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Spatiotemporal single-cell profiling reveals that 
invasive and tissue-resident memory donor CD8+ T cells 
drive gastrointestinal acute graft-versus-host disease
Victor Tkachev1*, James Kaminski1,2†, E. Lake Potter3†, Scott N. Furlan4†, Alison Yu1,  
Daniel J. Hunt1, Connor McGuckin1, Hengqi Zheng5, Lucrezia Colonna4‡, Ulrike Gerdemann1, 
Judith Carlson5§, Michelle Hoffman4, Joe Olvera1, Chris English6, Audrey Baldessari6, 
Angela Panoskaltsis-Mortari7, Benjamin Watkins8, Muna Qayed8, Yvonne Suessmuth8, 
Kayla Betz1, Brandi Bratrude1, Amelia Langston8, John T. Horan8, Jose Ordovas-Montanes2,9,10, 
Alex K. Shalek2,11,12, Bruce R. Blazar7, Mario Roederer3, Leslie S. Kean1*

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 sequencing 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 CD8+ T cell infiltration into the primary 
aGVHD target organ, the gastrointestinal (GI) tract. We identified the large and small intestines as the only two 
sites demonstrating allo-specific, rather than lymphodepletion-driven, T cell infiltration. GI-infiltrating donor CD8+ 
T cells demonstrated a highly activated, cytotoxic phenotype while simultaneously developing a canonical tissue- 
resident memory T cell (TRM) transcriptional signature driven by interleukin-15 (IL-15)/IL-21 signaling. We found 
expression of a cluster of genes directly associated with tissue invasiveness, including those encoding adhesion 
molecules (ITGB2), specific chemokines (CCL3 and CCL4L1) 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 GI aGVHD from those of GVHD-free patients. These results provide 
insights into the mechanisms controlling tissue occupancy of target organs by pathogenic donor CD8+ TRM cells 
during aGVHD in primate transplant recipients.

INTRODUCTION
T cell infiltration into secondary lymphoid organs and nonlymphoid 
tissues is central to T cell function and occurs during homeostatic 
tissue surveillance (1, 2), as well as during T cell–driven immuno-
pathology [including auto- (3, 4) and allo-immune disorders (5, 6)] 
and T cell–mediated antitumor 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 hema-
topoietic stem cell transplant (HCT) (9). During aGVHD, donor 
T cells first populate secondary lymphoid organs, where they undergo 
allo-antigen priming, and then home toward and infiltrate non-
lymphoid GVHD target organs (10–12). Upon infiltration, these cells 
induce the immunologic and clinical manifestations of aGVHD, 
including widespread organ damage (13). In mouse models, it has 
been demonstrated that donor T cells acquire tissue-resident memory 
(TRM) features (including expression of CD103) during aGVHD 
(14–16). However, central questions remain concerning how these 
pathogenic TRM are distinguished from protective TRM, how donor 
TRM become activated and cause tissue damage, and the mechanisms 
controlling the act of T cell invasion into target organs before their 
evolution into TRM. Determining the drivers of this dynamic process 
represents a critical unmet need, with broad relevance for allo-
immunity, 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 toward 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 
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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 tran-
scriptomic analyses. We performed these experiments using the non-
human primate (NHP) aGVHD 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, to ascertain the time, tissue, and donor 
dependence of T cell–mediated immune pathology during aGVHD.

RESULTS
Applying SIVS to a nonhuman primate aGVHD model
We built an NHP model of allogeneic HCT (allo-HCT) and aGVHD, 
in which a donor graft is transplanted into major histocompatibility 
complex (MHC)–haploidentical recipient rhesus macaques pre-
conditioned with myeloablative total body irradiation (17, 19). For 
the experiments described herein, transplant recipients received no 
posttransplant immunosuppression, which enabled interrogation 
of the natural history of aGVHD (Fig. 1A and table S1). Two control 
cohorts, encompassing autologous HCT (auto-HCT) recipients and 
untransplanted healthy controls (HCs), were also analyzed (Fig. 1A). 
In accordance with our previous data (17, 19), allo-HCT without 
immunosuppression resulted in early-onset lethal aGVHD, with 
skin and gastrointestinal (GI) tract–predominant clinical disease 
(Fig. 1, B to D), coinciding with donor T cell engraftment (Fig. 1E). 
Despite histopathologic evidence of lymphocytic infiltration into the 
liver (fig. S1A), allo-HCT recipients did not develop overt clinical 
signs of liver dysfunction/damage, with bilirubin, alanine transaminase, 
aspartate transaminase, Gamma-glutamyl transferase, and alkaline 
phosphatase remaining relatively stable at the time of terminal anal-
ysis (fig. S1B). Thus, lethal GI aGVHD dominated the clinical out-
comes in these experiments, with transplant recipients reaching 
humane euthanasia end points before developing overt clinical liver 
disease. In contrast, auto-HCT controls survived long-term without 
aGVHD (Fig. 1C). aGVHD clinical activity began on ~day +5 and 
peaked on days +7 to 8 (Fig. 1B), similar to the kinetics of mouse 
alloimmune T cell trafficking to GVHD target organs (13, 15). We per-
formed a series of in vivo studies on day +8 after 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 intra-
vascular staining” [SIVS; described in the companion manuscript 
(21)]. SIVS takes advantage of direct intravenous injection of sub-
saturating doses of CD45 antibodies, conjugated to different fluo-
rescent tags, which label leukocytes in the systemic circulation at the 
time of injection and at different time points before analysis (6 hours 
and 5 min, respectively). This strategy allowed us to differentiate 
three spatiotemporal compartments in multiple tissues (Fig. 1F). 
The first compartment was identified by injecting a green fluores-
cent Alexa Fluor 488 (AF488)–tagged CD45 antibody 5 min before 
euthanasia, which restricted CD45-AF488 labeling to the intravascular 
compartment (“IVas+” or “compartment-1”) (Fig. 1F and fig. S2). 
Compartments-2 and -3 were identified using a second CD45 anti-
body, conjugated with the far-red fluorescent Alexa Fluor 647 (AF647), 

