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Human resident memory T cells exit the skin and
mediate systemic Th2-driven inflammation
Johanna Strobl1*, Laura Marie Gail2,3*, Lisa Kleissl1,2, Ram Vinay Pandey1, Valerie Smejkal4, Julian Huber5, Viktoria Puxkandl1,
Luisa Unterluggauer1, Ruth Dingelmaier-Hovorka1, Denise Atzmüller1,2, Thomas Krausgruber3, Christoph Bock2,3,6, Philipp Wohlfarth7,
Werner Rabitsch7, and Georg Stary1,2,3

Emigration of tissue-resident memory T cells (TRMs) was recently introduced in mouse models and may drive systemic
inflammation. Skin TRMs of patients undergoing allogeneic hematopoietic stem cell transplantation (HSCT) can coexist beside
donor T cells, offering a unique human model system to study T cell migration. By genotyping, mathematical modeling,
single-cell transcriptomics, and functional analysis of patient blood and skin T cells, we detected a small consistent population
of circulating skin-derived T cells with a TRM phenotype (cTRMs) in the blood and unveil their skin origin and striking
resemblance to skin TRMs. Blood from patients with active graft-versus-host disease (GVHD) contains elevated numbers of
host cTRMs producing pro-inflammatory Th2/Th17 cytokines and mediating keratinocyte damage. Expression of gut-homing
receptors and the occurrence of cTRMs in gastrointestinal GVHD lesions emphasize their potential to reseed and propagate
inflammation in distant organs. Collectively, we describe a distinct circulating T cell population mirroring skin inflammation,
which could serve as a biomarker or therapeutic target in GVHD.

Introduction
Tissue-resident memory T cells (TRMs) play a vital role for the
local immune milieu, facilitating immune homeostasis within
the tissue and rapid recall responses in recurring infections
(Mueller and Mackay, 2016). TRMs are largely independent
from the circulatory T cell pool and are identified by the ex-
pression of residency markers, including the S1P1-suppressor
CD69 and the Integrin αE (CD103; Clark et al., 2006; Kumar
et al., 2017; Watanabe et al., 2015).

Originally, TRMs were regarded as a terminally differenti-
ated subset of memory T cells that, once generated in the tissue,
were permanently located there, with limited motility and local
proliferation (Beura et al., 2018; Park et al., 2018). However, this
concept was challenged in murine experimental models that
described a retrograde migration of cells with a TRM phenotype
to draining lymph nodes, the blood, and secondary tissue sites
(Behr et al., 2020; Beura et al., 2018; Fonseca et al., 2020;
Klicznik et al., 2019). Klicznik et al. (2019) employed a human-
ized skin transplant mouse model to demonstrate that human
skin–derived CD4+ T cells with a TRM signature, identified
by expression of the cutaneous lymphocyte-associated antigen

(CLA) and CD103, can down-regulate CD69, exit the skin into the
circulation, and reseed a distant skin site. Fonseca et al. (2020)
recently revealed an unexpected developmental plasticity of TRMs
in amurine transplant model. Upon recall antigen challenge, CD8+

TRMs reentered the circulation and trans-differentiated into
central memory–like T cells while maintaining the propensity to
home back to their tissue of origin and regain a TRM phenotype.

Despite recent reports of T cells with a skin TRM signature in
human lymph and blood (Klicznik et al., 2019), definitive proof
of (re)circulating TRMs as a separate entity in the human system
remains elusive. As TRMs have been shown to play a pathog-
nomonic role in numerous inflammatory diseases (Chen and
Shen, 2020), potential skin exit, trans-differentiation, and en-
try into distant tissues by disease-driving TRMs may represent a
novel systemic factor contributing to these diseases. It is there-
fore eminent that the presence and role of circulating TRM-like
cells warrant further investigation in the human setting.

Recently, we and others demonstrated in patients receiving
allogeneic hematopoietic stem cell transplant (HSCT) that host-
derived skin TRMs are maintained in the skin for at least 10 yr,

.............................................................................................................................................................................
1Department of Dermatology, Medical University of Vienna, Vienna, Austria; 2Ludwig Boltzmann Institute for Rare and Undiagnosed Diseases, Vienna, Austria; 3CeMM
Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria; 4Vienna University of Technology, Institute of Theoretical Physics, Vienna,
Austria; 5Vienna Center for Quantum Science and Technology, Atominstitut, University of Technology, Vienna, Austria; 6Institute of Artificial Intelligence, Center for
Medical Statistics, Informatics, and Intelligent Systems, Medical University of Vienna, Vienna, Austria; 7Department of Internal Medicine I, Bone Marrow Transplantation,
Medical University of Vienna, Vienna, Austria.

*J. Strobl and L.M. Gail contributed equally to this paper; Correspondence to Georg Stary: georg.stary@meduniwien.ac.at.

© 2021 Strobl et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press https://doi.org/10.1084/jem.20210417 1 of 16

J. Exp. Med. 2021 Vol. 218 No. 11 e20210417

https://orcid.org/0000-0003-3606-2185
https://orcid.org/0000-0002-2525-9399
https://orcid.org/0000-0001-8011-796X
https://orcid.org/0000-0002-2533-8687
https://orcid.org/0000-0001-6512-2402
https://orcid.org/0000-0001-7507-6622
https://orcid.org/0000-0002-0090-8866
https://orcid.org/0000-0002-0805-9301
https://orcid.org/0000-0002-0252-6562
https://orcid.org/0000-0003-0154-4969
https://orcid.org/0000-0002-1374-0329
https://orcid.org/0000-0001-6091-3088
https://orcid.org/0000-0001-5628-7942
https://orcid.org/0000-0003-1138-5287
https://orcid.org/0000-0003-1746-4250
mailto:georg.stary@meduniwien.ac.at
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20210417
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20210417&domain=pdf


whereas the circulating T cell pool is rapidly replaced by the
donor T cells (Divito et al., 2020; Strobl et al., 2020b). Impor-
tantly, activated host T cells were detected in lesional skin and in
the gut of graft-versus-host disease (GVHD) patients, suggesting
that they play a role in GVHD and drive an inflammatory host-
versus-graft reaction. Based on those findings, the unique clin-
ical setting of allogeneic HSCT provides an ideal model to study
(re)entry of human skin TRMs into the circulation.

