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I M M U N O L O G Y

Skin and heart allograft rejection solely by long-lived 
alloreactive TRM cells in skin of severe combined 
immunodeficient mice
Qianchuan Tian1,2†, Zhaoqi Zhang1,2†, Liang Tan3†, Fan Yang1,2†, Yanan Xu1,2, Yinan Guo1, 
Dong Wei1,2, Changhong Wu1,2, Peng Cao4, Jiawei Ji4, Wei Wang4*, Xubiao Xie3*, Yong Zhao1,2,5*

Whether induced tissue-resident memory T (TRM) cells in nonlymphoid organs alone can mediate allograft 
rejection is unknown. By grafting alloskin or heart into severe combined immunodeficient or Rag2KO mice in 
which a piece of induced CD4+ and/or CD8+ TRM cell–containing MHC-matched or syngeneic skin was transplanted 
in advance, we addressed this issue. The induced CD4+ TRM cells in the skin alone acutely rejected alloskin or heart 
grafts. RNA-seq analysis showed that induced CD4+ TRM cells in skin favorably differentiated into TH17-like 
polarization during the secondary immune response. Inhibition of the key TH17 signaling molecule RORt 
attenuated TRM cell–mediated graft rejection. Thus, we offer a unique mouse model to specifically study TRM cell–
mediated allograft rejection without the involvement of lymphocytes in lymphoid organs and tissues. Our study 
provides strong evidence supporting the hypothesis that long-lived alloreactive TRM cells resident in other 
organs/tissues substantially contribute to organ allograft rejection.

INTRODUCTION
Tissue-resident memory T (TRM) cells are a distinct population of 
lymphocytes, which reside permanently in tissues and organs of mice 
and humans without recirculating and are recognized as contributing 
significantly to enhanced local immune protection in nonlymphoid 
tissues (1–3). Increasingly, studies have revealed CD69+CD103+TRM cells 
located mainly in barrier tissues, such as the intestines, lungs, skin, 
and reproductive tract, whereas CD69+CD103−TRM cells are located 
in both barrier and nonbarrier tissues, such as the pancreas, kidneys, 
and brain (4–7). However, a series of studies showed nicely that 
CD4+ or CD8+ TRM cells had different migration patterns during the 
first and secondary activation and that these formed TRM cells could 
rejoin the circulating pool after reactivation in mice and humans (8–11). 
So far, many more studies have been performed on CD8+ TRM cells 
than on CD4+TRM cells. CD4+TRM cells and CD8+TRM cells display 
some similarities as they share a set of common key markers, such 
as CD103 and CD49a-based adhesion molecules as well as CXCR6 
and CX3CR1-based chemokine receptors (12). However, there are 
obvious differences between CD4+ and CD8+TRM cells, such as dif-
ferent mechanisms for CD4+TRM and CD8+TRM cell homeostasis in 
different locations and different patterns of peripheral migration 
(2, 8). It is recognized that CD4+ TRM and/or CD8+ TRM cells play 
important roles in infectious diseases, chronic inflammatory diseases, 
and tumors [reviewed in (13–16)].

The involvement of CD4+TRM and/or CD8+TRM cells in organ 
transplant rejection has been elucidated in recent years. In human 

lymphocyte antigen (HLA)–mismatched liver transplantation, the 
infiltrated recipient cells form long-lived CD8+TRM populations, and 
a small pool of donor CXCR3high TRM cells have persisted in allografts 
for more than a decade (17). It is reported that the donor resident 
CD4+ and CD8+TRM cells in human small intestine allografts have 
survived for >1 year (18, 19). The donor and host resident T cell 
turnover kinetics in human intestinal allografts are correlated with 
clinical outcomes (20). In the absence of rejection, donor-derived 
graft-versus-host (GvH)–reactive T cells have been enriched and 
have persisted long term in human intestinal grafts (20). Early ex-
pansion of GvH clones in grafts was correlated with rapid replace-
ment of donor antigen-presenting cells by the recipient (20). Graft 
rejection was associated with transient infiltration of the recipient 
host-versus-graft–reactive CD28+NKG2DhighCD8+T cells, which could 
acquire a steady-state TRM phenotype (20). In human lung trans-
plantation, Snyder et al. (21) reported that the persistence of donor 
lung TRM cells was associated with the decreased incidence of clinical 
primary graft dysfunction and acute cellular rejection in clinics. 
Abou-Daya et al. (22) recently demonstrated that antigen-specific 
CD8+ TRM cells indeed form in allografts and have greatly con-
tributed to the following chronic graft rejection in a mouse kidney 
transplantation model in which kidney allografts undergo delayed 
chronic rejection.

Whether the formerly induced alloreactive CD4+TRM cells and/
or CD8+TRM cells in recipient nonlymphoid organs or tissues such 
as skin alone could mediate allogeneic organ graft rejection has never 
been investigated. Here, we reported that the induced long-lived 
alloreactive TRM cells, especially CD4+TRM cells in recipient skin 
tissue alone, could be sufficient to rapidly reject allogeneic skin and 
heart grafts in immunodeficient severe combined immunodeficient 
(SCID) mice that received a piece of the alloreactive TRM cell–
containing major histocompatibility complex (MHC)–matched or 
syngeneic skin tissue. Our present studies indicate that long-lived 
alloreactive TRM cells resident in recipient nonlymphoid organs or 
tissues may contribute significantly to organ allograft rejection even 
in the absence of lymphocytes in lymphoid organs and tissues.
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RESULTS
Long-lived CD103+CD69+TRM cells in skin induced by 
allogenic skin grafting
To investigate whether more alloreactive TRM cells in the recipient 
skin tissue could be induced by immunization with allogeneic skin 
tissue grafting, we immunized BALB/c mice, grafting an MHC-
mismatched C57BL/6 (B6) mouse tail skin, and analyzed the cell 
numbers and phenotypes of the accumulated T cells in the local 
recipient skin tissue at 0, 7, 15, 30, and 60 days after immunization 
(Fig. 1A). The mice at time point day 0 after transplantation were 
not immunized and served as controls. The allogeneic skin grafts 
were rejected by B6 or BALB/c recipient mice around 10 days after 
transplantation (fig. S1), as reported previously (23). We found that 
the cell numbers of CD4+ and CD8+ T cells in recipient skin rapidly 
increased from day 7 and reached the summit at day 15. They then 

began to decrease and persisted at high levels (3 to 10 orders of 
magnitude more than the unimmunized mice) for the long term, 
as detected at 60 days after immunization (Fig. 1B). Consistently, 
these accumulated T cells increasingly expressed the key classical 
TRM cell surface makers CD103 and CD69; the percentage of 
CD103+CD69+T cells in TCR+CD4+T cells significantly increased 
from days 7 to 60 (n = 4, P < 0.01) (Fig. 1A). The predominate cell sub-
population of the long-lived alloreactive CD4+ T cells in the skin tissue 
after allogeneic graft challenging consists of CD103+CD69+CD4+ T cells. 
The numbers of CD103+CD69+CD4+T cells in skin tissue of immu-
nized mice were about seven times that of the numbers of these cells in 
the skin of the unimmunized control mice 60 days after immuniza-
tion (Fig. 1B). Similarly, a high percentage of CD103+CD69+ T cells 
in TCR+CD8+ T cells was observed in the skin tissue of the immu-
nized mice 15 days after skin grafting (Fig. 1A). The numbers of 