injected 6 hours before CD45-AF488 injection. When far-red flu-
orescent 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-AF488−), and are referred to as “compartment-2” 
or “recent infiltrating” cells (Fig. 1F and fig. S2). These two fluores-
cently tagged cell populations could be further distinguished from a 
third population of cells, which remained negative for both the green 
and red CD45 labels. These CD45-AF647−CD45-AF488− cells were 
present in the tissues before the 6-hour CD45-AF647 injection, were 
therefore protected from CD45 staining, and are referred to herein 
as “compartment-3” or “tissue-localized” cells (Fig. 1F and fig. 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 fig. 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. Re-
sults from CD4+ T cells are shown in supplementary figures. We 
identified three different classes of organs/tissues based on their rel-
ative balance of compartment-1, -2, or -3 CD8+ T cells (Fig. 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 con-
tained predominantly the intravascular, compartment-1 T cells. 
However, unlike lung IVas+ cells, liver compartment-1 CD8+ T cell 
displayed a TRM phenotype (fig. S3, A and B), consistent with previous 
work documenting the localization of liver-resident lymphocytes 
within a specific intrasinusoidal niche (24, 25). 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 (fig. S3, C and D). Bone marrow and spleen 
contained predominantly the recently infiltrating, 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 (Fig. 1G). Similar organ-specific compartmentalization 
was observed for CD4+ T cells (fig. S4A). These distributions did not 
result in statistically significant changes between the three experimental 
conditions (HC, auto-HCT, and aGVHD), suggesting that spatio-
temporal T cell compartmentalization may be a fundamental character-
istic of organ immune structure that is not affected 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
Although 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 found a 
critical distinction between these tissues after allo-HCT. This dis-
tinction was based on the balance between donor and host T cells in 
these tissues (Fig. 1H), reflecting the pace of replacement of recipi-
ent 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 (Fig. 1I and fig. 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 (Fig.  1I 
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and fig. 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 previous-
ly demonstrated to contribute to the reconstitution of the TREG 
pool after lethal irradiation (26, 27). To determine the relative 
contribution of host TREG to posttransplant reconstitution, we 
compared conventional CD4+ T cell (CD4+ TCONV) and CD4+ TREG 

donor chimerism in allo-HCT recipients after MAMU-A001–
mismatched transplant. We found that, in the large intestine, a higher 
ratio of donor-versus-host TREG were present on day +8 compared 
to donor-versus-host CD4+ TCONV. This correlated with higher 
expression of the tissue residence marker CD69 in TREG versus 
TCONV (fig. S4, C to E). The greater donor TREG chimerism in the 
GI tract may be due to the counter-regulatory signaling that occurs 
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Fig. 1. Spatiotemporal compartmentalization of T cells in tissues during aGVHD. (A and B) The experimental animals received autologous or allogeneic HCT as 
shown in (A), and clinical aGVHD scores for skin (B, left), GI tract (B, middle), and liver (B, right) were calculated for GVHD (n = 11 animals) and auto-HCT (n = 9 animals) 
experimental NHP cohorts. *P < 0.05, using two-way analysis of variance (ANOVA) with multiple comparison Holm-Sidak posttest. (C) Overall survival of NHP recipients 
after allo- and auto-HCT without immunosuppression is presented. Studies with preset experimental end points were censored. ***P < 0.001 using log-rank (Mantel-Cox) 
test. (D) aGVHD histopathology scores were measured for indicated organs from healthy control (HC) 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 fluorescence-activated cell sorting (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 CD45 antibodies to discern cellular compartmentalization and to track cellular migration into tissues. (G) Rel-
ative distribution of CD8+ T cells among the intravascular compartment (compartment-1; Yellow dots), the recent infiltrating cell compartment (compartment-2; red dots), 
and the tissue-localized compartment (compartment-3; gray dots) in the indicated organs from HC animals (n = 4 animals), auto-HCT recipients (auto-HCT; n = 4 animals), 
and allo-HCT recipients (GVHD; n = 4 animals) on day +8 after transplant. The yellow 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) Mea-
surement of donor chimerism in the colon of an allo-HCT recipient animal, based on discordant expression of MHC-I allele MAMU-A001, in the three different compart-
ments. (I) Donor CD8+ T cell chimerism in different compartments across different organs on day +8 after 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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during aGVHD (18), potentially driving these cells into the GI tract 
during disease.