Results
Circulating CD4+ T cells with a skin-resident phenotype are
found in the blood of immune cell–reconstituted patients
after HSCT
In the course of HSCT, peripheral blood T cells are largely
eliminated by conditioning treatments and return to baseline
levels weeks to months after transplantation of donor peripheral
blood stem cells (PBSCs; Strobl et al., 2020b; Fig. 1 A). To in-
vestigate marker genes for circulating T cells with a skin TRM
phenotype (cTRMs; Klicznik et al., 2019) in HSCT, we FACS-
sorted T cells of 11 patients undergoing HSCT at five time
points: B, baseline; Tx, hours before transplantation after com-
pletion of conditioning treatment; 14, day 14 after Tx; 100, day
100 after Tx; and 365, 1 yr after Tx; (Fig. S1, Cohort 1). RNA
sequencing (RNA-seq) of 100 bulk T cells per time point revealed
stable expression of SELPLG, the gene coding for PSLG-1, which can
be post-translationally modified to harbor the E-selectin–binding
epitope of CLA on skin-homing T cells (Fuhlbrigge et al., 1997) and
continuous expression of ITGAE (CD103) at a low level (Fig. 1 B). In
contrast, ITGA1 (CD49a), amarker for cytotoxic TRMs (Cheuk et al.,
2017), was not consistently detectable by RNA-seq (Fig. S2 A). To
evaluate CLA and CD103 on protein level, we checked for surface
expression of these cTRM markers in T cells in the blood after
immune reconstitution. In accordance with RNA expression, we
detected a small population of CLA- and CD103-expressing cells
among CD4+ and CD8+ T cells (Fig. 1, C and D; and Fig. S1, Cohort 2).
The vast majority of CD4+ T cells were CD103 negative and were
termed conventional T cells (TCONV cells), and a minor faction of
CD4+ CD103+ T cells were CLA− (Fig. 1, C, D, and F). In contrast, the
proportions of CLA+CD103+ and CLA−CD103+ CD8+ T cells were
equal, indicating a preferential egress of CD4+ TRMs from the skin
in these patients (Fig. 1 F). Skin TRMs commonly express S1PR1-
antagonist CD69, which is used as an activation marker of pe-
ripheral blood T cells (Cibrián and Sánchez-Madrid, 2017; Mackay
et al., 2015). We found only a minor fraction of CD4+ or CD8+

cTRMs expressing CD69 (Fig. 1 I), which is consistent with Klicznik
et al. (2019) reporting that CD69 down-regulation is required for
skin egress. CD4+ cTRMs were also largely CD49a−, whereas a
higher percentage of CD8+ cTRMs expressed CD49a, in line with
their cytotoxic function (Cheuk et al., 2017; Fig. 1 I). Pearson cor-
relation analysis found no association between percentage of
cTRMs and time after Tx in CD4+ or CD8+ T cells (Fig. 1 E), arguing
for a stable subset of cTRMs over time. To confirm that cTRMs
represent memory αβT cells, we stained for CD45RO as a memory
marker and TCR-αβ (Fig. 1, G and H). The vast majority of cTRMs
from both CD4+ and CD8+ T cells were positive for both markers
(Fig. 1 H). Since CD4+ cTRMs seem to be enriched in our patients

compared with reported values in healthy controls (<0.2% of CD4+

T cells; Klicznik et al., 2019) and compared with CD8+ cTRMs, we
focused further experiments on CD4+ cTRMs and refer to them as
cTRMs throughout the manuscript.

cTRMs are host derived and detectable in skin
before transplantation
In solid organ transplantation, resident T cells of gut, kidney, or
skin may remain stationary in their respective tissue and are
thus cotransplanted with the donor organ into the recipient’s
body (Bartolomé-Casado et al., 2019; de Leur et al., 2019; Lian
et al., 2014). Inversely, in the unique setting of allogeneic HSCT,
TRMs survive conditioning treatment due to altered metabolism
and senescent features and coexist with donor T cells, forming a
human chimeric host (Divito et al., 2020; Strobl et al., 2020b). To
our knowledge, the similarity of human cTRMs to their coun-
terparts in tissues has exclusively been identified by phenotypic
features, but proof of the relation between the two compart-
ments in humans is missing. We therefore tracked XX/XY
genotypes of T cells after sex-mismatched transplantation to
distinguish host and donor cells (Fig. 2 A; and Fig. S1, Cohort 2).
As expected after successful HSCT, the overwhelming majority
(mean, 88.01%) of TCONV cells were of donor origin (Fig. 2 B).
Patients with higher levels of host-derived TCONV (Fig. 2 B, tri-
angle symbols) suffered from skin or mucosal infections at the
time of blood sampling (skin infection with HSV or varicella
zoster virus and viral sinus infection), providing insights into
mobilization mechanisms of TRMs into peripheral blood.
Strikingly, analysis of sorted cTRMs revealed that a mean of 50%
of cTRMs exhibited a host genotype (Fig. 2 B).

To address the chimerism in other memory populations in
the peripheral blood, we sorted T cells according to their naive
(Tnaive = CD45RA+ CD62L+), central memory (TCM = CD45RO+

CD62L+), effector memory (TEM = CD45RO+ CD62L−), and ter-
minally differentiated effector memory (TEMRA = CD45RA+

CD62L−) phenotypes (Fig. S2) and analyzed the XX/XY genotype.
As expected, the vast majority of Tnaive cells were of donor origin
(Fig. 2 C). Importantly, the proportion of host-derived cells
among memory T cell subsets (TCM and TEMRA cells) was minor
(Fig. 2 C). In contrast to overall cTRMs (Fig. 1 E), host-derived
cTRMs showed a trend to slowly decline in two phases, with a
faster decay within the first 100 d (Fig. 2 D).

To investigate emergence of TCR clones in contrast to persis-
tence of TRM and cTRM clones, we performed TCR sequencing
from matched pre- and post-transplantation skin and blood
samples (Fig. 2 E). In both skin and blood, a mean of 1% of clones
were shared between pre- and post-transplantation. Interestingly,
0.4% of clones present in blood after transplantation were found
in pretransplant skin, thus cross-shared between tissues and time
points (Fig. 2 F and Table S4). This fraction of cross-shared host-
derived clones insignificantly declined over time (Fig. S2 C).

Mathematical modeling confirms concept of cTRMs relating to
skin TRMs
The observation that cutaneous host TRMs form a population of
cTRMs raises the question of how the cTRM population is
maintained after transplantation. Trans-differentiation from
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Figure 1. Circulating CD4+ T cells with a skin-resident phenotype are enriched in the blood of immune cell–reconstituted patients after HSCT.
(A) Graphical representation of sampling timeline and blood T cell no./liter before initiation of conditioning (B); hours before transplantation after completion
of conditioning treatment (Tx); and 14, 100, and 365 d after Tx (14, 100, and 365; n = 11). (B) RNA-based progression scores of SELPLG and ITGAE in FACS-sorted
bulk T cells. Data shown as mean expression in 100 T cells per patient per time point (n = 11). (C) Representative gating strategy and sorting gates for cTRMs
and TCONV. Cells were pregated as live single leukocytes. (D) Mean percentage (±SEM) of cTRMs and TCONV among CD4+ and CD8+ T cells (n = 36). Statistical
analysis was performedwith paired Student’s t test (****, P < 0.0001). (E) Linear regression of CD4+ and CD8+ cTRMs (percentage of all T cells) to time after Tx
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host TCONV cells is rather unlikely due to the low numbers of
host TCONV in the blood at Tx (Fig. 2 B). Similarly, the novel
donor cTRM pool cannot be formed from preexisting donor
skin TRMs as donor T cells are only transferred on Tx and need
to form a skin TRM population first. This leaves three possible
routes of origin for the renewal of the host cTRM population
(Fig. 3 D). Either the cTRM pool is maintained from the cuta-
neous TRM reservoir or it stems from self-renewal of cTRMs or
trans-differentiation from TCONV within the peripheral blood.