Fig. 1. Long-lived CD103+CD69+TRM cells in recipient skin tissue induced by allogenic skin grafting. BALB/c mice were immunized with C57BL/6 mice tail skin. The 
percentages and cell numbers of CD4 and CD8 T or TRM cells in recipient skin tissue were analyzed 0, 7, 15, 30, and 60 days after immunization; the 2 cm–by–2 cm recipient 
skin samples were taken around the immunized site. The skin samples on day 0 represent skin tissues from the unimmunized mice. (A) Flow cytometric analysis of CD45+, 
CD4+TCR+, CD8+TCR+, CD103+, CD69+, and CD103+CD69+ T cells in the recipient skin of the immunized BALB/c mice from days 0 to 60. (B) Quantification of cell number 
of CD4+TCR+, CD8+TCR+, CD103+CD69+, CD103+CD69−, and CD103−CD69+cells in recipient skin of the immunized BALB/c mice. (C) The heatmap of highly expressed 
genes in T effector cells and TRM cells. q < 0.05. (D) Dot plot showing the differentially expressed genes in T cell polarization–related pathways in the induced TRM. The blue, 
red, and orange colors represent the up-regulated genes in induced CD4+ TRM cells, up-regulated genes in both induced CD4+ and CD8+ TRM cells, and up-regulated genes in 
induced CD8+ TRM cells, respectively. (E) Flow cytometric analysis of Ki67 expression in CD4+/CD8+CD69+ T cells from TRM of unimmunized mice and induced TRM of immunized 
mice at 60 days after immunization. Data are representative of independent experiments (n ≥ 3). Data are means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 , and ****P < 0.0001.
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CD103+CD69+CD8+ T cells in the skin of immunized mice were 
around four times those of the numbers of these cells in the unim-
munized control mice 60 days after immunization (Fig. 1B). The 
numbers of CD103+CD69+CD4+ T cells, significantly higher than 
those of CD103+CD69+CD8+ T cells resident in the local skin of the 
immunized mice, indicated that the predominant subpopulation of the 
long-term–surviving T cells in recipient skin tissue was CD4+ T cells, 
specifically CD103+CD69+CD4+ T cells, in this immunized mouse 
model. To explore whether TRM cells exist in the long-distance skin 
tissue of the immunized mice, we detected levels of CD4+ or 
CD8+TRM cells in the skin tissues at around 0 to 1, 1 to 2, and 2 to 
3 cm from the immunized point (fig. S2A). We found that most 
CD103+CD69+, CD103+CD69−, and CD103−CD69+ cells of CD4+ 
or CD8+ T cells were located within 2 cm of the immunized site. 
There was no significant change in the levels of these TRM cells in 
skin tissues located between 0 to 1 and 1 to 2 cm, while there were 
few induced TRM cells in the distal skin tissue (>2 cm from the im-
munized site), which were similar to those in the unimmunized 
mice (fig. S2B). On the other hand, to see whether donor-derived 
T cells were present in the recipient skin tissue, we detected donor 
and recipient MHC I+ cells in T cell receptor–positive (TCR+) cells 
in the immunized local BALB/c skin tissue 30 days after B6 skin 
grafting. There were no donor-derived TCR+ cells in the local recipient 
skin tissue of the immunized mice (fig. S3), indicating the efficient 
allograft rejection by immunocompetent recipient mice without 
any immunosuppression.

To determine whether these long-term–surviving alloreactive 
T cells in recipient skin tissue induced by allogeneic skin graft-
ing are indeed the classically defined TRM cells, we sorted CD4+/
CD8+CD62L+CD44low T cells from the spleen and CD4+/CD8+CD69+ 
T cells from the skin of BALB/c mice at days 0 and 100 after immu-
nization with allogeneic B6 skin and performed RNA sequencing 
(RNA-seq) assays. The DEGseq was used to analyze the differentially 
expressed genes. To confirm the characteristics of induced TRM, we 
compared the TRM-related genes previously reported in various mouse 
models (24–29). The result showed that the expressions of Itgae, 
Cd69, Nr4a1 (Nur77), Nr4a2, Ctla4, Cdh1, Cd244, Prdm1, Rgs, Fabp5, 
and Bhlhe40 are up-regulated, and S1pr1, Ccr7, Sell, and Hnf1a were 
down-regulated in induced CD8+ TRM (Fig. 1C and fig. S4). These 
up- and down-regulated genes in the induced CD8+ TRM in our 
transplant mouse model were well in line with the reported results 
of induced CD8+ TRM in an infection mouse model, compared with 
naïve, central memory, and effector memory CD8+ T cells (fig. S5A) 
(30). Because the reported marker gene expression profile for the 
skin-resident CD4+ TRM was absent, we used the marker genes 
identified in CD8+ TRM cells to see their expression patterns in the 
induced CD4+ TRM in the immunized skin. Most of these genes were 
similarly regulated in the induced CD4+ TRM as those in CD8+ TRM 
except for CD244. The up- and down-regulated genes in induced 
CD4+ TRM in our model were identical with the reported results with 
that of human CD4+CD69+ TRM cells in lungs, which were compared 
with splenic CD4+CD69− T cells (fig. S5B) (12). Thus, most of these 
long-term–surviving CD4+ and CD8+ T cells displayed the TRM 
phenotype and the recognized marker gene expression. Compared 
with naïve T cells, the T cell polarization analysis showed that both 
induced CD4+ and CD8+ TRM up-regulate T cell activation and 
T helper 1 (TH1)–related genes. In addition, the induced CD4+ TRM 
cells highly expressed the TH2-type cytokines such as interleukin-10 
(IL-10) and IL-5 and the TH17-type cytokines such as IL-22 and 

IL-17f (Fig.  1D). Furthermore, the percentage of Ki67+ cells in 
long-term–living CD103+CD69+CD4+ CD8+ T cells (60 days after 
immunization) was similar to that of naïve CD103+CD69+CD4+ 
CD8+ T cells in unimmunized mice as detected by intracellular flow 
cytometry (Fig. 1E), thus supporting the self-renewal potentiality of 
these surviving T cells. Therefore, immunization with allogeneic skin 
grafts resulted in a significant accumulation of long-lived TRM cells 
in skin. These induced CD4+ and CD8+ TRM cells had tissue-resident 
memory characteristics in terms of cell surface phenotypes, transcrip-
tional profiles, and potential self-renewal ability.