Together, the data suggest a tenacious resident CD8+ T cell niche 
in the GI 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. Whereas 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; Fig. 1I and fig. 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 because this infiltration was associated with 
lethal GI aGVHD (Fig. 1, B and C). This provided a strategy to in-
terrogate the protein and 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 used a control applying SIVS after 
auto-HCT. Although 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 pretransplant lym-
phodepleting irradiation. Comparing the extent of tissue infiltra-
tion by compartment-2 cells in allo-HCT versus auto-HCT controls 
(both analyzed on day +8 after transplant) allowed us to deconvolute 
the role that homeostatic reconstitution played in T cell tissue infil-
tration. 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 (IVas−, 
compartment-2 + compartment-3) cells (representative flow cytom-
etry from the colon shown in Fig. 2A). This analysis demonstrated 
that for many tissues (including peripheral and visceral lymph 
nodes, spleen, bone marrow, liver, lungs, and kidneys), the amount 
of posttransplant CD8+ (Fig. 2, B to D) and CD4+ (Fig. 2, B to D, 
and fig. S5, A to 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. When cor-
rected using the auto-HCT controls, only two sites exhibited statis-
tically significant (P  <  0.05) differential CD8+ T cell infiltration 
during aGVHD: the large and small intestines (Fig. 2D). Only the 
large intestine was identified as a site of GVHD-specific CD4+ T cell 
infiltration (fig. S5E). This result is especially notable given that the 
GI 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 be-
tween 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 ob-
served in any other organ (Fig. 3A). We therefore determined the 
prominent characteristics of donor cells infiltrating the GI tract to 
understand the drivers of lethal aGVHD. As shown in Fig. 3 (B to H), 
flow cytometry identified a number of unique attributes of intesti-
nal tissue-infiltrating compartment-2 CD8+ T cells. This included 

the observation that, although they were rigorously demonstrated 
to be extravascular and tissue infiltrating by their lack of staining 
by the green fluorescent IVas+ CD45 antibody, these intestinal 
compartment-2 CD8+ T cells did not yet coexpress the canonical TRM 
CD69+CD103+ phenotype (Fig. 3B), consistent with their migratory 
phenotype. A proportion of these compartment-2 cells did, however, 
express CD69 (fig. S6, A and B), previously demonstrated to be 
up-regulated early in the process of TRM differentiation, before 
up-regulation of CD103 expression (29).

The rapid evolution of donor CD8+ T cells toward the canonical 
TRM phenotype in situ was evident, as donor CD8+ T cells acquired 
the TRM-associated CD69+CD103+ dual positive phenotype during 
their transition from compartment-2 to compartment-3, with the 
highest proportion of CD69+CD103+ coexpression in residual host 
CD8+ T cells in the intestine and other nonlymphoid tissues (Fig. 3B 
and fig. S6, C and D), confirming their TRM phenotype. Compartment-3 
CD4+ T cells did not express CD103 (fig. S7), consistent with previ-
ous work documenting low expression of CD103 on CD4+ TRM cells 
(30). These data suggest that during intestinal aGVHD, donor-derived 
CD8+ TRM cells differentiate in situ from migratory precursors, likely 
in response to microenvironmental instructive signals [as has been 
demonstrated in other models (1, 31–33), including intestinal trans-
plantation (6, 34)]. Together, these results document the rapid 
acquisition of a TRM phenotype (within 8 days after transplant), as 
donor CD8+ T cells infiltrate and then occupy the GI tract.

Pathogenic hallmarks of actively infiltrating and TRM donor 
CD8+ T cells
Flow cytometric analysis demonstrated that a large proportion of 
intestinal tissue-infiltrating compartment-2 CD8+ T cells were skewed 
toward a CCR7−CD45RA− effector-memory (TEM) phenotype com-
pared to both HC and auto-HCT controls, whereas other CD8+ 
T cell subpopulations (including naïve, memory stem cells, central 
memory, and effector memory–RA; subpopulation gating in table S2 
and fig. S2) were not overrepresented in compartment-2 (Fig. 3C). 
These intestinal compartment-2 CD8+ TEM cells were highly prolif-
erative and cytotoxic during aGVHD, as measured by their increased 
expression of Ki67 (Fig. 3, D and E) and granzyme B (Fig. 3, F and G) 
compared to untransplanted and auto-HCT controls, or to host 
compartment-2 cells, consistent with the observed clinical pathoge-
nicity 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 (fig. S6, 
E and F). 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− TEM 
phenotype (fig. S6G). However, only the compartment-3 donor 
cells retained high expression of Ki67 and granzyme B (along with 
frequent coexpression of perforin and CD107a), documenting their 
distinction from homeostatic compartment-3 cells and consistent 
with their pathogenicity (fig. S6, E, F, H, and I).

Tissue T cell chimerism is dependent on acquisition of TRM 
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 GI tract, as it 
enables their retention in proximity to the epithelial layer, where 
these cells mediate their cytotoxic functions (14, 16, 35). However, 
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whether the acquisition of TRM characteristics is also a foundational 
requirement for donor T cells to anchor in recipient tissues has pre-
viously not been a tractable question. By combining SIVS 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 TRM cells (calculations 
described in detail in Materials and Methods) together, but not sep-
arately, defined tissue donor CD8+ T cell chimerism (Fig. 3, H and I).

Determining the transcriptomes of pathogenic donor TRM 
CD8+ T cells during aGVHD
SIVS allowed us to rigorously identify tissue-associated CD8+ T cells 
in HCs 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 Fig. 2 and fig. S3 demonstrate that the only organs experi-
encing 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 (Fig. 3A), we confined our 
scRNA-seq analysis to the large intestine. Before performing scRNA-
seq, we flow cytometrically sorted viable, tissue-associated CD45+ 

cells from the large intestine of HC animals (n = 4) and from the 
aGVHD cohort (n = 4) by gating on IVas− (non–compartment-1) 
cells (table S3). Auto-HCT recipients had too few T cells in the GI 
tract on day 8 after 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 ex-
pression of MAMU-A001 (in two of the four aGVHD animals ana-
lyzed; 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 Materials and 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 (fig. S8). To 
identify 4715 CD8+ T cells, we used the annotation tool VISION to 
score each cell using a CD8+ versus CD4+ signature (36) and retained 
high-scoring clusters.

