression in recent infiltrating (Compartment-2) CD8* T cells in

the small and large intestine in different experimental cohorts. (F-G) Representative flow
cytometry plots (F) and the summary data (G) depict Granzyme B (GzmB) expression

in recent infiltrating (Compartment-2) CD8* T cells in the small and large intestine in
different experimental cohorts. For E and G: *p <0.05, **p<0.01, ***p<0.001 using one-
way ANOVA with Holm-Sidak multiple comparison post-test. (H) Schematic representation
of donor T cell immigration into GVHD-target non-lymphoid tissues and gradual acquisition
of the CD69*CD103™ Trm phenotype. (1) Correlations between donor chimerism in tissue-
localized CD8* T cells (Compartment-3) and the difference between the extent of donor
and host CD8* T cell migration (AMigration, /eft panel), extent of acquisition of the
CD697CD103* Trpm phenotype in the immigrated donor CD8* T cells (Retention, middle
panel) and the difference between the extent of donor and host CD8* T cell migration,
adjusted to the extent of acquisition of the CD69+CD103+ Trp phenotype (Migration X
Retention), across different non-lymphoid organs and tissues are shown. The lines with the
tinted areas indicate the 95% CI using linear regression.
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Figure 4. Transcriptomic profile of donor-derived CD8* Try cells in the large intestine during

aGVHD in NHP.

(A) CD8* T cell census (n=4,715 cells), colored by experimental cohort, was clustered in
Uniform Manifold Approximation and Projection (UMAP) space. (B) Enrichment scores for
the Trm-signature from Milner et al, (2017) (37)) were calculated for CD8* T cells from
healthy control (HC) animals, and host and donor CD8* T cells on day +8 following allo-
HCT. Horizontal lines represent the 251 and 75™ percentiles for enrichment scores of the
healthy control cohort, which were used as cut off values to determine Trpm-low and Tgm-
high cells. (C) Differentially expressed (DE) genes were identified between donor CD8*
Trm-high cells and their counterparts from healthy control (HC) animals (HC; top panel)
and host CD8* T cells (bottom panel). (D) Pathway analysis was performed using Ingenuity
Pathway Analysis on differentially expressed genes between donor CD8* Tgy-high cells,
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and their counterparts from healthy controls and host CD8* T cells. Signaling pathways
with positive enrichment scores and p<0.05 using a t-test with the Benjamini-Hochberg
correction are depicted. (E) CD8" T cell census (n=4,715 cells), colored by the enrichment
score for the GVHD signature from Ichiba et al, (2003) (52), was clustered in UMAP
space. (F) Enrichment scores for the aGVHD signature (from Ichiba et al, (2003) (52)) were
calculated for healthy controls (HC), host, and donor CD8" Trp-high cells. (G) Predicted
up-stream regulators were determined using Ingenuity Pathway Analysis tool performed
on DE genes between donor CD8* Trp-high cells and their counterparts from healthy
controls (/eft panel) and host CD8* T cells (right panel). (H) Expression of IL-21R in
Compartment-2 and Compartment-3 donor and host CD8" T cells from the large intestines
of MAMU-AQ01-mismatched allo-HCT recipients on day +8 (n=3). *p<0.05 using paired
t-test. (1) Spleen cells, isolated from healthy control (HC) animals or animals with aGVHD
on day +8 after allo-HCT, were incubated with the indicated cytokines for 48 hours. Then,
percentage of CD69*CD103* CD8+ T cells was measured by flow cytometry. *p<0.05,
using one-way paired ANOVA and Holm-Sidak multiple comparison post-test.
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Figure 5. Transcriptomic profile of donor tissue-infiltrating CD8* T cells in the large intestine

during aGVHD in

NHP.

(A) Differentially expressed (DE) genes were identified between donor CD8" Trm-low cells
and their counterparts from healthy control animals (HC; /eft panel) and host CD8* T cells
(right panel). (B) Venn diagram illustrating the identification of the donor Trp-low-specific
gene signature. (C-D) Pathway analysis was performed using Ingenuity Pathway Analysis
on the donor Trp-low-specific gene signature. Signaling pathways with p<0.05 using a
t-test with the Benjamini-Hochberg correction (C) and the predicted top 25 up-stream
regulators (D) are depicted. (E) Functional annotation of migration-related genes from donor
Trm-low-specific gene signature. (F) GSEA plot depict the enrichment of two Trp-low
gene signatures in patients with grade 3-4 aGVHD (n=4) compared to patients with grade
0-2 aGVHD (n=38). The curve labeled “Trpm-Low Donor vs Host and HC UP” encompasses
genes over-represented in donor Try-low CD8" T cells in comparison with both host

and HC Tgrp-low counterparts — blue line). The curve labeled “Donor Trp-Low specific
signature UP” encompasses genes over-represented exclusively in the donor Trp-low CD8*
T cell comparison (but not present in the comparison of donor Trpm-high CD8™ T cells
versus both host and HC Trp-high counterparts) — red line). NES — normalized enrichment

score.
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