To assess the contribution of skin versus blood T cells to the
cTRM pool after transplantation, we measured the number of
skin and blood T cells surviving radio-chemotherapy (Fig. 3, A
and B; and Fig. S1, Cohort 1). While >1010 TRMs were residing in
the skin of a patient at transplantation, <4 × 108 T cells were
present in peripheral blood (Fig. 3 C). Consistently, donor-
derived peripheral blood mononuclear cells (PBMCs), includ-
ing cTRMs, were efficiently depleted by conditioning therapy
(Fig. S3 A, Cohort 4). We hypothesized that due to the high
number of host TRMs in the skin compartment, host cTRMs are
maintained by continuous low-level emigration of skin TRMs.
To analyze this in detail and determine host and donor T cell
cycles needed to maintain the cTRM pool, we created a sym-
metrical model system based on the measured saturation den-
sities of cTRMs and TCONV cells of host and donor origin
(Fig. 3 D). We first established nonlinear differential equations
to describe the change in T cell populations. The equations
consider exponential growth for small populations and satura-
tion for large populations. The host cTRM cycle comprises the
change of the host skin TRM population (NS) and the host cTRM
population in blood (NB), as well as the small circulating host
TCONV population (Nconv). It depends on (i) the diffusion of skin
TRMs to blood cTRMs (and vice versa) with a rate of ΓBS; (ii) the
growth of respective skin and blood populations with rates ΓS
and ΓB, the self-renewal rate of TCONV (ΓT); and (iii) trans-
differentiation from conventional T cells, which acquire a
cTRM phenotype (ΓTS). This results in three equation terms:

∂NS

∂t
� −ΓBS[(Nsat

B − NB − nB)NS − (Nsat
S − NS − nS)NB]

+ΓS(Nsat
S − NS − nS)NS + ΓTS(Nsat

S − NS − nS)Nconv,
∂NB

∂t
� +ΓBS[(Nsat

B − NB − nB)NS − (Nsat
S − NS − nS)nB]

+ΓB(Nsat
S − NS − nS)NB,

∂Nconv

∂t
� −ΓTS(Nsat

S − NS − nS)Nconv

+Γconv(Nsat
conv − Nconv − nconv)Nconv.

As opposed to the host cycle, the donor T cell population also
grows by differentiation from PBSCs to TCONV with rate ΓP.
Therefore, we expect changes in donor T cell populations of

transplanted PBSCs (nPBSC), conventional T cells (nconv), skin
TRMs (nS), and cTRMs (nB) by differentiation, egress from/to
tissue, and proliferation rate.

∂nS

∂t
� −ΓBS[(Nsat

B − NB − nB)nS − (Nsat
S − NS − nS)nB]

+ΓS(Nsat
S − NS − nS)nS + ΓTS(Nsat

S − NS − nS)nconv,
∂nB
∂t

� +ΓBS[(Nsat
B − NB − nB)nS − (Nsat

S − NS − nS)nB]
+ΓB(Nsat

S − NS − nS)nB,
∂nconv

∂t
� −ΓTS(Nsat

S − NS − nS)nconv
+Γconv(Nsat

conv − Nconv − nconv)nconv
+ΓP(Nsat

conv − Nconv − nconv)nPBSC.

The two cycles are coupled by requiring that the growth satu-
rates when the total number of TCONV cells, TRMs, and cTRMs
equals that of a healthy individual given by NCONV

sat, NS
sat, and

NB
sat, respectively. By solving the differential equations for

various rates and by analytical approximations, we find that the
experimental observation of an equal number of host and donor
cTRMs (Fig. 2 C) is met when the diffusion from host skin TRMs
to host cTRMs is faster than the proliferation of host cTRMs
in blood.

We next tested our equation system by adopting potential
cell proliferation and migration rates and plotting them using
Mathlib package for Jupyter Notebook. When plotting relative
cell proliferation rates based on the proliferation of conventional
T cells (ΓT = 1), where ΓB = ΓT, ΓP = 10, ΓBS = 0.5, ΓTS = 0.5, and ΓS =
0, we saw achievement of the experimentally observed relative
cell numbers within the first weeks after transplantation (Fig. 3
E, Scenario 1). Other scenarios presuming higher cTRM prolif-
eration rates (ΓB ≥ 2) or rapid adoption of a cTRM phenotype by
TCONV (ΓTS ≥ 2) result in unrealistic growth curves (Fig. S3 B,
Scenarios 3 and 4). Tested cell cycling rates are shown in Fig. S3 C.
Interestingly, due to high skin cell numbers, proliferation of cu-
taneous TRMs (ΓB > 0) would result in rapid saturation of the
cTRMpool with host-derived T cells (Fig. 3 E, Scenario 2), which is
not the case according to our genotyping experiments (Fig. 2 B).

Thus, we can conclude that while the donor cTRM pool is
formed from PBSCs via TCONV and consequently developed do-
nor TRMs, the host cTRM pool is likely maintained by self-
renewal from nonproliferating skin TRMs.

Single-cell RNA-seq unravels gene expression of host- and
donor-derived circulating T cells after HSCT
To further characterize circulating host-derived T cells over
time, we performed index-sorted single-cell flow cytometry and
RNA-seq of T cells isolated from blood after HSCT (Fig. S1, Co-
hort 1). To increase the likelihood of isolating host-derived