To systematically determine the features that differentiated patho-
genic donor CD8+ TRM in the GI tract from physiologic host or HC 
CD8+ TRM, we used VISION to score a TRM signature from Milner et al. 
(37) in all donor, host, and HC CD8+ T cells, thereby identifying the 
continuum of TRM transcriptional programing at a single-cell level 
in all GI-associated CD8+ T cells (Fig. 4, A and B, and fig. S9A). We 
chose the Milner TRM signature because it identifies the key genetic 
regulators of TRM differentiation from multiple tissues regardless of 

CD45-AF488

C
D

3

Compartments-2 + -3

MAMU-A001
(donor)

GVHD host cells GVHD donor cells

C
D

3

CD45-AF647

C
D

3

CD8 T cells

A

Lu
ng

s

med
LN pL

N
Liv

er

mes
LN

Sple
en

La
rge

 in
tes

tin
e

Small
 in

tes
tin

e

Kidn
ey

Bon
e m

arr
ow

0

5

10

15

M
ig

ra
tio

n
(G

VH
D

/H
C

) GVHD host
GVHD donor

Lu
ng

s

med
LN pL

N
Liv

er

mes
LN

Sple
en

La
rge

 in
tes

tin
e

Small
 in

tes
tin

e

Kidn
ey

Bon
e m

arr
ow

0

5

10

15
M

ig
ra

tio
n

(G
VH

D
/a

ut
o) GVHD host

GVHD donor

P = 0.18

B

Donor chimerism in compartment-3

C

Lu
ng

s

med
LN pL

N
Liv

er

mes
LN

Sple
en

La
rge

 in
tes

tin
e

Small
 in

tes
tin

e

Kidn
ey

Bon
e m

arr
ow

0

5

10

15

M
ig

ra
tio

n
(a

ut
o/

H
C

)

D

0 4.7

Fig. 2. Dynamics of CD8+ T cell trafficking into GVHD target organs after HCT in NHP. (A) Mononuclear cells were isolated from different organs from HC animals 
(n = 4) or from recipient animals on day +8 after auto-HCT (n = 4 animals) or MAMU-A001–mismatched allo-HCT (n = 3 animals). A representative gating tree depicts SIVS-
based measurement of donor and host CD8+ T cell migration in MAMU-A001–mismatched allo-HCT transplantation. (B to D) Plots, depicting relative migration of donor 
and host CD8+ T cells from MAMU-A001–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 after 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.
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Fig. 3. Migration of donor CD8+ T cells to the large and small intestines correlates with the severity of tissue pathology during aGVHD in NHP. (A) Cor-
relations between the migration of CD8+ T cells and GVHD histopathology scores in the small intestine (jejunum; left) and large intestine (colon; right). Lines 
with tinted areas indicate the 95% confidence interval (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 (com-
partment-2) CD8+ T cells in the small and large intestines from HC animals (n = 4 for small intestine and n = 3 for large intestine), auto-HCT cohort on day +8 
(Auto, n = 4 animals), and host (GVHD host) and donor (GVHD donor) cells after 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 and 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 intestines in different experimental 
cohorts. (F and 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 intestines 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 posttest. (H) Schematic representation of donor T cell immigration into GVHD target nonlymphoid tissues and gradual acquisition of the 
CD69+CD103+ TRM phenotype. (I) 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 (Migration; left), extent of acquisition of the CD69+CD103+ TRM phenotype in the immigrated donor CD8+ 
T cells (Retention; middle), and the difference between the extent of donor and host CD8+ T cell migration, adjusted to the extent of acquisition of the CD69+CD103+ 
TRM phenotype (Migration × Retention) across different nonlymphoid organs and tissues. The lines with the tinted areas indicate the 95% CI using linear regression.

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on July 20, 2022



Tkachev et al., Sci. Transl. Med. 13, eabc0227 (2021)     13 January 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

7 of 14

a cell’s activation status, thus providing the most accurate measure 
of TRM transcriptional features. As shown in Fig. 4 (A and B), and in 
agreement with flow cytometric analysis (Fig. 3B), donor-derived 
GI CD8+ T cells had a lower mean TRM score compared to either 
host- or HC-derived cells (P < 0.001 using the Wilcoxon test), con-