Immunized skin tissue endowed immunodeficient mice 
to reject skin allografts with low specificity
To explore the biofunction of the induced alloreactive TRM cells resi-
dent in recipient skin tissue during the secondary anti-alloantigen 
immune response, we established a novel mouse model that contains 
only alloreactive TRM cells in skin tissue without T and B lympho-
cytes in lymphoid tissues and organs by grafting a piece of the skin 
tissue from the alloskin-immunized mice (immunized skin) to MHC-
matched or syngeneic immunodeficient SCID or Rag2 knockout 
(KO) mice (Fig. 2A). Thirty or 100 days after BALB/c mice had been 
immunized with B6 skin, BALB/c skin (2 cm by 2 cm) from either 
the unimmunized or immunized mice was transplanted onto MHC-
matched SCID mice. After another 30 days or so, allogeneic B6 or 
other strain tail skin grafts were grafted onto these SCID mice, re-
spectively (Fig. 2A). When B6 tail skin was transplanted inside the 
BALB/c skin grafts in SCID mice, allogeneic B6 skin grafts were 
rapidly rejected (within 17 days) by SCID mice that had received the 
immunized BALB/c skin, regardless of whether the BALB/c skin 
was gained from immunized mice 30 or 100 days after immuniza-
tion, but B6 skin grafts were accepted for the long term by SCID 
mice onto which was transplanted the unimmunized BALB/c skin 
(P < 0.0001; Fig. 2, B and C). Conversely, after the B6 mice were 
immunized with allogeneic BALB/c skin, we then transplanted the 
immunized B6 skin onto syngeneic Rag2KO mice. Another 30 days later, 
allogeneic BALB/c tail skin was transplanted onto these Rag2KO 
mice. The Rag2KO mice that received the immunized B6 skin tissue 
also rejected the allogeneic BALB/c skin rapidly, but Rag2KO 
mice that received the unimmunized B6 skin failed to do so 
(P < 0.01; Fig. 2D).

We compared the TRM cell–mediated rejection efficiency of allo-
geneic B6 skin grafts transplanted either inside or outside the im-
munized BALB/c skin grafts in SCID recipient mice (Fig. 2E). SCID 
mice that received the immunized BALB/c skin harvested 30 days 
after the initial immunization efficiently rejected B6 skin grafts 
within 15 days, whether or not B6 skin was grafted inside or outside 
the immunized BALB/c skin (Fig. 2F). However, SCID mice that 
received BALB/c skin harvested 100 days after the initial immuniza-
tion quickly rejected B6 skin grafted inside the BALB/c skin within 
20 days but rejected B6 skin grafted outside the BALB/c skin some-
what more slowly (within 50 days, P < 0.01; Fig. 2G), possibly be-
cause of the decreased cell abundance of TRM cells in the immunized 
BALB/c skin tissue 60 days after immunization. Regardless, immu-
nodeficient SCID mice that received the previously immunized BALB/c 
skin tissue gained the ability to efficiently reject allogeneic skin grafts 
from the same donor used to immunize BALB/c mice. Thus, the MHC-
matched or syngeneic immunized skin tissue endowed T/B cell–
deficient recipient mice with the ability to reject subsequent 
allogeneic grafts, regardless of whether the allogeneic skin grafts 
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were transplanted inside or outside the immunized skin tissue. On 
the other hand, when we grafted either B6(H-2b) or the third-party 
skin from FvB(H-2q), C3H(H-2k), and DBA/2(H-2d) mice inside the 
immunized BALB/c skin of the SCID recipients, respectively, the 
immunized skin tissue efficiently rejected the third-party skin grafts 
too, although they were in a slower rejection kinetics compared 
with B6 skin (P < 0.001; Fig. 2H), possibly because of the presence 
of the induced long-lived polyclonal and/or bystander T cells resi-
dent in the immunized skin tissue and/or the cross-reactivity of 
TRM cells (31, 32).

Induced TRM cells in skin proliferated and mediated skin 
allograft rejection
To determine whether it is the induced TRM cells resident in skin 
tissue that mediate allograft rejection in immunodeficient recipient 
mice, we carried out experiments with parabiosis mouse models as 
TRM cell–containing skin tissue donors (Fig. 3A). First, we connected 
a previously immunized BALB/c mouse and a normal BALB/c mouse 
for 30 days. We then transplanted the skin tissue (2 cm by 2 cm) 
from either the immunized mice or the jointed unimmunized mice 
onto MHC-matched SCID mice. Another 30 days later, these SCID 

mice were grafted with allogeneic B6 tail skin (Fig. 3A). SCID mice 
that received skin from the immunized mice quickly rejected B6 skin 
allografts, while SCID mice that received skin from the jointed un-
immunized mice failed to do so (P < 0.01; Fig. 3, B and C), suggesting 
that the induced TRM cells reside in the skin tissue in the long term 
and tend not to circulate in the steady state, as indicated by the 
parabiosis mouse model.

Next, to see whether the immunized skin tissue promoted re-
population of lymphocytes in peripheral lymphoid tissues or organs 
in steady state or immune response phase, we analyzed the T cell 
subsets in the spleens and skin grafts of SCID mice that received the 
immunized MHC-matched BALB/c skin with or without B6 skin 
grafts. There were no detectable CD4+ and CD8+ T cells in the 
spleens of SCID mice that received the immunized BALB/c skin for 
30 days or so without allogeneic B6 skin challenging, further sup-
porting that TRM cells in skin tissue did not egress and circulate in 
the peripheral immune system. However, SCID mice that received the 
immunized BALB/c skin with allogeneic B6 skin had significantly 
higher percentages of CD4+ and CD8+ T cells in the spleens 10 days 
after B6 skin grafting (6 to 12%; Fig. 3D), indicating that TRM cells 
in skin tissue recirculated in the peripheral immune system during 

Fig. 2. Immunized skin tissue endowed immunodeficient mice to reject skin allografts with low specificity. (A) Animal model: (i) By 30 or 100 days after BALB/c mice 
were immunized with C57BL/6 tail skin, one piece of the immunized BALB/c skin (2 cm by 2 cm) was harvested and grafted onto MHC-matched SCID mice; (ii) after SCID 
mice were recovered for about 30 days, a C57BL/6 tail skin was transplanted inside the immunized skin in SCID mice. (B) The photos of C57BL/6 skin grafts in SCID recipients 
with the unimmunized or immunized BALB/c skin tissue. (C) C57BL/6 skin graft survival in SCID recipients with the unimmunized or immunized BALB/c skin tissue (n = 8 to 
10 per group). (D) BALB/c skin graft survival on Rag2KO recipients with syngeneic unimmunized or immunized C57BL/6 skin tissue (n = 4 per group). (E) The animal model 
was the same as in (A), except the C57BL/6 tail skin was transplanted inside or outside the immunized skin. (F) The survival of C57BL/6 skin grafts that were grafted either 
inside or outside the immunized BALB/c skin tissue gained from the immunized BALB/c mice 30 days after immunization. (G) The survival of C57BL/6 skin grafts that were 
grafted either inside or outside the immunized BALB/c skin tissue gained from the immunized BALB/c mice 100 days after immunization. (H) The survival of C57BL/6, FvB, 
C3H, DBA/2, and BALB/c skin grafts that were grafted inside the immunized BALB/c skin tissue in SCID mice. n = 6 per group. **P < 0.01, ***P < 0.001, and ****P < 0.0001 
between the indicated groups.
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the secondary immune response. Furthermore, most of these 
CD4+ and CD8+ T cells in spleens of the immunized BALB/c skin–
transplanted SCID mice after allogeneic B6 skin grafting showed activated/
memory CD62LlowCD44high T cell phenotype (Fig. 3D). There were 
about 11% CD4+ T cells and about 4% CD8+ T cells in B6 skin 
allografts in SCID mice with the immunized BALB/c skin tissue at 
10 days after grafting but only about 0.5% CD4+ T cells and about 
0.3% CD8+ T cells in B6 skin grafts in SCID mice that received 
unimmunized BALB/c skin tissue (Fig. 3E). The number of CD4+ 
T cells in B6 skin grafts was about 10 × 104 cells/g, and the number 
of CD8+ T cells in B6 skin grafts was about 0.4 × 104 cells/g (Fig. 3F). 
This indicated that most of the expanded and infiltrated T cells were 
CD4+ T cells in this transplantation mouse model. Almost all of 
these infiltrated T cells were CD69+ (Fig. 3, E and G), but a higher 

