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Abstract

Our understanding of tissue-resident memory (TRM) T cell biology has been largely developed 

from acute infection models in which antigen is cleared and sterilizing immunity is achieved. 

Less is known about TRM cells in the context of chronic antigen persistence and inflammation. 

Here, we investigated factors that underlie TRM maintenance in a kidney transplantation model 

in which TRM cells drive rejection. In contrast to acute infection, we found that TRM cells 

declined dramatically in the absence of cognate antigen, antigen presentation, or antigen sensing 

by the T cells. Depletion of graft-infiltrating dendritic cells or interruption of antigen presentation 

after TRM cells were established was sufficient to disrupt TRM maintenance and reduce allograft 

pathology. Likewise, removal of IL-15 transpresentation or of the IL-15 receptor on T cells 

during TRM maintenance led to a decline of TRM cells, and IL-15 receptor blockade prevented 

chronic rejection. Therefore, antigen and IL-15 presented by dendritic cells play non-redundant 
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key roles in CD8 TRM cell maintenance in settings of antigen persistence and inflammation. These 

findings provide insights that could lead to improved treatment of chronic transplant rejection and 

autoimmunity.

One Sentence Summary:

Maintenance of tissue-resident memory T cells reveals non-redundant, essential roles for cognate 

antigen and interleukin-15.

INTRODUCTION

Organ transplantation is a life-saving treatment for patients with end-stage organ disease. 

However, chronic rejection remains a barrier to long-term allograft survival. In mice and 

humans, chronic allograft rejection is characterized by a persistent T cell infiltrate associated 

with gradual loss of graft function and eventual graft failure (1–3). CD8 T cells play a key 

role in graft failure through cytokine production and direct cytolysis of parenchymal cells (4, 

5).

Alloreactive effector T cells are generated in secondary lymphoid tissues and migrate to 

transplanted organs where they re-engage with antigen-presenting cells (6–9). After the 

initial effector phase, memory T cells form in secondary lymphoid tissues or in the allograft 

and they either reenter circulation or take up residence in the tissue. Resident memory T 

(TRM) cells are a non-circulating, long-lived population with the potential to mount rapid, in 
situ immune responses by coordinating both local innate and adaptive immune cells (10–14). 

TRM cells are phenotypically and transcriptionally distinct from circulating memory T cells 

(3, 13–17). TRM cells express markers of activation, retention, and adhesion (CD69, CD103, 

CD49a, PD-1), produce effector cytokines (IFNγ), and proliferate locally (3, 10, 12, 18–20).

We have previously shown that TRM cells form in murine kidney allografts and mediate 

chronic rejection (3). This was established by demonstrating that antigen specific and 

polyclonal CD8 T cells in the graft have a phenotype and transcriptional profile consistent 

with TRM cells, do not recirculate after parabiosis or retransplantation, and exhibit high 

functionality in vivo and ex vivo. TRM cells have also been characterized in human 

kidney, lung, and small bowel allografts by phenotypic and transcriptional analysis (21–23). 

However, it is unclear what factors are responsible for the long-term maintenance of TRM 

cells in kidney allografts. In contrast to barrier tissues in which TRM cells have traditionally 

been studied, such as the skin, small intestine, and the female reproductive tract (13, 24, 

25), the kidney is a non-barrier tissue. Moreover, alloantigen persists in the local tissue 

environment of the graft. Although persistent antigenic stimulation has been shown to lead 

to progressive loss of cytokine production, as well as loss of cytotoxic and proliferative 

abilities of T cells in the context of chronic viral infection and cancer (26–28), T cells 

retain their function and mediate pathology in human autoimmunity and transplantation 

(29–37). Moreover, it is still debated whether memory T cells are maintained in the absence 

of antigenic stimulation or require periodic interaction with their cognate antigen to persist 

(38–41). This same debate extends to TRM cells (42–46).
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The observation that functional TRM cells form and persist in settings of chronic 

antigen and inflammation suggests that additional signals in the tissue microenvironment 

could participate in the maintenance of these cells. Of particular interest is the role of 

interleukin-15 (IL-15), a cytokine crucial for the maintenance of memory CD8 T cells, 

including TRM cells in the native kidney (47), during homeostasis (i.e., non-inflamed 

conditions). IL-15 appears to contribute to memory T cell maintenance by promoting basal 

proliferation (48, 49). However, the role of IL-15 during chronic inflammation remains 

to be elucidated. Previous studies have shown that supplemental IL-15 can enhance tumor-

specific CD8 T cell function (50, 51) and that increased IL-15 expression is associated 

with functional tumor-infiltrating T cells and disease-free survival in colorectal cancer (52). 