sistent with there being a higher proportion of actively infiltrating 
(rather than established TRM) donor cells during GI 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 GI tract–specific tissue-resident T cell signatures 
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Fig. 4. Transcriptomic profile of donor-derived CD8+ TRM cells in the large intestine during aGVHD in NHP. (A) CD8+ T cell census (n = 4715 cells), colored by exper-
imental cohort, was clustered in uniform manifold approximation and projection (UMAP) space. (B) Enrichment scores for the TRM signature from Milner et al. (37) were 
calculated for CD8+ T cells from HC animals, and host and donor CD8+ T cells on day +8 after allo-HCT. Horizontal lines represent the 25th and 75th percentiles for enrich-
ment scores of the HC cohort, which were used as cutoff values to determine TRM-low and TRM-high cells. (C) Differentially expressed (DE) genes were identified between 
donor CD8+ TRM-high cells and their counterparts from HC animals (HC; top) and host CD8+ T cells (bottom). (D) Pathway analysis was performed using Ingenuity Pathway 
Analysis on differentially expressed genes between donor CD8+ TRM-high cells, and their counterparts from HCs and host CD8+ T cells. Signaling pathways with positive 
enrichment scores and P < 0.05 using t test with the Benjamini-Hochberg correction are depicted. (E) CD8+ T cell census (n = 4715 cells), colored by the enrichment score 
for the GVHD signature from Ichiba et al. (52), was clustered in UMAP space. (F) Enrichment scores for the aGVHD signature [from Ichiba et al. (52)] were calculated for HCs, 
host, and donor CD8+ TRM-high cells. (G) Predicted upstream regulators were determined using Ingenuity Pathway Analysis tool performed on differentially expressed 
genes between donor CD8+ TRM-high cells and their counterparts from HCs (left) and host CD8+ T cells (right). (H) Expression of IL-21R in compartment-2 and compartment-3 
donor and host CD8+ T cells from the large intestines of MAMU-A001–mismatched allo-HCT recipients on day +8 (n = 3). *P < 0.05 using paired t test. (I) Spleen cells, 
isolated from 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 posttest.

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on July 20, 2022



Tkachev et al., Sci. Transl. Med. 13, eabc0227 (2021)     13 January 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

8 of 14

(Zhang_CD8_C05_CD6 and Zhang_CD8_C06_CD160) (38), which 
confirmed the higher TRM differentiation status of large intestine 
host and HC CD8+ T cells compared to donor CD8+ T cells (fig. S9). 
The murine Milner signature was highly correlated with both of the 
human-derived intestinal TRM cell signatures (fig. S9B). A third 
human-derived, but not GI-specific, TRM signature, identified by 
Kumar et al. (39), also showed significant correlation with the Milner 
TRM signature (P < 0.0001), but this non–GI-derived signature did 
not discriminate intestinal donor CD8+ T cells from residual host 
CD8+ T cells and CD8+ T cells from HC large intestines (fig. S9, C 
to E). This observation may have been expected, given previous 
work that has demonstrated that the transcriptomic profiles of TRM 
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 TRM-
high cutoff score by identifying the upper TRM score quartile from 
HC CD8+ T cells (Fig. 4B) and then applied this score cutoff to both 
the donor and host CD8+ T cells to identify TRM-high subpopula-
tions in each. This allowed us to probe the transcriptional differen-
tiators between pathogenic donor TRM-high cells and both host and 
HC TRM 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+ TRM cells: They develop rapidly (within 8 days) 
after allo-HCT, and they consist of pathogenic donor cells that 
simultaneously enact TRM transcriptional programming in addition 
to up-regulation of key T cell activation programs. These programs 
include up-regulation of specific cellular metabolic pathways [in-
cluding oxidative phosphorylation and mitochondrial respiration, 
which have been demonstrated to be central to both TRM develop-
ment (41–43) and aGVHD pathogenesis (44, 45)], costimulatory 
signaling pathways [including aGVHD-promoting ICOS (46, 47), 
interleukin-2 (IL-2) (48, 49), and OX40 (20, 50) signaling path-
ways], and cytotoxicity pathways (51) compared to their physiologic 
counterparts (Fig. 4, C and D, and tables S4 and S5). We also iden-
tified a higher enrichment score for the aGVHD pathogenicity 
signature adopted from Ichiba et al. (52) in donor TRM-high cells in 
comparison with host and HC TRM-high cells (Fig. 4, E and F), further 
substantiating the pathogenicity of the donor TRM. Our analysis of 
the upstream regulators that control the activation pathways in donor 
TRM-high CD8+ T cells revealed involvement of IL-15 and IL-21 
cytokine signaling (Fig. 4G and table S6), suggestive of a central role 
for these cytokines in TRM differentiation (particularly during lympho-
penic 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 toward a CD69+CD103+ TRM phenotype 
in NHP splenocytes in vitro. We found that IL-15–induced TRM dif-
ferentiation in splenocytes isolated both from HC animals and from 
those with aGVHD, whereas IL-21 promoted TRM differentiation 
only in aGVHD-derived cells (Fig. 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 ex-
pression on the surface of recently infiltrating compartment-2 cells. 
In contrast, expression of IL-21R on residual host cells was low (Fig. 4I). 
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 IL-21 itself 
and found a proportion of donor cells in the large intestine express-
ing this gene (8.69%) after allo-HCT, thus providing a local source 
of this cytokine during GI aGVHD (fig. S10, D to F). Together, these 
data identify multiple transcriptional pathways and upstream regu-
lators that are strongly associated with aGVHD-mediated tissue 
destruction, providing the first direct link between TRM differentia-
tion and donor T cell pathogenesis in primate aGVHD.