(days; n = 31; CD4+ R2 = 0.0003755, CD8+ R2 = 0.01269). Data plotted as percentage cTRM of total T cells versus days after Tx. One dot indicates one patient.
(F) Mean percentage (±SEM) of CLA+ CD103+ and CLA− CD103+ cells among CD4+ and CD8+ T cells (n = 36). Statistical analysis was performed with paired
Student’s t test. (G and H) Representative gating plot (G) and mean percentage (±SEM) of CD45RO and TCR-αβ expression of CD4+ and CD8+ cTRMs (n = 5; H).
(I) CD69 and CD49a surface molecule expression on cTRMs assessed by flow cytometry of PBMCs. Data shown as mean percentage of CD103+CLA+ T cells
positive for the respective markers (n = 21).
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Figure 2. Host-derived cTRMs share clones detectable in the skin before transplantation. (A) Graphical representation of sample processing after sex-
mismatched HSCT. (B and C) Host/donor genotype of TCONV (n = 18) and cTRMs (n = 20; B) and Tnaive, TCM, TEM, and TEMRA (n = 5; C) as determined by XX/
XY–FISH. Data shown as mean percentage (±SEM) of detected T cells per sample after sorting of minimum 5,000 cells. One dot represents one patient;
statistical analysis was performed with repeated measures one-way ANOVA with multiple comparisons (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001). (D) Correlation trend of host genotypes among cTRMs to the time after HSCT in a two-phase exponential decay model (n = 20; decay span 1: ∼46.87
d, decay span 2: 49.10 d, ns). Following initial decay estimated at K1∼5.344e−015, half-life of host cTRMs was determined at 39 d (K2 = 0.01776). Data shown as
percentage of host cTRMs among all cTRMs and days after Tx. (E) Sorted bulk T cells from 11 patients from pre- and post-transplant time points from skin and
blood were RNA sequenced (Smart-seq2) and analyzed for their TCR repertoire by TRUST. Graphical representation of definition of blood and skin TCR clones
that are shared between pre- and post-transplant time points and percentage of shared TCR clones of pre-Tx blood versus post-Tx blood (“blood”) and pre-Tx
skin versus post-Tx skin (“skin”). (F) Cross-shared clones from pre-Tx skin to post-Tx blood. Graphical representation and percentage of cross-shared clones
from all clones (”SxB”) and percentage of cross-shared clones in blood of different individuals at day 100 after transplantation (“neg. ctrl”). Data shown asmean
percentage ± SEM of all detected TCR clones in each sample (n = 11). Statistical analysis in E and F was performed with paired (E) and unpaired (F) Student’s
t test (*, P < 0.05).
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Figure 3. Mathematical modeling postulates relation of cTRMs to skin TRMs. (A) TRM number in skin before and after conditioning therapy as de-
termined by immunofluorescence staining. Data shown as mean number (±SEM) of CD103+CD3+ cells per cubic centimeter of skin at B and Tx (n = 11). (B) T cell
number in peripheral blood before and after conditioning therapy as determined by flow cytometry. Data shown as mean number (±SEM) of CD3+ lymphocytes
per liter of blood at B and Tx, n = 11. (C) Total number of T cells in adult human skin and blood after conditioning before infusion of donor PBSCs. Data shown as
mean number and range of cells at Tx calculated for an average human with a body surface area (BSA) of ≥1.63 m2 and a blood volume of 65 ml/kg using the Du
Bois formula (BSA = 0.007184 × W0.425 × H0.725). Statistical analysis in B and C was performed with paired Student’s t test; **, P < 0.01; ****, P < 0.0001.
(D) Graphical representation of potential routes for maintenance of host/donor cTRMs and equation terms. (E)Modeling of symmetrical differential equation
model by applying different cell proliferation and migration rates shown in Fig. S3 C. Scenario 1 (left panel) results in realistic cell saturation values; Scenario
2 (right panel) shows rapid saturation of the cTRM and TRM niches with host-derived cells. Saturation represents the sum of relative host and donor cells
(1 = 100%). Time shown in days.
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T cells, we sequenced peripheral blood T cells of one patient with
slow donor T cell recovery and a mixed T cell chimerism at days
14 and 250 after HSCT (Fig. 4, A–D, patient 1; and Table S2) and
one patient with normal donor T cell recovery at day 14 only,
who had a full donor chimerism of T cells at later time points
(Fig. S4, A, patient 2; and Table S3). At both time points, we saw
two transcriptionally distinct populations of T cells (Fig. 4, A and
C; and Fig. S4 A). Based on unsupervised t-distributed stochastic
neighbor embedding (t-SNE) clustering of cells and confirma-
tion by single-nucleotide polymorphisms (SNPs) identified in
pretransplant samples, we were able to determine host and
donor origin of T cells. SNP calling revealed that host cells were
present in all samples and that cells clustered according to host/
donor origin (Fig. 4, C and D). Notably, fewer SNPs of host cells
were qualified (Fig. 4, C and D) due to low overall numbers of
host-derived cells in combination with strict selection criteria
(SNPs present in three ormore host cells and absent in all donor-
derived cells). SNP-based distinction of cells allowed differential
gene expression analysis of donor versus host cell tran-
scriptomes, enabling us to investigate differential expression of
TRM marker genes from the two patients at day 14 (Fig. 4 E).
Interestingly, we found host cells to have a gene expression
profile relating to a cTRM phenotype, with a trend of higher
expression of cTRM markers ITGAE (CD103), SELPLG (encoding
for CLA), LGALS3 (encoding for Galectin-3), and PRDM1, which
have been associated with TRMs (de Almeida et al., 2020 Pre-
print; Mackay et al., 2016; Strobl et al., 2020b). Host cells also
displayed significantly higher levels of FABP5, encoding for the
fatty acid–binding protein 5 known to be crucial for skin TRM
metabolism (Pan et al., 2017). RUNX3, a transcription factor
associated with TRM (Milner et al., 2017) and cytotoxic func-
tion (Shan et al., 2017), and markers of circulating cells (S1PR1
and CCR7; Mueller and Mackay, 2016) were expressed similarly
between host and donor cells.

A population of proliferating cTRMs is found in blood of
GVHD patients
Increasing evidence points toward a pivotal role of skin TRMs in
GVHD pathogenesis (Divito et al., 2020; Strobl et al., 2020b).
Studies in mice previously described that activation of skin
TRMs during infection leads to skin exit and recirculation (Behr
et al., 2020). Based on this, we stratified our patient cohort (Fig.
S1, Cohort 2, sex-mismatched HSCT) into patients without
GVHD or infection, with active GVHD, and with active viral skin
infection at the time of sampling (Fig. 5 A). While percentages
of host cTRMs in patients without GVHD development were
maintained at∼25% of total cTRMs, patients with GVHD showed
markedly higher percentages of host cTRMs of >60% (Fig. 5 B).
Interestingly, patients with viral skin infections such as varicella
zoster virus or HSV had equally high percentages of host-
derived cTRMs, which may indicate a recall response of long-
term skin-resident T cells in the event of antigen encounter.

To better characterize the cTRM population in the blood, we
sampled PBMCs of two patients with active GVHD (Fig. S1, Co-
hort 3) and performed high-throughput single-cell RNA-seq
using the 10x Genomics protocol (Fig. 5 C). The overwhelming
majority of cells were T cells, followed by subsets of myeloid

cells, non–T lymphocytes (B cells, natural killer cells), and er-
ythrocytes (Fig. 5 D). As cTRMs show a transcriptome distinct
from TCONV (Fig. 4) and express CD103 on their surface (Fig. 1 C),
we searched for T lymphocytes with high expression of ITGAE
(coding for CD103). Indeed, a small population of T cells (Fig. 5 C,
Cluster 13) fit this characteristic (Fig. 5 E). Importantly, these
cells showed high expression for the proliferation marker
MKI67. We also found increased expression of protein-coding
genes for fatty acid–binding protein 5 (FABP5) and LGALS3, as
well as the transcription factors RUNX3 and PRDM1 (Fig. 5 E), all
previously described in TRMs (de Almeida et al., 2020 Preprint;
Milner et al., 2017; Pan et al., 2017; Strobl et al., 2020b). The
majority of cells in this cluster expressed genes encoding for
the αβ-TCR (Fig. S4 B), confirming our previous results (Fig. 1,
G and H). The integrins ITGA4 and ITGB7 were both highly
expressed in the cTRM cluster (Fig. 5 E). ITGB7 codes for the β7
integrin, which can either form a heterodimer with CD103 to
bind E-cadherin or with ITGA4 to form the integrin α4β7, which
is important for gut homing. Expression of ITGA4 within the
cTRM cluster indicates the potential of the cells to home to
other organs than the skin. Moreover, we detected expression
of transcription factor GATA3 in cTRMs, which regulates tran-
scription in T helper 2 (Th2) cells. Thus, in GVHD, cTRMs form
a proliferative population of Th2-type cells while maintaining a
classical TRM transcriptome. These findings suggest that cTRMs
are actively proliferating in the blood of patients with GVHD and
could contribute to the disease phenotype.