Moreover, IL-15 is elevated in various autoimmune diseases (53–56) as well as in renal 

allograft rejection (57). Altogether, these observations support a role for IL-15 in TRM cell 

homeostasis in the setting of persistent antigen and chronic inflammation.

Here, we examined the contributions of antigen and IL-15 to TRM cell maintenance in a 

mouse model of kidney transplantation. Transplanted kidney tissue represents a unique and 

important landscape to study TRM cells because: 1) antigen is persistent; 2) the kidney is a 

non-barrier tissue; 3) inflammation is chronic; and 4) TRM cells form and function. Previous 

studies delving into the roles of antigen and IL-15 in TRM cell maintenance examined 

these factors individually in the context of acute viral infection in barrier tissues (46, 58). 

In contrast to those studies, we report here that antigen and IL-15 play non-redundant 

key roles in the maintenance of TRM cells in allograft tissue. Importantly, we demonstrate 

that blocking IL-15 from binding to its receptor on T cells prevents chronic rejection and 

significantly prolongs allograft survival.

RESULTS

TRM cells form in renal allograft tissue and receive TCR signaling

To study the maintenance of TRM cells in allograft tissue, we transplanted allogeneic (Balb/c 

× B6.OVA) F1.Act-mOVA (F1.OVA) kidneys, which express chicken ovalbumin (OVA) 

ubiquitously on cell surfaces, into C57BL/6J (B6) recipients. Two days later, OVA-specific T 

cell receptor (TCR) transgenic OT-I effector CD8 T cells were transferred to the transplant 

recipients (Fig. 1A). These OT-I effector CD8 T cells (Fig. S1A) were generated and sorted 

from a donor mouse immunized with anti-DEC-205/OVA as detailed in Methods. In our 

model (Fig. 1A), the transferred OT-I cells served as a traceable, donor antigen-specific 

T cell population that was also required for complete rejection of the allograft (3). As 

previously reported (3), CD8 T cells with a prototypic cell surface, transcriptional, and 

non-recirculatory TRM profile form in the graft from recipient-derived polyclonal T cells 

that recognize Balb/c antigens and from monoclonal OT-I cells that recognize OVA257–265 

SIINFEKL peptide in the context of H-2Kb. Together, they mediate chronic rejection. Of 

note, all transferred effector OT-I cells localized to the graft and adopted a TRM phenotype 

(3). In the current study, increasing fibrosis and infiltrates containing CD103+ T cells 

could be appreciated within the renal cortex by days 28–42 (Fig. 1B). Flow cytometry 

confirmed that after gating on extravascular CD8+ T cells as shown in Fig. S1B, all OT-I 

(CD90.1/CD90.2+) and a majority of host polyclonal CD8 (CD90.2+) T cells in the graft 
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expressed a surface phenotype consistent with TRM by 28 days post-transplantation (Fig. 

1C): CD44+CD62L–CD69+CD103+/–KLRG1–CD49a+. OT-I cells underwent homeostatic 

proliferation as assessed by BrdU uptake, lacked inhibitory receptor expression (TIM-3), 

and were functional as measured by production of IFNγ after restimulation. Lack of EdU 

uptake administered 1 hour prior to harvest indicates that the OT-I cells were not rapidly 

dividing effector cells (Fig. 1C).

To assess whether intragraft TRM cells continue to receive cognate interactions through their 

TCR, we transplanted F1.OVA kidney into Nur77-GFP recipients (Fig. 1D). In Nur77-GFP 

mice, GFP is coupled to Nur77 expression, which is upregulated specifically by TCR 

signaling (59) – thus, allowing us to examine which polyclonal T cells had undergone recent 

cognate antigen stimulation. As shown in Fig. 1E and 1F, a greater proportion of polyclonal 

CD8 T cells expressed Nur77-GFP within renal allograft tissue compared to other tissues 

on day 56. Importantly, Nur77 expression was enriched in CD103+ T cells in the graft (Fig. 