Identifying transcriptional control of actively infiltrating 
donor CD8+ T cells
In addition to identifying the drivers of pathogenic CD8+ TRM, this 
study also provided an opportunity to interrogate the transcription-
al hallmarks of actively tissue-infiltrating pathogenic CD8+ T cells 
at unprecedented specificity. To accomplish this, based on the SIVS 
results (Fig. 3B) that demonstrated that compartment-2 actively in-
filtrating cells display a migratory, rather than TRM-like, phenotype, 
we first identified a TRM-low cutoff score (by identifying the lower 
Milner TRM score quartile from HC CD8+ T cells; Fig. 4C) and then 
applied this score cutoff 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) before scRNA-seq and simultaneously did not yet display 
features of TRM. We then defined the transcriptional differentiators 
between pathogenic donor TRM-low cells and both host and HC 
TRM-low controls by applying DE calculations (Fig. 5A and tables 
S7 to S9). Similar to their donor TRM-high counterparts, donor CD8+ 
TRM-low cells demonstrated high enrichment scores for the aGVHD 
pathogenicity signature from Ichiba et al. (52) (fig. S10G). In agree-
ment with flow cytometric analysis (Fig. 3, F and G, and fig. S6, E 
and F), transcriptome analysis demonstrated that these cells co-
expressed genes encoding multiple cytotoxic mediators (fig. S10H) 
also consistent with their pathogenic status. A direct comparison of 
donor CD8+ TRM-low cells with their TRM-high counterparts re-
vealed that although the TRM-low cells had similar expression of the 
cytotoxicity-related transcripts GZMA, GZMB, and PRF1, they 
demonstrated lower expression of the genes encoding TNFRSF1B 
(59), ID2 (60), IFNG (61), and RGS1 (62) (fig. S10I and table S10), 
which have been demonstrated to play major roles in the pathoge-
nicity of both GI GVHD and T cell–driven colitis. Moreover, and 
consistent with the role for IL-21 in TRM differentiation described 
above (Fig. 4H), our analysis of predicted upstream regulators of TRM-
high versus TRM-low CD8+ T cells confirmed activation of IL-21 sig-
naling in TRM-high > TRM-low (table S11). Together, these data suggest 
that, whereas compartment-2 and compartment-3 CD8+ T cells both 
display pathogenic characteristics, compartment-3 cells express addi-
tional genes associated with auto- and allo-immunity, likely enabling 
them to perpetuate intestinal inflammation during GI GVHD.

Last, we focused on the TRM-low–specific transcriptome by 
identifying those differentially expressed genes that were unique to 
the TRM-low donor versus control comparisons (and not identified 
in the TRM-high versus control comparisons). This analysis distin-
guished 53 transcripts (46 up-regulated genes and 7 down-regulated 
genes) that were specifically dysregulated in donor CD8+ TRM-low 
cells, as well as their associated pathways and upstream regulators 
(Fig. 5, B to D, and tables S12 to S14). Regulatory network analysis 
again identified IL-15, as well as type I and type II interferons (and 
their corresponding signals) as key upstream regulators controlling 
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the transcriptional programming of these donor tissue-infiltrating 
T cells (Fig. 5D and 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), and CD74 (66)], surface adhesion recep-
tors and regulators of their expression [LTB (67) and ITGB2 (68)], 
and cytoskeleton components and regulators [ACTB (69), ACTG1 
(69), CAP1 (70), COTL1 (71), ISG15 (72), LSP1 (73), and PFN1 (74)] 
(Fig. 5E). These data thus provide the first transcriptional map of 
this unique subpopulation of actively infiltrating donor CD8+ T cells, 
nominating a previously unidentified class of molecules that en-
able 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 con-
structed from peripheral blood CD8+ T cells that were sorted on 
days +21 and +28 after transplant from 42 patients receiving an un-
related-donor HCT and standard calcineurin inhibitor/methotrexate 

aGVHD prophylaxis (table S15). Twenty-eight of these patients de-
veloped grade 2 to 4 aGVHD (with 27 of 28 having either upper or 
lower GI disease). All patients with grade 3 to 4 aGVHD demonstrated 
lower GI disease (table S15). The resulting transcriptomes were 
dichotomized between patients who developed severe grade 3 to 4 
aGVHD versus those with grade 0 to 2 aGVHD (Fig. 5F) or those 
with moderate-severe grade 2 to 4 aGVHD versus those with grade 
0 to 1 aGVHD (fig. S10L). These analyses demonstrated significant 
overlap (q = 0.02) between the migratory donor CD8+ TRM-low sig-
natures and the human CD8+ T cell aGVHD signature (Fig. 5F, fig. S10L, 
and table S16). These results provide strong evidence for the rele-
vance 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, whereas the peripheral blood did not 
contain the complete pathologic signature derived from GI tract in-
filtrating T cells (table S16), the peripheral blood signature comple-
mented the organ-specific results, which successfully dichotomized 
patients with moderate-to-severe clinical disease.

DISCUSSION
Here, the application of intravascular staining (75) plus scRNA-seq 
to NHP aGVHD has enabled the interrogation of tissue-localized 
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T cell immunity at an unprecedented depth of detail in an outbred, 
pathogen-exposed, immunologically experienced system. By ap-
plying 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: (i) T cells that were intravascular at the time of 
analysis, (ii) T cells that were intravascular 6 hours before analysis and 
subsequently infiltrated into target tissues, and (iii) T cells that were 
tissue associated for at least 6 hours before 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 GI aGVHD.