percentage of CD8+ T cells than CD4+ T cells expressed the CD103 
molecule. Some of these T cells expressed the cell proliferation pro-
tein ki67 (Fig. 3H), which may explain the increased cell numbers in 
the grafts. Thus, the induced alloreactive TRM cells were mainly resi-
dent in the skin tissue in the physiological situation but significantly 
expanded, recirculated in the periphery lymphoid tissues, and infil-
trated into the allograft during rejection.

Induced CD4+ TRM cells alone were sufficient to reject 
skin allografts
To explore the roles of the induced alloreactive CD4+ TRM and CD8+ 
TRM cells in skin tissues in mediating allograft rejection, we adop-
tively transferred either the sorted BALB/c CD4+ T cells or CD8+ 
T cells to MHC-matched SCID mice to reconstitute their peripheral 

Fig. 3. Induced TRM cells in skin proliferated and mediated skin allograft rejection. (A) Animal model: (i) We connected a previously immunized BALB/c mouse and 
an unimmunized BALB/c mouse. (ii) Thirty days later, the skin (2 cm by 2 cm) tissues from both immunized mice and jointed mice were transplanted onto two other SCID 
mice, respectively. (iii) C57BL/6 tail skin was then grafted onto these SCID mice. (B) Photos of C57BL/6 skin grafts. (C) C57BL/6 skin graft survival in SCID recipients with the 
unimmunized and immunized BALB/c skin tissue (n = 9 to 10 per group). (D) Flow cytometric analysis of CD4+, CD8+, CD62L+, and CD44+ T cells in spleens in SCID mice 
that received immunized BALB/c skin with or without C57BL/6 skin. (E) Flow cytometric analysis of CD4+, CD8+, CD103−CD69+, and CD103+CD69+ T cells in C57BL/6 skin 
grafts in SCID mice that received unimmunized and immunized BALB/c skin. (F) Quantification of numbers of CD4+ and CD8+ T cells in C57BL/6 skin grafts in SCID mice 
that received unimmunized and immunized BALB/c skin. (G) Quantification of numbers of CD103−CD69+ and CD103+CD69+ T cells in C57BL/6 skin grafts in SCID mice that 
received unimmunized and immunized BALB/c skin. (H) Flow cytometric analysis of Ki67 in CD4+CD69+ and CD8+CD69+ T cells in C57BL/6 skin grafts in SCID mice that 
received immunized BALB/c skin. Data are representative of independent experiments (n ≥ 3). Data are means ± SD. **P < 0.01, ***P < 0.001, and ****P < 0.0001, compared 
between the indicated groups.
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CD4+ and CD8+ T cell pools, respectively (Fig. 4A). Before immuni-
zation, the reconstituted SCID mice showed about 3% CD4+ T cells 
or CD8+ T cells in the peripheral blood on a relatively equal cell level 
(Fig. 4B). Thirty days after immunization with allogeneic B6 skin 
tissue, the recipient skin tissue of the CD4+ T cell– or CD8+ T cell–
reconstituted SCID mice had about 5% CD4+ TRM cells or 1% CD8+ 
TRM cells, respectively (Fig. 4C). The low levels of the induced CD8+ 
TRM cells in the skin tissue of the CD8+ T cell–reconstituted SCID 
mice likely result from the absence of the help of CD4+ T cells, as it 
was previously reported in other models that CD4+ T cells help the 
formation of lung-resident memory CD103+CD8+ T cells during 
influenza virus infection (33). Thirty days after immunization, we 
grafted these CD4+ TRM cell– or CD8+ TRM cell–reconstituted SCID 
mouse skin tissues to the secondary SCID mice; allogeneic B6 skin 
was transplanted onto these mice as shown in Fig. 4A. SCID mice 
with the induced CD4+ TRM–reconstituted skin tissue efficiently 
rejected allogeneic B6 skin grafts, but SCID mice with the induced 

CD8+ TRM–reconstituted skin tissue rejected allogeneic B6 skin 
grafts much more slowly (P < 0.001; Fig. 4, D and E). These results 
showed that long-lived alloreactive CD4+ TRM cells resident in the 
skin tissue were sufficient to mediate allograft rejection.

Induced TRM cells or CD4+ TRM cells in skin rejected 
heart allografts
It is interesting and important to understand whether alloreactive 
TRM cells resident in skin tissue could reject allogeneic heart or other 
organ grafts. We thus performed heterotopic mouse heart trans-
plantation instead of skin transplantation in this mouse model to 
address this issue (Fig. 5A). Unexpectedly, SCID mice with a piece 
of the MHC-matched immunized BALB/c skin tissue rapidly rejected 
allogeneic heart grafts (within 14 days), but SCID mice with the un-
immunized BALB/c skin failed to reject allogeneic heart grafts by 
the end point of the experiment (P < 0.01; Fig. 5B). Pathological 
examination showed severe leukocyte infiltration in heart grafts of 