1F and 1G), suggesting that polyclonal TRM cells had recently encountered cognate antigen. 

We also found that intragraft OT-I cells on day 56 had upregulated Nur77 expression based 

on intracellular staining (Fig. S1C), indicating that they too have recently encountered their 

cognate antigen.

Reduced number of intragraft TRM cells in the absence of cognate antigen

To investigate the role of cognate antigen in TRM cell generation or maintenance, we 

transplanted either F1.OVA or F1 (Balb/c × B6) kidneys to B6 recipients, followed by 

adoptive transfer of effector OT-I cells (Fig. 2A). F1 renal allografts lack OVA, and hence, 

transferred effector OT-I cells do not encounter cognate antigen in the graft of the recipient. 

Dramatically fewer TRM OT-I cells were present in F1 allografts compared to F1.OVA 

allografts on day 56 post-transplantation (Fig. 2B). OT-I cells were not found outside of the 

renal allograft (Fig. S2A), indicating that the reduced number of intragraft OT-I cells in the 

absence of cognate antigen on day 56 was not due to egress from the graft. Quantification 

of intragraft OT-I cells over time revealed a sizeable, proliferating population of OT-I cells 

in both types of allografts on day 4 (Fig. 2C, S2B), which declined over time in F1 grafts 

but remained stable in F1.OVA grafts (Fig. 2C, S2C). In contrast, polyclonal CD8 T cells, 

which recognize Balb/c antigens present in F1 allografts, declined much less (Fig. 2D, S2D). 

The smaller number of OT-I cells in F1 grafts on day 4 (Fig. 2C) could be explained by 

reduced effector T cell infiltration in the absence of cognate antigen (6). Intragraft OT-I cells 

harvested on day 4 from either graft were CD44+CD62L–KLRG1– but approximately half 

were CD49a– (Fig. S2E). In contrast, OT-I cells harvested on days 28 and 56 had acquired 

the typical TRM phenotype (CD44+CD62L–KLRG1–CD49a+). Moreover, renal allograft 

pathology (cellular infiltrate and fibrosis) was diminished in the absence of cognate antigen, 

consistent with the role of TRM OT-I cells in chronic rejection (Fig. 2E) (3). Together, these 

results indicate that cognate antigen is required for either optimal generation or maintenance 

of TRM cells in the graft.

TCR affinity modulates TRM cell abundance in the graft

To further investigate the role of cognate antigen, we studied the effect of modulating TCR 

affinity (i.e., none, intermediate, or high affinity) on the number of TRM cells present in 
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the graft. To do so, we co-adoptively transferred effector OT-I and P14 cells to F1.OVA 

kidney transplant recipients and harvested grafts 56 days later (Fig. 3A). TCR transgenic 

P14 cells are LCMV gp33–41 (KAVYNFATC)-specific CD8 T cells that do not recognize 

either the OVA or Balb/c antigens present in the allograft. Effector P14 cells were generated 

by infecting donor mice with LCMV as described in Methods. At an early time point (day 

6), similar numbers of OT-1 and P14 cells were present in the graft, whereas a much smaller 

number of P14 cells (10-fold less) was present on day 56 (Fig. 3B, S3A), despite the two 

cell types encountering the same inflammatory graft environment. Similar to OT-I cells, 

P14 cells were only found in renal allograft tissue (Fig. S3B) and exhibited a TRM-like 

phenotype (Fig. S3C). We next co-adoptively transferred effector OT-I and OT-3 cells to 

transplant recipients to test the effect of reducing TCR affinity to cognate antigen on 

generation or maintenance of TRM cells (Fig. 3C) (60). TCR transgenic OT-I and OT-3 are 

both OVA257–265 (SIINFEKL)-specific CD8 T cells but compared to the high affinity TCR 

of OT-I cells, the TCR of OT-3 cells has lower affinity to the cognate antigen (61). As shown 

in Fig. 3D & S3A, a significantly (p=0.02 and p=0.03 respectively) smaller number of TRM 

OT-3 cells (2–3-fold less) was observed in the F1.OVA grafts on day 56 although OT-3 and 

OT-I cell numbers were similar on day 6. A lower percentage of intragraft OT-3 population 

expressed CD69 but the vast majority expressed CD103 and all were CD44hiCD62Llo and 

lacked typical exhaustion markers (Fig. 3E, S3D–E). These results further support a role for 

cognate antigen in either the generation or maintenance of TRM cells.