Our observations provide strong support for the rapid evolution 
of a pathogenic TRM transcriptional program in donor CD8+ T cells 
after allo-HCT, representing a notable counterpart to recent observa-
tions documenting the longevity of donor-origin TRM in transplanted 
lung and intestinal allografts (5, 6, 34). Our results demonstrate that, 
within 8 days after allo-HCT, donor T cells infiltrate target organs 
and rapidly exhibit protein and transcriptional TRM hallmarks. 
However, despite clear expression of a TRM program, when compared 
to either host or HC GI tract CD8+ T cells, the donor CD8+ TRM are 
clearly not homeostatic. They up-regulate multiple transcriptional 
networks driving T cell activation, including evidence of both meta-
bolic reprograming toward mitochondrial respiration and massively 
up-regulated cytotoxicity pathways. Our results also identify IL-15 
and IL-21 as key upstream regulators, which together coordinate 
the transcriptional programming responsible for the pathogenic 
donor CD8+ TRM differentiation. These two cytokines have been 
shown to drive aGVHD in mouse models (54–57), and IL-15 signal-
ing is required for CD8+ TRM generation in multiple barrier tissues 
(29, 76). Compared to IL-15, the role of IL-21 in the generation of 
TRM cells is far less established (53), and in this study, we provide 
evidence that IL-21 can drive TRM differentiation from circulatory 
precursors during aGVHD, but not under homeostatic conditions. 
The demonstration of redundant T cell activation programs may 
provide an explanation for the well-documented difficulty of re-
versing ongoing clinical aGVHD: Pathogenic GI tract TRM are not 
only physically sequestered from therapeutic agents (77, 78) but also 
potentially protected from monomorphic treatment approaches, 
given the nonoverlapping 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 de-
tailed 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 GI tract T cells that were compartment-1 
(iVas)–negative, SIVS allowed us to rigorously exclude intravascular 
cells from our analysis. Although compartment-2 cells were too rare 
in the GI tract for sorting, the fact that these cells were rigorously 
demonstrated to be non-TRM by flow cytometry allowed us to tran-
scriptionally identify them by their TRM-low signature. Transcriptional 
analysis subsequently identified central features of these actively 
infiltrating cells. Although these include several “usual suspects” in 
aGVHD, comprising costimulatory/coinhibitory pathways (79), the 
immunoproteosome (80), and several targetable metabolic pathways 
(44, 45, 81), one of the most important findings was the transcrip-

tional program of adhesion/extravasation/migration that these actively 
infiltrating cells initiated. These represent distinct pathways com-
pared to donor CD8+ T cells that had already enacted TRM program-
ming, 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 autoimmune 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 antitumor T cells to more 
successfully infiltrate their targets and survive in the tumor micro-
environment, given the recently found mechanistic connections 
between tumor-infiltrating lymphocytes and TRM biology (7, 8).

This study has the following limitations: First, we studied the 
nonprophylaxed “natural history” of aGVHD, and mechanisms of 
infiltration and pathogenic T cell residency may be altered by im-
munoprophylaxis. Second, this study was limited to two anti-CD45 
infusions, 6 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. Last, the scRNA-seq ex-
periments focused only on the GI 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 in-
terrogated pathogenic donor CD8+ T cells in the act of infiltrating 
and causing tissue destruction during GI aGVHD. Our results doc-
ument a transcriptional network defining T cell infiltration during 
this disease and validate the clinical relevance of this network. They 
nominate a previously unidentified class of targets by which to con-
trol 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, nonrandomized manner) were studied: 
(i) autologous transplants (abbreviated as “auto-HCT,” n = 9 for 
clinical analysis and n = 4 for immunological analysis), (ii) allogeneic 
transplants with no GVHD prophylaxis (abbreviated as “allo-HCT” 
and “aGVHD,” n = 11 for clinical analysis and n = 4 for immuno-
logical analysis, including three MAMU-A001–mismatched trans-
plantations), and (iii) a control cohort of healthy, immunologically 
naïve macaques (abbreviated as “HC,” n = 4 for immunological 
analysis). Auto- and allo-HCT recipients used for SIVS experiments 
were euthanized at a predetermined experimental end point on day 
+8 and were censored from survival analysis. Animal demographic 
parameters, transplant characteristics, and doses of CD45 anti-
bodies administered in vivo are shown in table S1. Sample size cal-
culations 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-haploidentical allo-HCT 
versus autologous transplantation in NHP. Blinding was per-
formed on all pathologic analysis and on the initial analysis of 
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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) United 
States Department of Agriculture 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 Univer-
sity of Washington Institutional Animal Care and Use Committees.

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 institutional review boards. Written informed 
consent was received from all participants.

HCT in NHP
We used our previously described strategy for HCT in rhesus 
macaques (17–19), described in detail in Supplementary Materials 
and Methods.

CD45 infusions
Purified CD45 (clone MB4-6D6) was purchased from Miltenyi 
Biosciences. Antibodies were conjugated in M.R.’s laboratory to 
Alexa Fluor dyes. Conjugated antibodies were diluted in sterile 
normal saline solution, and 5 ml was slowly infused over 5 min 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, 
CD45 antibodies conjugated with Alexa Fluor 647 (CD45-AF647) 
were administered 6 hours before euthanasia/tissue collection at a 
dose of 30 g/kg. To discriminate tissue-residing cells from cells remain-
ing in the vasculature, CD45 antibodies, conjugated with Alexa 
Fluor 488 (CD45-AF488), were administered 5 min before euthanasia/
tissue collection at a dose of 30 or 60 g/kg (Fig. 1, fig. S2, and table S1). 
Blood samples were drawn from the catheter before and 5 min after 
each CD45 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 
phosphate-buffered saline using enzymatic digestion and mechanic 
separation as described in Supplementary Materials and Methods.