Fig. 4. Induced CD4+ TRM cells alone were sufficient to reject skin allografts. (A) Animal model: (i) We transfused 1 × 106 CD4+ or CD8+ T cells into SCID mice, (ii) im-
munized these SCID with C57BL/6 tail skin, and (iii) transplanted the immunized skin onto another naïve SCID; after SCID mice recovery, C57BL/6 tail skin was transplant-
ed onto those SCID mice inside the immunized skin. (B) Flow cytometric analysis of TCR+CD4+ and TCR+CD8+ T cells in peripheral blood mononuclear cells (PBMCs) of 
CD4+ T cell– or CD8+ T cell–reconstituted SCID. (C) Flow cytometric analysis of CD4+ TRM and CD8+ TRM in the skin tissue of CD4+ T cell– or CD8+ T cell–reconstituted SCID 
mice 30 days after C57BL/6 skin immunization. (D) Photos of C57BL/6 skin grafts in SCID mice that received skin tissues from either CD4+ T cell– or CD8+ T cell–reconstituted 
SCID mice 30 days or so after C57BL/6 skin immunization. (E) C57BL/6 skin graft survival in SCID mice that received skin tissues from either CD4+ T cell– or CD8+ T cell–
reconstituted SCID mice 30 days or so after C57BL/6 skin immunization (n = 6 to 8 per group). Data are representative of two to three independent experiments. Data are 
means ± SD. *P < 0.05 and ***P < 0.001, compared between the indicated groups.
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SCID mice with the immunized BALB/c skin, whereas there was no 
obvious leukocyte infiltration in heart grafts of SCID mice with the 
unimmunized BALB/c skin (Fig. 5C). The severe leukocyte infiltra-
tion in heart grafts of SCID mice with the immunized BALB/c skin 
was further confirmed by flow cytometry assays showing a large 
number of CD4+ T and CD8+ T cells in heart grafts of SCID mice 
with the immunized BALB/c skin during rejection (Fig. 5D). In 
addition, we used the CD4+ T cell– or CD8+ T cell–reconstituted 
SCID mouse model to examine the effect of the induced CD4+ TRM or 
CD8+ TRM in the skin tissue to mediate heart allograft rejection (Fig. 5E). 
The result showed that SCID mice grafted with the immunized 
SCID skin tissue of the B6-immunized CD4+ T cell–reconstituted SCID 
mice could reject B6 heart grafts (four of five mice), while SCID 
mice grafted with the immunized SCID skin tissue of the B6 skin–
immunized CD8+ T cell–reconstituted SCID mice failed to reject B6 
heart grafts (P < 0.01; Fig. 5F). Therefore, the induced alloreactive 
TRM cells or CD4+ TRM cells resident in the skin tissue in the long 
term were sufficient to mediate acute heart allograft immune rejec-
tion without the involvement of preexisting lymphocytes in lymphoid 
organs and tissues.

CD4+ TRM cells in skin acquired a TH17-like transcriptional 
profile during the secondary immune response
To explore the major molecular mechanisms for skin alloreactive 
CD4+ TRM cell–mediated allograft rejection, we sorted the quies-
cent CD4+ TRM cells in skin without allograft challenge and the 
activated CD4+ TRM cells during allograft rejection to perform RNA-
seq assays. The differential gene analysis showed 1502 up-regulated 
and 2744 down-regulated genes in the activated CD4+ TRM cells 
during rejection (Fig. 6A). We found that the signaling pathways of 
protein processing in endoplasmic reticulum and cytokine-cytokine 
receptor interaction were up-regulated significantly, which indicated 
that the activated CD4+ TRM cells synthesize and secrete cytokines 
or other proteins in large quantities during allograft rejection 
(Fig. 6B and fig. S6A). In addition, the up-regulated genes in CD4+ 
TRM cells during rejection enriched the inflammatory pathways, in-
cluding TH17 cell differentiation and nuclear factor kappa B signal-
ing pathways (Fig. 6B and fig. S6A). When we further conducted 
network analysis of the genes relevant to TH cell subset polariza-
tions, we found that TH17-related genes [IL-17a, IL-17f, IL-21, IL-22, 
and the key transcription factor retinoid-related orphan receptor c 

Fig. 5. Induced TRM cells or CD4+ TRM cells in skin rejected heart allografts. (A) Animal model: (i) BALB/c mice were immunized by C57BL/6 tail skin; (ii) after BALB/c 
mice were immunized for 30 days, the skin tissue (2 cm by 2 cm) was taken from immunized BALB/c mice and grafted onto SCID mice; (iii) after SCID mice recovery, 
C57BL/6 heart grafts were transplanted into SCID mice. (B) C57BL/6 heart graft survival (n = 6 per group). (C) Pathological examination of heart grafts in SCID mice with 
unimmunized and immunized skin tissues. (D) Flow cytometric analysis and the cell numbers of recipient CD4+ and CD8+T cells that infiltrated into the heart grafts. 
(E) Animal model: (i) We transfused 1 × 106 CD4+ or CD8+ T cells into SCID mice, (ii) immunized these SCID mice with C57BL/6 tail skin, and (iii) transplanted the immunized 
skin onto another naïve SCID mouse; (4) after SCID mice recovery for 30 days, C57BL/6 heart grafts were transplanted into those SCID mice. (F) C57BL/6 heart graft 
survival in SCID mice that received skin tissues from either CD4+ T cell– or CD8+ T cell–reconstituted SCID mice 30 days or so after C57BL/6 skin immunization (n = 5). 
Data are representative of three independent experiments (n ≥ 3). Data are means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, compared between the indicated groups.
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(RORc) (34, 35)] were up-regulated in CD4+ TRM cells during rejec-
tion, whereas the related genes of TH1 (T-bet and Stat3), TH2 (IL-13, 
IL-5, Gata3, Fos, and Jun), and regulatory T cells (Tregs) (Smad2, 
Foxp3, and Tgfbr1) were down-regulated in CD4+ TRM cells during 
rejection (Fig. 6C and fig. S6B). Furthermore, we performed gene 
set enrichment analysis (GSEA) on genes that were relevant to TH cell 
polarization and regulated in CD4+ TRM cells and found that the 
TH17-related genes were significantly enriched in CD4+ TRM cells 
during rejection (Fig. 6D). Figure 6E summarizes the major changes 
of cytokines, chemokines, and transcription factors in activating 
CD4+ TRM cells compared with the inactivated, induced CD4+ TRM cells. 
The changes of the major interesting genes in the activated CD4+ 
TRM cells during rejection were confirmed by real-time polymerase 
chain reaction analysis (Fig. 6F). To verify the TH17-like phenotype 
of CD4+ TRM cells in the skin during rejection, we performed flow 
cytometry analysis after intracellular cytokine staining. After the CD4+ 
TRM cells isolated from the immunized BALB/c skin of SCID mice 
or B6 skin grafts inside the immunized BALB/c skin of SCID mice 
were stimulated with phorbol 12-myristate 13-acetate/ionomycin 
and Golgi-plug in  vitro for 6 hours, the intracellular staining of 

IL-17a or IL-17f was performed and analyzed using flow cytometry 
(36). The results showed that a considerable proportion of CD69+CD4+ 
TRM cells (about 20%) expressed IL-17a and IL-17f during allograft 
rejection, whereas CD69+CD4+ TRM cells in the immunized BALB/c 
skin of SCID mice without B6 skin grafting did not show detectable 
expression of IL-17a and IL-17f (Fig. 7A). These results collectively 
suggested that the induced alloreactive CD4+ TRM cells in the im-
munized skin favorably differentiated to TH17-like cells, likely in a 
RORt pathway–dependent manner during their secondary immune 
response to allografts.