Antigen presentation by recipient cells is required for TRM cell maintenance

In addition to the cognate interaction in secondary lymphoid tissues required for naïve T 

cell activation, effector T cells require a second cognate interaction within graft tissue to 

cause rejection (7, 8). These cognate interactions can consist of cross-presentation, whereby 

host DCs present alloantigen on self-MHC, or cross-decoration, whereby host DCs acquire 

intact, donor MHC-peptide complexes from graft cells. Therefore, we tested the effect of 

deleting either cross-presentation or cross-decoration on TRM OT-I cell numbers in the graft. 

To do so, we used combinations of recipient and donor mice lacking the H-2Kb MHC class I 

molecule (Fig. 4A). Here, tracking effector OT-I cells provides two advantages over tracking 

polyclonal T cells: 1) OT-I cells are an antigen-specific T cell population for which antigen 

presentation can be manipulated specifically by removing H-2Kb expression from either 

donor or recipient; and 2) unlike endogenous polyclonal T cells, effector OT-I cells were 

activated in wild-type mice prior to transfer, thus bypassing naïve T cell activation defects 

associated with the absence of H-2Kb. Significantly less TRM OT-I cells were present in 

allografts on day 56 in the absence of either cross-presentation (p=0.02) or cross-decoration 

(p=0.006)(Fig. 4B). The decrease of OT-I cells was not due to egress from renal allograft 

tissue into circulation (Fig. S4A). Moreover, OT-I cells declined more over time in the 

absence of either cross-presentation or cross-decoration (Fig. S4B and S4C), but remained 

functional as assessed by IFNγ production, albeit less so than in the presence of both 

antigen presentation pathways (Fig. 4C). These findings lend further support for the key 

role of cognate antigen in the generation or maintenance of functional TRM cells in allograft 

tissue.
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To specifically test the role of antigen presentation during maintenance of TRM cells, 

we crossed H-2KbFL/FL mice with Rosa26Cre-ERT2 mice and used them as recipients to 

achieve tamoxifen-inducible deletion of H-2Kb (62). Tamoxifen was administered from 

28–56 days post-transplantation to delete H-2Kb after TRM cells had already formed in 

the graft (Fig. 4D). H-2Kb ablation was achieved by day 42 (Fig. S4D) and resulted 

in reduction of intragraft TRM OT-I cells on day 56 (Fig. 4E). A previous report found 

that deletion of MHC-I in inflammatory settings results in NK cell-mediated missing-self 

reactivity towards MHC-I deficient cells (63). In our experiments, OT-I cells have intact 

MHC-I, and furthermore, we did not observe reduction of circulating CD4 T cells following 

tamoxifen-induced MHC-I deletion (Fig. S4E). Therefore, reduction of OT-I cell number 

on day 56 was not due to NK cell-mediated killing. Similar to our findings above (Fig. 

4C), OT-I cells from H-2Kb-deficient recipients had decreased IFNγ production (Fig. 4F). 

Altogether, these findings demonstrate that cognate antigen presentation by recipient cells is 

essential in the maintenance of functional TRM cells in allograft tissue.

Recipient CD11c+ DCs are required for the maintenance of TRM cells during chronic 
allograft rejection

After transplantation, CD11c+ DCs derived from recipient monocytes become the principal 

antigen-presenting cell (APC) in the graft and their depletion prevents and interrupts graft 

rejection (7). Here, we confirmed that the majority of intragraft myeloid cells originate 

from recipient monocytes (Fig. S5A–S5D), and that the CD11c+ DCs are the predominant 

cell population presenting OVA (H-2Kb-SIINFEKL complex) (Fig. S5E). To address the 

hypothesis that cognate antigen is essential during the maintenance phase of TRM cells, we 

investigated the effect of temporal CD11c+ cell depletion (days 28–42) on the number of 

intragraft TRM cells using CD11c-DTR bone marrow chimeras as recipients (Fig. 5A). B6 

chimeras (B6 bone marrow to B6 mice) served as controls. DT administration effectively 

depleted intragraft DCs (Fig. 5B) and significantly reduced intragraft TRM OT-I (p=0.002)