Immune analysis
Blinding was performed on all pathologic analysis. Flow cytometry 
data were collected using the BD FACS LSRFortessa and analyzed 
using FlowJo 10 in an unblinded manner. The gating strategy and 
the assessment of cellular migration using intravascular aCD45 la-
beling are described in fig. S2, table S2, and Supplementary Materi-
als and Methods.

Transcriptomic analysis
Single-cell libraries from sorted samples were generated using the 
10× Chromium 3′ platform and then sequenced using NovaSeq S2 
(Illumina). scRNA-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 Ingenuity 
Pathway Analysis (IPA) as described in Supplementary Materials 
and Methods. Bulk RNA-seq from human samples was trimmed 
using Trimmomatic v.39 (83) and aligned with kallisto v.0.46.1 (84). 
Analysis was performed using DESeq2 (85) and clusterProfiler (86).

Statistical analysis
Both paired and unpaired Student’s t tests were used for comparing two 
groups, where appropriate. One-way analysis of variance (ANOVA) 
with Holm-Sidak multiple comparison posttest or two-way ANOVA 
analysis with Holm-Sidak multiple comparison posttest was used 
for comparing multiple groups, where appropriate. Groups were 
considered significantly different when P < 0.05.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/576/eabc0227/DC1
Materials and Methods
Fig. S1. Liver function tests in recipients after autologous or allogeneic HCT in NHP.
Fig. S2. Gating tree for flow cytometric identification and characterization of T cells within 
different spatiotemporal compartments using SIVS in NHP.
Fig. S3. Phenotypic characteristics of liver intravascular compartment-1 T cells in NHP.
Fig. S4. Compartmentalization of CD4+ T cells at steady state and after HCT in NHP.
Fig. S5. Migration of CD4+ and CD8+ T cells at steady state and after HCT in NHP.
Fig. S6. Phenotypic characterization of compartment-2 and compartment-3 CD8+ T cells 
in NHP.
Fig. S7. Phenotypic characteristics of intestinal CD4+ T cells in NHP.
Fig. S8. Transcriptomic identification of intestinal CD8+ T cells in NHP.
Fig. S9. Transcriptomic identification of intestinal TRM-high and TRM-low CD8+ T cells from large 
intestine in NHP.
Fig. S10. Immunophenotypic and transcriptomic characteristics of CD8+ T cells from the  
large intestine.
Fig. S11. Threshold testing of TRM-high and TRM-low CD8+ T cells.
Table S1. Transplant characteristics.
Table S2. List of antibodies used, flow cytometry panels, and flow-based definitions of 
lymphocyte populations.
Table S3. scRNA-seq sample information and QC metrics.
Table S4. Differentially expressed genes between donor, host, and HC CD8+ T cells with high 
enrichment scores for the TRM signature.
Table S5. Pathway analysis of differentially expressed genes between donor, host, and HC 
CD8+ T cells with high enrichment scores for the TRM signature.
Table S6. Predicted activated upstream regulators in donor CD8+ T cells with high enrichment 
scores for the TRM signature in comparison with their HC and host counterparts.
Table S7. Differentially expressed genes between donor, host, and HC CD8+ T cells with low 
enrichment scores for the TRM signature.
Table S8. Pathway analysis of differentially expressed genes between donor, host, and HC 
CD8+ T cells with low enrichment scores for the TRM signature.
Table S9. Predicted activated upstream regulators in donor CD8+ T cells with low enrichment 
scores for the TRM signature in comparison with their HC and host counterparts.
Table S10. Differentially expressed genes between donor CD8+ T cells with low and high 
enrichment scores for the TRM signature.
Table S11. Predicted activated upstream regulators in donor CD8+ T cells with low enrichment 
scores compared to cells with high enrichment scores for the TRM signature.
Table S12. Gene signature of donor CD8+ T cells with low enrichment scores for the TRM 
signature, defined as shown in Fig. 5B.
Table S13. Pathway analysis on the gene signature of donor CD8+ T cells with low enrichment 
scores for the TRM signature.
Table S14. Predicted activated upstream regulators based on the gene signature of donor 
CD8+ T cells with low enrichment scores for the TRM signature.
Table S15. Clinical characteristics of patients from the ABA2 clinical trial (NCT01743131), 
included in the current study.
Table S16. Results of GSEA analysis comparing patients from the ABA2 clinical trial 
(NCT01743131) with grade 2 to 4 and 3 to 4 aGVHD versus patients with grade 0 to 1 and 0 to 
2 aGVHD, respectively.
Table S17. scRNA-seq–derived gene sets used for GSEA analysis.
Data file S1. Primary data.
References (87–91)
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Spatiotemporal single-cell profiling reveals that invasive and tissue-resident
memory donor CD8
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 T cells drive gastrointestinal acute graft-versus-host disease
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SIVSing through GVHD
Currently, there are few ways to track leukocyte movements in vivo. Potter and colleagues developed a method to
track leukocyte migration in vivo called serial intravascular staining or SIVS. The authors infused differently labeled
antibodies at different time points to reveal distinct leukocyte population kinetics in healthy macaques and those
infected with Mycobacterium tuberculosis. Tkachev et al. then applied SIVS to shed light on donor T cell trafficking in
macaques that developed acute graft-versus-host disease (GVHD) after transplant. They found that donor cytotoxic
CD8

+

 T cells infiltrated the gastrointestinal tract and developed the transcriptional signature of tissue-resident memory
T cells. SIVS will be useful for revealing leukocyte trafficking kinetics not only in GVHD and infection but in a variety of
other diseases as well.
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