RORt inhibitor delayed TRM cell–mediated 
allograft rejection
Considering the involvement of IL-17, IL-21, and IL-22 in allograft 
rejection in other transplantation models [(37–39) and reviewed in 
(40, 41)] and the key role of TH17-specific transcription factor 
RORt in mastering these cytokine expressions in T cells (42), we used 
a RORt inhibitor to block the RORt pathway in the immunized 
BALB/c skin–grafted SCID mouse model to test the roles of RORt 
pathway in the induced TRM cells in allogeneic graft rejection. The 

Fig. 6. CD4+ TRM cells in skin acquired a TH17-like transcriptional profile during the secondary immune response. (A) Dot plot of induced CD4+ TRM cells and 
CD4+ TRM cells during rejection showing the differentially expressed genes. The red and blue colors represent the up- and down-regulated genes in CD4+ TRM during re-
jection, respectively. (B) Top 15 up-regulated pathways by differentially expressed genes of CD4+ TRM during rejection. KEGG database was used to map the signaling 
pathways. (C) Network summary of TH cell subset–related genes in CD4+ TRM during rejection; the color represents the log(fold change) of differentially expressed genes. 
(D) The GSEA enrichment of positive regulation of TH17-type immune response in CD4+ TRM during rejection. GO, gene ontology. (E) The heatmap of differentially 
expressed chemokines and chemokine receptors. (F) Relative expression of RORc, IL-17a, Tnfsf8, Tnfsf4, Lta, CCL1, CXCL2, CCL20, CXCL1, and CXCL9 in CD4+ TRM during 
rejection. The gene expressions in CD4+ TRM in skin tissues were used as control 1. Data are representative of three independent experiments (n ≥ 3). Data are means ± SD.
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treatment with RORt inhibitor via oral gavage significantly reduced 
the RNA expressions of cytokines IL-17A, IL-17F, and IL-22 in B6 
skin grafts in SCID mice with immunized BALB/c skin tissue, com-
pared with mice that received corn oil gavage alone (Fig. 7B). The 
RORt inhibitor–treated, immunized BALB/c skin–grafted SCID 
mice showed a significantly prolonged allogeneic B6 skin graft 
survival time, compared with the control immunized BALB/c skin–
grafted SCID mice without the RORt inhibitor treatment (P < 0.01; 
Fig. 7, C and D). Consistently, pathological examination showed 
that there was less leukocyte infiltration in allogeneic B6 skin grafts in 
the RORt inhibitor–treated, immunized BALB/c skin–grafted SCID mice 
than those in the RORt inhibitor–untreated control mice on both days 
8 and 13 (Fig. 7E). The skin tissue inflammation scores of the control 
group were significantly higher than those of the RORt inhibitor 
group (Fig. 7F). On the other hand, Rag2KO mice that received synge-
neic immunized IL-17KO mouse skin rejected allogeneic grafts sig-
nificantly more slowly than Rag2KO mice that received syngeneic 
immunized wild-type mouse skin (P < 0.01; fig. S7). Therefore, in-
hibition of RORt pathway or IL-17 deficiency could significantly 

attenuate the allograft rejection mediated only by the induced alloreac-
tive TRM cells residing in the immunized skin to a certain extent.

DISCUSSION
The formation and the biological roles of TRM cells resident within 
allografts have been elegantly studied (20–22, 43, 44). With poly-
chromatic flow cytometry and high-throughput TCR sequencing 
technology, Zuber et al. (20) nicely demonstrated that the anti-
donor alloreactive recipient T cells entered human intestinal allografts, 
expanded during rejection, and acquired the TRM phenotype. Here, 
we established a novel mouse model in which allogeneic skin or 
heart was grafted to an immunodeficient SCID or Rag2KO mouse 
with a piece of immunized MHC-matched or syngeneic skin tissue 
harvested from wild-type mice that were immunized with allogeneic 
skin grafting 30 or 60 days earlier. Meanwhile, the immunodeficient 
SCID or Rag2KO mice with a piece of unimmunized MHC-
matched or syngeneic skin tissue were used as a negative control. In 
this unique transplantation mouse model, we could study the roles 

Fig. 7. RORt inhibitor delayed TRM cell–mediated allograft rejection. (A) Flow cytometric analysis of cytokines IL-17a and IL-17f in CD4+ TRM cells in skin grafts in SCID 
mice that received a piece of MHC-matched, immunized BALB/c skin tissue during the secondary allograft rejection. The percentages of IL-17a+ or IL-17f+ in CD4+CD69+ 
TRM cells and the cell number of these cells in skin are shown. (B) mRNA expressions of IL-17A, IL-17F, and IL-22 in skin grafts in the corn oil control group and RORt in-
hibitor group. RORt inhibitor (10 mg/kg) was given once every 2 days via oral gavage. (C) Photos of C57BL/6 skin grafts in the control group and RORt inhibitor group. 
(D) C57BL/6 skin graft survival in control and RORt inhibitor–treated SCID mice (n = 5 per group). (E) Pathological examination of the skin grafts in the control group and 
RORt inhibitor group on days 8 and 13. (F) Quantification of H&E staining corresponding to the control group and RORt inhibitor group on days 8 and 13. Data are 
representative of three independent experiments (n ≥ 3). Data are means ± SD. **P < 0.01 and ***P < 0.001.
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of the induced long-lived alloreactive TRM cells in skin in allograft 
rejection without the bother or involvement of T/B lymphocytes in 
lymphoid organs and tissues. This transplantation mouse model will 
be of significance for studies on the specific roles of the long-lived 
alloreactive TRM cells in nonlymphoid organs or tissues or for the 
evaluation and identification of novel drugs specifically targeting 
TRM cell–mediated allograft rejection. This and other related studies 
have clearly indicated that the induced alloreactive TRM cells resident 
within recipient tissues and/or donor allografts could be important 
reservoirs for alloreactive T cells for the subsequent graft rejection 
episodes in mice and humans (17–21).

With this unique mouse model, we demonstrated that the long-
lived alloreactive TRM cells resident in skin tissue alone could efficiently 
mediate acute allograft rejection, as determined by allogeneic skin 
or heart grafts that were rapidly rejected by the immunodeficient 
SCID or Rag2KO mice with an immunized MHC-matched or syn-
geneic skin tissue. However, allogeneic skin or heart grafts survived 
long term in immunodeficient SCID or Rag2KO mice with an 
unimmunized MHC-matched or syngeneic skin tissue. The effi-
cient acute allograft rejection by the immunized MHC-matched or 
syngeneic skin tissue, but not by the unimmunized skin tissue, in
dicated that the induction and maintenance of more alloreactive 
TRM cells in skin tissue in wild-type mice were achieved by immuni-
zation with grafting of allogeneic skin tissue. The induced TRM cells in 
the skin tissue acutely rejected allogeneic heart grafts and skin grafts 
outside the immunized skin tissue. Furthermore, although the in-
duced CD8+ TRM cells in the immunized skin tissue could reject 
allogeneic skin grafts, the induced alloreactive CD4+ TRM cells in 
the immunized skin tissue alone are sufficient to mediate allogeneic 
skin and heart graft rejection without the involvement of CD8+ 
T cells. This is because SCID mice with a piece of syngeneic skin 
tissue from the immunized CD4+ T cell–reconstituted SCID mice 
rapidly rejected the subsequent allogeneic skin and heart grafts 
within 20 days. Considering the high number of CD4+ TRM cells in 
nonlymphoid organs and tissues, their roles in allogeneic organ 
graft rejection should be emphasized.