cTRMs are functionally competent in GVHD inflammation
In acute GVHD, skin infiltrate is dominated by Th2 cells, while in
both acute and chronic GVHD, tissue damage is described to be
largely mediated by Th1 and Th17 donor T cells (Brüggen et al.,
2014; Hill and Koyama, 2020). To investigate the contribution of
cTRMs to systemic GVHD inflammation, we sampled the blood
of patients with active GVHD (Fig. 6 A). In line with our findings
on the RNA level (Fig. 5 E), we detected higher percentages of
GATA3+ cTRMs compared with TCONV cells (Fig. 6, B and C). The
CD4/CD8 ratio was high among cTRMs and <1 in TCONV, indi-
cating a relative increase of CD4+ compared with CD8+ T cells in
cTRMs (Fig. 6 D). We next measured cytokine production by
cTRMs in patients with active GVHD (Fig. 6, E and F; and Fig. S5
A). Both IL-13– and IL-17–producing T cells were increased
among cTRMs, while we observed a trend toward lower IFN-γ
production by cTRMs (Fig. 6 F). To confirm the GVHD-
promoting phenotype of cTRMs, we sorted cTRMs and TCONV

cells from three patients with active acute GVHD (Fig. S1, Cohort
3) and performed bulk RNA-seq. Pathway enrichment analysis of
differentially expressed genes (DEGs) of cTRMs versus TCONV
revealed that among the top 25 enriched pathways was GVHD
itself, as well as several terms relating to GVHD and Th2/Th17-
type inflammation, such as allograft rejection, asthma, inflam-
matory bowel disease, Th1 and Th2 cell differentiation, Th17 cell
differentiation, or Staphylococcus aureus infection (Fig. 6 G).
Moreover, we found up-regulation of genes linked to T cell ac-
tivation (HLA Class II genes, LCP2), Th2 cell proliferation (CD81;
Maecker, 2003), and memory formation and effector function
(TLR2; Komai-Koma et al., 2004; Fig. S5 B). Interestingly, CD164,
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a marker that is highly expressed on circulating and skin-tropic
CD4+ T cells in patients with Sezary syndrome (Benoit et al.,
2017), a form of cutaneous T cell lymphoma with a Th2 signa-
ture (Saed et al., 1994), was also up-regulated in GVHD cTRMs
(Fig. S5 B). Genes previously associated with repression of Th17
responses (NOD2, ACKR2; Hansell et al., 2015; Napier et al., 2020)
were down-regulated compared with TCONV (Fig. S5 B). These

findings indicate that systemic type 2 and type 17 responses in
GVHD are at least partially driven by cTRMs.

cTRMs can exert damage and home to distant tissue sites
during GVHD
To investigate if cTRMs are a byproduct of increased skin in-
flammation or can actively mediate damage in tissue GVHD, we

Figure 4. Single-cell RNA-seq unravels gene expression of host and donor-derived circulating T cells after HSCT. (A and B) Representative t-SNE plot
of single blood T cells of patient 1 at day 14 (A) and day 250 (B) after HSCT as determined by RNA-seq according to the Smart-seq2 protocol. Unsupervised
clustering resulted in two distinct clusters. One dot represents one T cell. (C and D) Allele frequency heat map of host- and donor-specific SNPs in cells of
clusters 1 and 2 from A and B. (E) Expression of marker genes of interest by donor and host blood T cells at day 14 after HSCT (patients 1 and 2; see Fig. S4 A).
Data shown as normalized expression (log2) value per cell. Solid bars indicate the median, and dashed lines show quartiles; one dot represents one cell.
Statistical analysis was performed with Mann-Whitney test; P values are indicated in plots. MAF, mean allele frequency.
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Figure 5. Characterization of cTRMs in GVHD patients. (A) Graphical representation of patient sampling and sample processing for B. (B) cTRM host
genotype after HSCT in patients with/without GVHD and viral skin infections. Data shown as mean percentage (±SEM) of host cTRMs of all cTRMs. One dot
represents one patient, no GVHD (n = 10), GVHD (n = 7), infection (n = 3). Statistical analysis was performed by one-way ANOVA and Tukey’s multiple
comparisons (***, P < 0.001). (C) Combined UMAP plot of lymphoid and nonlymphoid PBMC populations in two patients with acute GVHD as determined by
RNA-seq (10X Genomics). (D) Representation of immune cell populations in GVHD. Data shown as percentage of all cells. (E) Feature plots of marker ex-
pression of blood cells in GVHD. Data shown as log2 expression for each cell. Zoom-in: cTRM population. NK, natural killer.
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Figure 6. GATA3+ cTRMs are functionally competent in systemic GVHD inflammation. (A) Graphical representation of GVHD patient sampling. (B and
C) Representative gating plot (B) and mean percentage (±SEM; C) of intracellular GATA3 expression of cTRMs versus TCONV in GVHD patients (n = 6). (D)Mean
(±SEM) CD4/CD8 T cell ratio in cTRMs versus TCONV in GVHD in blood samples determined by flow cytometry. (E and F) Representative gating plots (E) and
mean expression (±SEM) of IL-13, IL-17A, and IFN-γ cytokine expression in cTRMs versus TCONV (F) in GVHD. Controls represent isotype or fluorescence-minus-
one controls. Statistical analyses in C and F were performed by paired Student’s t test (*, P < 0.05; **, P < 0.01; n = 6). (G) Top 25 enriched KEGG pathways in
up-regulated genes (P < 0.05) in bulk RNA-seq of sorted cTRMs versus TCONV. Bars indicate the combined enrichment score per pathway (n = 3).
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sorted cTRMs and TCONV cells from the blood of patients with
GVHD (Fig. S1, Cohort 3), activated them with PMA/Ionomycin,
and co-cultured them alone or in combination with keratino-
cytes isolated from healthy donor skin. We then checked for cell
viability of keratinocytes, as well as expression of the pro-
inflammatory cytokine TSLP and the anti-apoptotic molecule
Bcl-2, since these markers were previously described to be ele-
vated in keratinocytes in GVHD skin (Brüggen et al., 2014; Strobl
et al., 2020a; Fig. 7 A). We observed that the presence of cTRMs
leads to significantly more keratinocyte cell death compared
with control, which was not the case for TCONV cells (Fig. 7 B).
Moreover, TSLP, as well as Bcl-2, was significantly up-regulated
after co-cultures with cTRMs but not with TCONV (Fig. 7 B).
These data indicate that cTRMs can elicit tissue damage in the
context of cutaneous GVHD.

Meanwhile, skin GVHD often precedes the involvement of
other organs, including the gastrointestinal (GI) tract. Given that
we found increased RNA expression of ITGA4 and ITGB7 on
cTRMs in GVHD, we assessed in the blood of patients with active
GVHD the presence of cTRMs expressing the gut-homing mol-
ecule α4β7 integrin (Fig. S1, Cohort 3). We found that a sub-
stantial portion (20–70%) of cTRMs coexpress α4β7 (Fig. 7, C and
D). Among total CD4+ T cells, CLA+CD103+ α4β7+ cTRMs com-
prised <1% (Fig. 7 E). CD8+ T cells displayed a similar pattern of
α4β7 expression (Fig. S5, C and D).

Based on this, we examined gut biopsies of patients with
active GI GVHD (GI-GVHD) for the presence of skin marker
molecule-expressing TRMs (Fig. S1, Cohort 3). Indeed, we found that
in all samples investigated a fraction of GI mucosa T cells expressed
CLA in addition to CD103 (Fig. 7, F and G). Among the T cells co-
expressing CLA andCD103, >99%were CD4+ (Fig. 7 H). The presence
of T cells with a phenotype consistent with skin-derived cTRMs in
GI-GVHD emphasizes the role of cTRMs in systemic GVHD and their
involvement in tissue inflammation of different organs.