(Fig. 5C) and both CD8 and CD4 polyclonal TRM cell populations (p<0.0001 and p=0.01, 

respectively) (Fig. 5D, Fig. S5F) in CD11c-DTR:B6 chimeric recipients. This reduction was 

associated with decreased tissue infiltration and fibrosis (Fig. 5E). Altogether, these data 

demonstrate that elimination of CD11c+ DCs during the maintenance phase reduces TRM 

cell numbers.

Defective maintenance and function of TRM cells in the absence of IL-15 signaling

In addition to cognate interactions, DCs provide non-cognate signals to T cells that 

regulate their phenotype, function, and survival. In the setting of transplantation, antigen 

is persistent and inflammation is chronic; therefore, one would expect T cell dysfunction, 

yet functional and proliferating TRM cells persist in allograft tissue (Fig. 1C) (3). We 

considered the possibility that non-cognate interactions, specifically IL-15 signaling, support 

the maintenance and function of intragraft T cells (50, 51). Previous studies have shown that 

the cytokine IL-15 is essential for the long-term survival of TRM cells in various tissues (47, 

58, 64). However, these studies employed acute viral infection models where inflammation 

resolves and antigen is cleared. In the context of organ transplantation, inflammation 

is chronic and antigen is persistent. Signaling by IL-15 requires trans-presentation by 

CD215 (IL-15Rα) to a responder cell expressing CD122 (IL-2Rβ) (Fig. 6A). Therefore, 
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we developed a multiplex immunofluorescence panel to evaluate DCs expressing CD215 

and their interactions with T cells (Fig. S6A), and stained renal allograft tissue 56 days 

post-transplantation (Fig. 6B). A substantial fraction of intragraft DCs (CD11c+CD11b+) 

expressed CD215 (36 ± 12%), constituting nearly 100% of all CD215+ cells in the allograft 

(Fig. 6B). Moreover, CD215+ DCs were found in closer proximity to intragraft T cells 

than non-DCs (Fig. 6C). Detection of IL-15 protein has been difficult, which may be in 

part due to the sequestering of IL-15 to the cell surface by CD215, or the inability of 

antibody to bind to IL-15 complexed to CD215. To overcome this limitation, we stained 

for IL-15 mRNA and found IL-15 expression throughout renal allograft tissue, especially 

in areas of high infiltration (Fig. S6B and S6C). We also found high CD122 expression on 

intragraft T cells on days 7 and 56 post-transplantation (Fig. S6D). These findings indicate 

that the components of the IL-15 ligand/receptor system are present in abundance in the 

local environment of the renal allograft.

To investigate the role of IL-15 in TRM cell maintenance, we first deleted CD122 on TRM 

OT-I cells after they had established in the graft. To do so, we crossed CD122FL/FL mice 

and Rosa26CreERT2 mice onto the OT-I RAG–/– background (hereafter, referred to as OT-I 

CD122FL/FL) to achieve tamoxifen-inducible deletion of CD122, and used these mice to 

generate effector OT-I CD122FL/FL cells. Effector OT-I CD122WT/WT and OT-I CD122FL/FL 

cells were co-adoptively transferred to B6 recipients of F1.OVA renal allografts (Fig. 6D), 

and tamoxifen was administered from 28–56 days post-transplantation. CD122 staining 

confirmed the ablation of CD122 on transferred OT-I CD122FL/FL cells after tamoxifen 

treatment (Fig. S7A). Relative to OT-I CD122WT/WT cells, OT-I CD122FL/FL cells were 

present in significantly (p=0.0008) lower numbers in the grafts on day 56 (Fig. 6E). No 

significant change was observed in expression of CD69 and CD103 (Fig. S7B). These 

results suggest that IL-15 is important for TRM cell maintenance, but do not rule out a 

contribution of IL-2, which also binds to the CD122 subunit.