It is true that significantly more CD4+ or CD8+ TRM cells includ-
ing CD103+CD69+ T cells, CD103+CD69− T cells, and CD103−CD69+ 
T cells were detected in immunized skin tissue even at 30 or 60 days 
after immunization. This observation was consistent with the previ-
ous reports showing the formation of TRM cells in viral infection 
(45, 46), solid tumors (47–50), and autoimmune diseases (51). Sig-
nificantly more long-lived CD4+ TRM cells in skin tissue were in-
duced in our allogeneic skin–grafted wild-type mouse model than 
CD8+ TRM cells, which is in line with the results that the number of 
CD4+ TRM cells is more than two orders of magnitude that of CD8+ 
TRM cells in most barrier tissues (52). When SCID mice were recon-
stituted with either CD4+ T cells or CD8+ T cells equally in the 
peripheral blood and then immunized with allogeneic grafting, sig-
nificantly more CD4+ TRM cells in skin tissue were induced in CD4+ 
T cell–reconstituted SCID mice than CD8+ TRM cells in skin tissue in 
CD8+ T cell–reconstituted SCID mice. It is reported that CD4+ TH 
cells were important for the development of functional CD103+CD8+ 
TRM cells in the lung airways following respiratory influenza virus 
infection (33). Whether the low number of CD8+ TRM cells in skin 
tissue in CD8+ T cell–reconstituted SCID mice is due to the less 
potential ability of CD8+ T cells to differentiate into CD8+ TRM cells 
and/or the induction of CD8+ TRM cells requires the help of CD4+ 
T cells in this model is unclear and needs to be clarified in the future.

Our results showed almost no detectable CD4+ or CD8+ T cells 
in the spleens of the immunized skin–grafted SCID mice without 
grafting allogeneic skin (in steady state) but that high levels of acti-
vated/memory CD62LlowCD44high CD4+ or CD8+ T cells were ob-
served in the spleens of these mice after grafting allogeneic skin. 
These results together suggest that the induced long-lived TRM cells 
are mainly resident in local skin tissue in physiological situation (in 
the parabiosis mouse model and the immunized skin–grafted SCID 
mice without allogeneic skin grafting) but could egress from their 
resident skin tissue and migrate to allografts during immune re-
sponse (in the immunized skin–grafted SCID mice with subsequent 
allogeneic skin grafting). This observation is consistent with a series 
of studies showing that the formed CD4+ or CD8+ TRM cells could 
rejoin the circulating pool after reactivation in mice and humans 
(8–11). However, it should be recognized that low levels of circulat-
ing CD103−CD69− T cells were present in the immunized and un-
immunized mouse skin tissue. Whether these circulating T cells in 
skin tissue contributed to the allograft rejection in this model is un-
clear. Because there were similarly low levels of CD103−CD69− T cells 
in the immunized and unimmunized mouse skin tissue and because 
SCID mice with a piece of unimmunized skin tissue failed to reject 
allogeneic grafts, we speculated that these CD103−CD69− T cells in 
the skin tissue were unlikely to be key to mediating the allograft re-
jection or contributed at a weak degree, if any.

It is well known that naïve CD4+ T cells would proliferate and 
differentiate into functionally polarized subsets, including TH1, TH2, 
TH17, and Treg cells. We found that, in addition to a cell-proliferative 
ability during induction phase in the first immune response and the 
activation phase in the secondary immune response, the induced 
CD4+ TRM cells in the immunized skin tissue have the potential 
ability to differentiate into TH1 and TH17 cells. RNA-seq assays 
showed that the key genes and cytokines related to TH17 cells were 
significantly up-regulated in the activated CD4+ TRM cells in skin 
tissue during the following allograft rejection; meanwhile, the major 
gene clusters related to TH2, Treg, and TH1 cells were down-regulated 
in these cells. Consistently with the gene transcriptional expression, 
a significantly higher percentage of IL-17a+CD4+ and IL-17f+CD4+ 
TRM cells was observed during allogeneic skin graft rejection as de-
tected by intracellular staining flow cytometry assays. Thus, the induced 
alloreactive CD4+ TRM cells in skin are more likely to differentiate 
into TH17-like cell type during subsequent allograft rejection. This 
observation is in line with studies showing that the pathogen-induced 
TRM cells in kidneys had a TH17 transcriptional signature and re-
markably exacerbated renal pathogenesis upon experimental glo-
merulonephritis induction by producing IL-17A (53). Our RNA-seq 
analysis showed that one of the key TH17-relevant transcription 
factors, RORt, was significantly up-regulated in the induced allo-
reactive CD4+ TRM cells during the following allograft rejection. 
Meanwhile, the key IL-6/IL-6R downstream and important signal-
ing pathway in promoting the RORt transcription and expression 
(54), Janus kinase–signal transducer and activator of transcription 3 
(STAT3), was also significantly up-regulated in the activated CD4+ 
TRM cells. The IL-17 KO recipients show a delayed graft rejection, 
although some arguments on the roles of IL-17 in graft rejection still 
exist (37, 55, 56). The treatment with RORt inhibitor or IL-17 defi-
ciency significantly delayed the TRM cell–mediated skin allograft rejec-
tion and decreased the immune cell infiltration in skin allografts in 
the immunized SCID mouse model. Therefore, targeting RORt or 
IL-17 might be a potential approach to inhibit TRM cell–mediated 
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allograft rejection. It should be noticed that the allogeneic grafts were 
rejected quickly in mice with RORt inhibitor treatment or IL-17 
deficiency. Thus, other effector pathways were certainly involved in 
TRM-mediated allograft rejection in this model, which needs future study.

In summary, we established a useful mouse model specifically to 
investigate the allograft rejection mediated solely by TRM cells resi-
dent in skin tissue without the involvement of lymphocytes in lym-
phoid organs and tissues. Significantly higher levels of long-lived 
alloreactive TRM cells in recipient skin can be induced by grafting 
allogeneic skin tissue. The sole presence of the induced TRM or 
CD4+ TRM cells in skin tissue could efficiently mediate acute skin 
and heart allograft rejection with less antigen-recognizing specificity 
and high cross-reactivity. The TH17-like cell polarization of the in-
duced CD4+ TRM cells is involved in allograft rejection by CD4+ 
TRM cells in the skin. Inhibition of RORt significantly delayed TRM 
cell–mediated skin allograft rejection. Targeting the RORt-TH17 
signaling pathway might be a potential approach to block TRM cell–
mediated allograft rejection and improve organ transplantation 
outcomes. Nevertheless, recognizing the roles of TRM cells resident 
in other nonlymphoid tissues in organ allograft rejection is funda-
mental and of clinical significance.