Collectively, we show that host-derived cTRMs can be tracked
in the blood of patients after HSCT and during GVHD, display an
activated Th2/Th17-like phenotype, and can elicit keratinocyte
damage and home to distant organ sites, thereby contributing to
systemic inflammation and propagating disease.

Discussion
Since their discovery, TRMs have been defined as a rather ho-
mogeneous and differentiated T cell subset terminally located in
the tissue. Recent findings frommousemodels and humans have
challenged this concept and demonstrated a previously un-
known plasticity of TRMs, including the potential to reenter the
circulation and reseed distant organ sites (Behr et al., 2020;
Fonseca et al., 2020; Milner et al., 2020). This has been proposed
to be a mechanism for spreading tissue-specific immunity from
the primary site of antigen encounter over large areas and or-
gans. However, it also raises the possibility that, in the case of
detrimental effects mediated by TRMs, pathology can be dis-
tributed to distant tissue sites. Here, we show for the first time
that skin-derived cTRMs can be tracked as a discrete population
in human blood over prolonged periods of time. We previously
reported that host skin TRMs survive conditioning during

HSCT, as opposed to circulating T cells. In the present study, we
provide evidence that surviving host TRMs exit the skin after
transplantation and give rise to a stable pool of cTRMs, which (i)
retains in part a skin-resident transcriptional signature and
functional profile, (ii) elicits a GVHD-like phenotype on healthy
keratinocytes upon activation, and (iii) homes to other GVHD
target organs, highlighting their potential in systemic immune
reactions. While cTRMs were present among CD4+ and CD8+

T cells, CD4+ cTRMs were enriched compared with CD8+ cTRMs
in our patient cohorts. This is in line with the reports from
healthy human individuals (Klicznik et al., 2019) and might
represent one important difference with mouse models, where
CD8+ TRMs are the dominant recirculating TRM type (Behr
et al., 2020; Fonseca et al., 2020).

In murine models, cell origin can easily be tracked by con-
genic strains for generating host/donor chimera. In our system,
we use a similar approach for tracking host and donor cells on a
genetic level. By creating a mathematical model of T cell cycles
and testing cell proliferation scenarios with multiple variables,
we demonstrate that a blood origin of cTRMs after HSCT is
highly unlikely, as exceedingly high proliferation rates of re-
maining host cTRMs would be required to repopulate the cTRM
reservoir, which is virtually absent at the time of transplanta-
tion. We furthermore detected that the equal distribution of
host- and donor-derived cTRMs is maintained only by relatively
high proliferation rates of donor PBSCs and TCONV cells and low
or absent proliferation of host skin TRMs. This concurs with
previous studies showing host-derived skin TRMs after HSCT to
express markers for cellular senescence (Strobl et al., 2020b).

Naturally, our findings raise the question of how the emi-
gration of TRMs from skin is orchestrated. According to the
concept of recently described “outside-in” recall responses
(Fonseca et al., 2020), in a HSCT scenario, TRMs may be acti-
vated during the tissue-damaging conditioning regimen and
subsequently undergo retrogrademigration to the circulation. In
line with this hypothesis, we found an increased percentage of
cTRMs in the blood of patients with GVHD and cutaneous in-
fection. Previous studies proposed outside-in recall responses as
a mechanism to promote host-protective immunity, but our
results suggest that this mechanism could also lead to a systemic
contribution to inflammatory diseases originally manifesting in
tissues. The clinical relevance of circulating host-derived T cells
in the pathogenesis of GVHD is supported by the association of
mixed T cell chimerism with GVHD development (Mousavi
et al., 2017). We found that cTRMs display a Th2/Th17 signa-
ture with increased expression of GATA3 and IL-13, as well as
higher levels of IL-17 comparedwith TCONV after stimulation.We
previously showed that Th2 cytokines are up-regulated in the
skin during acute GVHD (Brüggen et al., 2014), and IL-17 has
been reported to exacerbate cutaneous GVHD in mouse models
(Mousavi et al., 2017). Of note, host-derived skin TRMs in GVHD
lesions produce IFN-γ and IL-17 in situ, thereby promoting host-
versus-graft immune responses (Divito et al., 2020). Interest-
ingly, we did not observe increased IFN-γ production from
cTRMs. In line with our findings, Divito et al. (2020) showed in
a humanized mouse model of GVHD that IFN-γ was the only
T cell–derived cytokine significantly decreased in the absence of
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Figure 7. cTRMs can promote tissue damage and home to distant organ sites. (A) Representative immunofluorescence images of keratinocytes after co-
culture with cTRM, stained with DAPI (blue), Bcl-2–APC (left), TSLP-PE (middle), and overlay (right); scale bar = 100 µM. (B)Mean percentage (±SEM) of dead
keratinocytes (determined by LIVE/DEAD staining), Bcl-2, and TSLP expression of keratinocytes cultured alone (control) with cTRMs or with TCONV at a ratio of
20:1, determined by immunofluorescence staining. Statistical analysis was performed by ordinary one-way ANOVA with multiple comparisons (*, P < 0.05; **,
P < 0.01; ***, P > 0.001; n = 4). (C and D) Representative gating plots (C) and mean percentage (±SEM) of α4β7-integrin–expressing cTRMs and TCONV from
GVHD patients (n = 4; D). Control represents α4β7 fluorescence-minus-one staining. (E)Mean percentage (±SEM) of indicated markers among total peripheral
blood-derived CD4+ T cells of GVHD patients (n = 4) determined by flow cytometry. (F) Representative immunofluorescence images of a GI-GVHD tissue
sample stained with DAPI (blue), CD3-APC, CLA-FITC, and CD103-PE-Dazzle and overlay. Arrowheads indicate cTRMs; scale bar = 100 µM. (G) Total number
(±SEM) of cells with labeled phenotype detected per squaremillimeter in gut biopsies of patients with acute GI-GVHD (n = 6). (H)Mean percentage of CD4+ and
CD4− cells in the indicated parent population in patients with acute GI-GVHD (n = 6), determined by immunofluorescence staining.
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donor T cells, suggesting that IFN-γ–mediated effects in GVHD
can be largely attributed to donor T cells.

Keratinocyte damage mediated by cytokine-producing T cells
in the skin is a hallmark of GVHD, and keratinocytes in acute
GVHD display elevated levels of TSLP, a cytokine that promotes
Th2 responses and can in turn be up-regulated by Th2 cytokines
(Brüggen et al., 2014). Our finding of increased TSLP levels and
enhanced cell death in healthy keratinocytes upon co-culture
with activated cTRMs suggests that cTRMs can exacerbate tis-
sue damage in GVHD and promote Th2 skewing in secondary
tissue sites via TSLP signaling.