MATERIALS AND METHODS
Study design
We offered a mouse model to specifically investigate the allograft 
rejection mediated solely by the defined TRM cells resident in skin 
tissue without the involvement of lymphocytes in lymphoid organs and 
tissues. Significantly higher cell numbers of CD103+CD69+CD4+ 
and/or CD8+ TRM cells in BALB/c skin (termed as immunized skin) 
were induced by grafting allogeneic skin than by grafting skin from 
unimmunized BALB/c mice (unimmunized skin). SCID or Rag2KO 
mice with immunized skin tissue did not show detectable levels 
of T cells in peripheral blood and spleens in a steady state, but they 
acutely rejected the following allogenic skin or heart grafts (<17 days), 
whereas SCID or Rag2KO mice with the unimmunized skin tissue 
failed to do so. The immunodeficient SCID or Rag2KO mice that 
received a piece of preimmunized MHC-matched or syngeneic skin 
tissue could acutely reject the following allogeneic skin or heart grafts, 
but the immunodeficient SCID or Rag2KO mice that received a piece 
of unimmunized MHC-matched or syngeneic skin tissue could not 
reject the following allogeneic skin or heart grafts. With this estab-
lished mouse model, we found that the sole presence of the induced 
TRM or CD4+ TRM cells in skin tissue could efficiently mediate acute 
skin and heart allograft rejection with less antigen-recognizing 
specificity and high cross-reactivity. The TH17-like cell polarization 
of the induced CD4+ TRM cells in the skin is involved in allograft 
rejection. Inhibition of RORt significantly delayed TRM cell–mediated 
skin allograft rejection.

Mice
Six- to 8-week-old C57BL/6 (H-2b) and BALB/c (H-2d) mice were 
purchased from SPF (Beijing) Biotechnology Co. Ltd. (Beijing, China). 
Six- to 8-week-old SCID (H-2d) and Rag2KO (H-2b) mice were pur-
chased from Beijing HFK Bioscience Co. Ltd. (Beijing, China). Six- 
to 8-week-old FvB (H-2q), C3H (H-2k), and DBA/2 (H-2d) mice were 
purchased from Vital River Laboratories (Beijing, China). All mice 
were maintained in a specific pathogen–free facility and were housed 
in microisolator cages containing sterilized feed, autoclaved bedding, 

and water. All experimental manipulations were undertaken in accor-
dance with the Institutional Guidelines for the Care and Use of Labo-
ratory Animals by the Institute of Zoology, CAS (Beijing, China).

Skin transplantation
For immunization, tail skin grafts from C57BL/6 (H-2b) mice were 
transplanted onto BALB/c (H-2d) mice as described previously (23). 
For skin transfer, previously immunized BALB/c (H-2d) skin (2 cm 
by 2 cm) was transplanted on SCID (H-2d) mice. The hair was shaved 
with a clipper before skin transfer. The direction of the BALB/c (H-2d) 
hair needed to be easily distinguishable from the direction of the 
SCID hair, reverse or upward, with three to four stitches on each 
side. For rejection, tail skin grafts from C57BL/6, FvB (H-2q), C3H 
(H-2k), and DBA/2 (H-2d) mice were transplanted onto SCID mice 
as described previously (23). For skin transplantation, grafts were 
followed by daily visual and tactile inspections. The healthy skin 
graft was soft and pliable to touch, and the hairs on the graft regrew. 
For visual inspection, grafts were considered to be rejected when 
less than 10% remained viable. For visual and tactile inspection, skin 
grafts were considered as rejected at the time of complete sloughing 
or when they formed a dry scar. We combined the above two criteria 
to define the end point of rejection. Survival was expressed as the 
mean survival time ± SD. Seven days after transplantation, skin graft 
photos were taken every 1 to 2 days with a digital camera until the 
graft was rejected. The skin grafts were removed at the indicated 
time points. Sections (4 to 6 mm) were fixed in 4% paraformalde-
hyde and stained with hematoxylin and eosin (H&E) for assessment 
of cellular infiltration. The H&E experiment was carried out by 
Beijing Brightshines Technology Co. Ltd. (Beijing, China).

Heart transplantation
Cardiac grafts from C57BL/6 (H-2b) mice were heterotopically trans-
planted into SCID mice with cuff technique (57). Graft loss was de-
fined as no palpable beat. In some experiments, grafts were excised, 
fixed in 4% paraformaldehyde, and stained with H&E for assessment 
of cellular infiltration. The H&E experiment was carried out by 
Beijing Brightshines Technology Co. Ltd. (Beijing, China).

Gavage
RORt inhibitor (catalog no. S6767) and corn oil (catalog no. S6701) 
were purchased from Selleckchem (Houston, TX, USA). The RORt 
inhibitor was dissolved and stored in dimethyl sulfoxide (DMSO; 
Sigma-Aldrich) at a storage concentration of 50 mg/ml. It was sus-
pended with corn oil (2% DMSO and 98% corn oil) and used at 10 mg/
kg of body weight by a gastric applicator to inject corn oil suspen-
sion directly into the mouse’s stomach from the mouse’s mouth.

RNA-seq analysis
Naïve CD4+T cells (CD4+CD62L+CD44low) and CD8+T cells 
(CD8+CD62L+CD44low) from C57BL/6 mice were sorted using a 
MoFlo XDP cell sorter (Beckman Coulter, Brea, CA, USA). Total 
RNA was extracted using TRIzol agent (Thermo Fisher Scientific, 
15596018). The CD4+ TRM and CD8+ TRM cells were sorted by 
CD4+CD69+ and CD8+CD69+ cells in the skin from BALB/c mice at 
100 days after the first allogeneic skin transplantation. The activat-
ing TRM cells in skin during rejection were sorted by CD4+CD69+ 
cells during the skin transplant rejection. All samples were collected 
in tubes containing lysis components and ribonuclease inhibitors. 
For specific sequencing steps, refer to the Supplementary Materials. 
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We used the mapping software HISAT2 to map the reads to the 
mouse mm10 reference genome and StringTie to construct tran-
scripts independently for each cell (32). DEGseq was used to identify 
the differentially expressed genes. We set q < 0.01 and |log2(fold 
change)| > 1 as a significant difference in the activating TRM versus 
induced TRM comparison thresholds and set q < 0.05 and |log2(fold 
change)| > 0 to a significant difference in the naïve T versus induced 
TRM comparison thresholds.

Function and pathway enrichment
Gene ontology functional annotation analysis was performed on all 
cell differential genes using the DAVID Bioinformatics Resources 
6.8 online search tool (https://david.ncifcrf.gov/) (58). Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway analysis was 
performed on all the different genes of each cell using the KOBAS 
online search tool (http://bioinfo.org/kobas) (59, 60). The protein 
interaction network was obtained by STRING (https://string-db.org/) 
and visualized by Cytoscape (61).

Statistical analysis
All data are presented as the means ± SD. T test was used for com-
parison between groups. The log-rank (Mantel-Cox) test was used 
for graft survival curve comparisons. Hypergeometric test/Fisher’s 
exact test was used for KEGG pathway, and MA-plot–based method 
with random sampling model (62) was used for analysis of dif-
ferentially expressed genes. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P <  0.0001 were used to show statistical difference; ns indicates 
no significance achieved.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0270
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