Alloreactive T cells expressing the gut-homing marker α4β7
integrin are known to promote GI-GVHD (Petrovic et al., 2004),
and several studies indicate that treatment with the humanized
α4β7 antagonist vedolizumab can ameliorate GI-GVHD (Coltoff
et al., 2018). Here, we show that cTRMs in the blood of patients
with GVHD express high levels of α4β7 and that cells with a
cTRM phenotype can be detected in GI-GVHD. This is in line
with murine CD8+ TRMs emigrating to the circulation and re-
seeding different tissues such as the intestine, salivary gland, or
female reproductive tract (Fonseca et al., 2020). Similar to this
study, where ex-TRMs acquired a central memory phenotype
before reexpressing TRMmarkers in the tissue, our data suggest
that cTRMs partially change their TRMprofile during recirculation
but maintain crucial marker genes like FABP5. It remains to be
determined where and by which signals cTRMs acquire gut-
homing properties and how long a single cTRM remains in the
circulation before tissue reentry.

In contrast to a CD8+ TRM recall-induced tissue exit, it was
postulated that human CD4+ CLA+ CD103+ T cells can exit the
skin in steady state (Klicznik et al., 2019). Although cTRM
numbers were increased during inflammation, we observed that
the population in the blood remained stable over several years
even in the absence of infection or cutaneous inflammation,
indicating that human skin TRMs can undergo both proposed
exit routes of recall-induced retrograde migration and steady-
state emigration from skin. It will be important to determine in
future studies what differences exist between homeostatic and
activation-induced exit of cTRMs. Of note, it is likely that plas-
ticity within the skin TRM population is not uniform, but that
specific subsets are better equipped to exit the tissue.

Collectively, our study identifies human skin–derived CD4+

cTRMs as a stably maintained low-frequency T cell population in
human blood with the potential to contribute to systemic inflamma-
tion and tissue damage at secondary target sites in the setting of
GVHD. The present work highlights the power of single-cell tech-
nologies in addressing these questions, sincewe coulddetect rareCD4+

blood cTRMs as a distinct population by their skin TRM-like tran-
scriptome and surface molecules. Combining single-cell approaches
for transcriptome, epigenome, and TCR sequencing will be a useful
tool for elucidating the functional repertoire of cTRMs in the future.

Materials and methods
Patient sampling
For this study, we included patients presenting with myelo-
dysplastic syndrome or acute or chronic leukemia receiving

allogeneic peripheral blood HSCT. All patients participated in
the study voluntarily and with fully informed written consent.
The research is in line with national law and has been approved
by the ethics committee of the Medical University of Vienna
(ECS 1087/2016). Peripheral blood was sampled from four pa-
tient cohorts according to time to transplantation. For Cohort 1,
patients were sampled at hospital admission before start of
conditioning (B, n = 11), the day of HSCT (Tx, n = 11), at day 14
(n = 14), and after immune reconstitution between day 100 and
day 365 after stem cell transfer (n = 14), and healthy-appearing
skin (6-mm punch biopsy) was sampled at B (n = 11) and Tx (n =
11). For flow cytometric analysis and genotyping of cTRMs, pa-
tients were sampled after HSCT at the time of immune recon-
stitution (Cohort 2). From patients presenting with active skin
GVHD, blood was sampled at disease onset before start of
treatment with corticosteroids (Cohort 3). Additionally, intesti-
nal biopsies of six patients with active gut GVHD were sampled
at disease onset (Cohort 3). For cohort 4, we sampled five pa-
tients at B and the day of HSCT (Tx). GVHD was diagnosed ac-
cording to the National Institutes of Health consensus criteria
(Filipovich et al., 2005). Patient details are found in Table S5.

Flow cytometry and cell sorting
Single-cell suspensions of blood and skin were stained for sur-
face or intracellular markers as previously described (Strobl
et al., 2020a). For intracellular cytokine staining, PBMCs were
stimulated for 4 h with 1X Cell Activation Cocktail containing
PMA/Ionomycin and Brefeldin A (Biolegend; 423303) in RPMI
1640 (Gibco; 52400025) according to the manufacturers’ pro-
tocol. Antibodies used are indicated in Table S1. Stained cells
were acquired on a BD Biosciences FACS Aria III using FACS
Diva software or a CYTEK Aurora using SpectroFlo software.
Acquired flow data were analyzedwith FlowJo software v.10.6 or
v.10.7 (Tree Star).

T cell–keratinocyte co-culture experiments
T cells were sorted according to the cTRM (CD4+/CD8+ and
CLA+CD103+) or TCONV (CD4+/CD8+ and CLA−CD103−) phenotype
and rested overnight in RPMI 1640 (Gibco; 52400025) with 10%
FBS (Gibco; 10500064) and 1% penicillin-streptomycin (Gibco;
15140122). Keratinocytes isolated from healthy donor skin by
explant cultures were seeded in 8-well chamber slides (Ibidi;
80897) at 20,000 cells per well. T cells were stimulated for 2 h
with phorbol 12-myristate 13-acetate (Sigma-Aldrich; P1581-
1MG) at 10 ng/ml and 1 µg/ml Ionomycin (Sigma-Aldrich; I0634-
1MG), and then 1,000 cTRMs or TCONV cells were added per well
in X-VIVO 15 Medium (Lonza; BE02-060F). Cells were co-
cultured for 16 h before T cells were removed by washing.
Keratinocytes were stained with GFP LIVE/DEAD Fixable Green
Dead Cell Stain Kit (Invitrogen; L34969) according to the man-
ufacturer’s instructions and subsequently fixed with 4% form-
aldehyde. Afterward, CD3-AF750, Bcl-2-PE, and purified TSLP
with a second-step AF647 were stained as previously described
(see Table S1 for antibody details; Brüggen et al., 2014). Briefly,
cells were permeabilized with 2% BSA + 0.1% Triton-X-100 and
subsequently stained with unlabeled, second-step, and labeled
antibodies for 1 h each at 37°C and 5 min with DAPI at room
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temperature. Mounted slides were imaged on a Z1 Axio Obser-
ver microscope equipped with an LD Plan-Neofluar 20×/0.4
objective (Zeiss) and TissueFAXS imaging system and analyzed
using TissueQuest software (TissueGnostics GmbH). Data from
sorted CD4+ and CD8+ T cells were combined for analysis.

cTRM staining of GI-GVHD biopsies
Cryosection of optimal cutting temperature media–embedded
gut biopsies from patients with acute GI-GVHD were acetone-
fixed and stained for cTRM markers CD3, CD4, CLA, and CD103
as previously described (Brüggen et al., 2014; antibodies listed in
Table S1). Briefly, after blockingwith rat andmouse serum (+ 2%
BSA), the tissue was stained with fluorochrome-conjugated an-
tibodies for 2 h, Alexa Fluor 488–labeled anti-FITC for 30 min,
and DAPI nuclear marker for 5 min. All steps were performed at
room temperature. Slides were imaged as described above.

Cytospins and X/Y fluorescence in situ hybridization of
T cell subsets
T cells were sorted in Dulbecco’s PBS with 10% FBS. Cytospins of
>1,000 cells were harvested onto microscope slides using a cy-
tofunnel system (Shandon) and processed using FAST FISH
Prenatal X, Y and 18 Enumeration Probe Kit (Cytocell; LPF 002)
as described previously (Strobl et al., 2020b). In brief, the pro-
tocol included a digestion step with pepsin/HCl, fixation with
formaldehyde, denaturation with formamide, hybridization at
81°C, incubation with the florescence in situ hybridization (FISH)
probe overnight at 37°C, and DAPI staining before mounting.
Slides were imaged as described above.

Smart-seq2 bulk and single-cell RNA-seq
For Smart-seq2 (Picelli et al., 2014), bulk (Fig. 1, A and B; Fig. 2,
E–H; and Fig. 6 G) and single-cell (Fig. 4) RNA-seq libraries were
prepared and sequenced at the Biomedical Sequencing Facility of
the Center for Molecular Medicine of the Austrian Academy of
Sciences as previously described (Strobl et al., 2020b). Bio-
informatical analysis, including gene expression analysis, SNP
calling, and T cell clonality analysis, was performed as previ-
ously described (Strobl et al., 2020b). Determination of single-
cell T cell clones from Smart-seq2 sequencing was identified
using the TRUST (TCR repertoire utilities for solid tissue) tool
version 4.0 (Li et al., 2016). For pathway enrichment (Fig. 6 G),
DEGs in cTRMs with adjusted P value <0.05 were loaded in
Enrichr (Xie et al., 2021), and the top 25 KEGG 2021 human
pathways with adjusted P value <0.01 were plotted.

10X Genomics single-cell sequencing
For 10X Genomics single-cell sequencing, CD45+ live cells were
sorted into PBS/10% FCS for 10X library preparation with the
Single-Cell 39 Library & Gel Bead Kit v2 (10X Genomics) according
to the manufacturer’s instructions. Briefly, sorted cells were parti-
tioned into gel bead-in-emulsions for cDNA synthesis and subse-
quently amplified and prepared for sequencing. The samples were
sequenced at the Biomedical Sequencing Facility on the Illumina
HiSeq 3000/4000 platform in the 75-bp paired-end configuration.
Raw sequencing data were processed and analyzed using the 10X
Genomics Cell Ranger platform and 10X Genomics Loupe Browser.

Mathematical modeling of cTRM origin
Whole T cell numbers and TRM numbers were determined per
cubic centimeter of skin as described by Clark et al. (2006) and
per milliliter of blood at B and Tx and extrapolated to whole-
body surface and whole blood volume for an average human
adult (weight: ≥66.1 kg) using the Du Bois formula (BSA =
0.007184 × W0.425 × H0.725; Fig. 3, A–C). T cell cycles (Fig. 3 D)
were modeled using a system of ordinary differential equations
based on previously published models of T cell dynamics in HIV
infection (Reeves et al., 2017). The equation systemwas modeled
in Jupyter Notebook software (Python). Plots were created using
Matplotlib visualization tool (Hunter, 2007).

Statistical analysis
Statistical analyses on flow cytometry and imaging data were
performed using GraphPad Prism 8.0. To determine statistically
significant differences between two groups, we used paired
or unpaired, two-tailed Student’s t test. To compare multiple
groups, we used parametric one-way ANOVA followed by Tu-
key’s pairwise comparisons and two-tailed Student’s t test.

Online supplemental material
Fig. S1 shows graphical representation of the patient cohorts.
Fig. S2 shows the RNA-based progression score of ITGA1 ex-
pression in patient T cells, gating/sorting strategy and FACS-
based quantification of Tnaive, TCM, TEM, and TEMRA cells, and
quantification cross-shared TCR clones in pre-Tx skin versus
post-Tx blood. Fig. S3 shows quantification of total PBMC and
cTRM numbers in blood of patients at B and Tx and modeled
growth curves for scenarios 3 and 4, as well as tested prolifer-
ation rates for scenarios 1–3. Fig. S4 shows a t-SNE plot of Smart-
seq2 single T cells of patient 2 at d 14 and uniform manifold
approximation and projections (UMAPs) depicting expression of
TCR genes in GVHD 10X Genomics single-cell data. Fig. S5 shows
negative control for IL-13 staining on cTRMs, heat map of se-
lected DEGs in bulk sequenced cTRMs versus TCONV cells of
GVHD patients, flow cytometry quantification of α4β7 expres-
sion on cTRMs and TCONV cells, and selected markers on CD8+

T cells in GVHD blood. Table S1 lists antibodies used in the study.
Table S2 and Table S3 show host chimerism of blood T cells in
patients A and B, corresponding to Fig. 4. Table S4 lists cross-
shared TCR clone sequences of pre-Tx skin and post-Tx blood
per patient. Table S5 shows patient details, including clinical
information.

Data availability
Sequencing data presented in Fig. 1 B and Fig. S2 A are accessible
in Gene Expression Omnibus under accession no. GSE146495. All
remaining sequencing data are available via Gene Expression
Omnibus database accession no. GSE183212.
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Supplemental material

Figure S1. Graphical representation of patient cohorts.
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Figure S2. RNA expression, T cell subtypes and cross-shared clones. (A) RNA-based progression scores of ITGA1 in FACS-sorted bulk T cells. Data shown
as mean expression in 100 T cells per patient per time point (n = 11). (B) Representative sorting strategy of T cell subsets (Tnaive = blue, TCM = green, TEM =
orange, TEMRA = red) for XY-FISH (Fig. 2 C), pregated on live single CD3+ cells, and quantification (n = 5). Data shown as percentage ± SEM of live CD3+ T cells.
(C) Cross-shared clones of sorted T cells from pre-Tx skin and post-Tx blood at days 14, 100, and 365 after transplantation as identified by Smart-seq2/TRUST
pipeline. Data shown as mean percentage ± SEM of all detected TCR clones in each sample (n = 11 patients). SSC, side scatter.
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Figure S3. Mathematical model. (A)Quantification of total blood PBMCs (left) and total number of cTRMs (right) per milliliter of blood in patients at B and at
Tx (n = 5). (B) Scenarios 3 and 4 using cell proliferation rates shown in Fig. S3 C. (C) Tested proliferation rates for scenarios 1–4.
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Figure S4. Single-cell RNA expression. (A) Representative t-SNE plot of single blood T cells from patient 2 at day 14 after HSCT as determined by single-cell
RNA-seq (Smart-seq2). Unsupervised clustering resulted in two distinct clusters. One dot represents one T cell. (B) UMAP feature plots of log2 gene expression
of TCR α and β genes (TRAC, TRBC1, and TRBC2) in blood cells in GVHD determined by single-cell RNA-seq (10X Genomics; n = 2). Cluster 13 represents cells
with cTRM phenotype.
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Table S1 lists antibodies and dyes used for flow cytometry, FACS sorting, and immunofluorescence. Table S2 presents host
chimerism in peripheral blood CD3+ cells of patient A. Table S3 presents host chimerism in peripheral blood CD3+ cells of patient B.
Table S4 lists shared TCR clone sequences in post-Tx blood and pre-Tx skin for every patient. Table S5 presents patient details.

Figure S5. Additional flow cytometry data and differential gene expression. (A) Matched negative control of IL-13 expression from cTRMs to plots in
Fig. 6 D. (B) Heat map showing log2 gene expression of selected DEGs (adjusted P value <0.05) comparing bulk transcriptomes of sorted cTRMs and TCONV cells
(n = 3). (C and D) Mean percentage (±SEM) of α4β7-integrin–expressing CD8+ cTRMs and TCONV (C) and of CD8+ T cells positive for the indicated markers in
the blood of GVHD patients (n = 4; D) determined by flow cytometry.
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