To specifically ablate IL-15 signaling, we next deleted CD215, which is required for IL-15 

trans-presentation on recipient cells, by crossing CD215FL/FL mice with Rosa26Cre-ERT2 

mice to allow for tamoxifen-inducible deletion of CD215. Tamoxifen was administered 

from 28–56 days post-transplantation to delete CD215 after TRM OT-I cells had already 

formed in the graft (Fig. 6F). Induced deletion of CD215 caused a reduction in both 

intragraft TRM OT-I cells (Fig. 6G) and recipient-derived polyclonal TRM cells (Fig. 

S7C), without altering the splenic lymphocyte compartment (Fig. S7D–S7F). Upon ex 
vivo restimulation with donor F1.OVA splenocytes, graft OT-I and polyclonal T cells 

from CD215FL/FL Rosa26Cre-ERT2+/– recipients produced less IFNγ and expressed less 

Ki67 and BCL-2 (Fig. S7G and S7H). Given the large overlap between CD11c, CD11b 

and CD215 expression in our immunofluorescence staining (Fig. 6B), we also asked 

whether trans-presentation of IL-15 by intragraft DCs is important for TRM maintenance. 

Since a substantial proportion of intragraft DCs express CX3CR1 (Fig. S5C), we crossed 

CD215FL/FL mice with CX3CR1Cre-ERT2 mice to allow for tamoxifen-inducible deletion of 

CD215 on these DCs. Tamoxifen was administered from 28–56 days post-transplantation 

(Fig. 6H). Induced deletion of CD215 on DCs caused an approximately 50% reduction 

[(−1.40 ± 0.58) × 106 cells] in intragraft TRM OT-I cells TRM cells (Fig. 6I). Altogether, 

these data indicate that IL-15 trans-presented by CD215-expressing cells, which include 
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intragraft DCs, is required for the maintenance and function of TRM cells in renal allograft 

tissue.

Antibody blockade of IL-15 signaling disrupts TRM cell maintenance and prevents chronic 
allograft rejection

Given the importance of IL-15 signaling for TRM cell maintenance in renal allograft tissue, 

we hypothesized that antibody blockade of IL-15 sensing would deplete intragraft TRM 

cells and prevent damage to the graft. To test this hypothesis, we treated murine transplant 

recipients with chronically rejecting grafts three times weekly between 28 and 42 days 

post-transplantation with anti-CD122 antibody (Fig. 7A). Anti-CD122 (clone: ChMBC7) is 

a chimeric rat/mouse antibody that has been engineered to eliminate Fc-mediated effector 

functions (64–66). An additional group of animals were treated with isotype control 

antibody. Since CD122 also contributes to IL-2 signaling (Fig. S7I), a group receiving 

anti-CD25 (clone: 7D4) was included as a control to distinguish between blocking IL-15 

and IL-2 signaling. After two weeks of systemic treatment, fewer TRM OT-I and recipient-

derived polyclonal T cells were found in renal allografts of mice treated with anti-CD122 

compared to isotype controls (Fig. 7B and 7C). In contrast, anti-CD25 treatment did not 

significantly reduce the number of intragraft TRM OT-I or polyclonal T cells. Anti-CD122 

treatment did not have a significant effect on intragraft B, NK, and regulatory T cell number 

(Fig. S7J). Numbers of splenic lymphocytes, including CD44+ CD8 and CD4 T cells, were 

also not affected (Fig. S7K–S7M). Importantly, decreased renal allograft infiltration and 

fibrosis was observed in anti-CD122-treated, but not anti-CD25-treated, recipients compared 

to isotype controls (Fig. 7D). Altogether, these data indicate that anti-CD122 selectively 

disrupts TRM cell maintenance in renal allograft tissue and reduces graft pathology.

Currently, no immunotherapies have been clinically proven to be effective in the prevention 

or treatment of chronic rejection. Given that IL-15 signaling is required for TRM cell 

maintenance and TRM cells mediate chronic rejection (3), we tested whether long-term 

CD122 blockade prevents chronic rejection. Transplant recipients with established intragraft 

TRM cells (28 days post-transplantation) were treated three times weekly with anti-CD122 

antibody or isotype control antibody until graft failure or until the end of the 182-day 

study period (Fig. 7E). Recipient mice underwent bilateral nephrectomy prior to receiving 

a renal allograft, thus tying recipient survival to graft survival. Long-term treatment with 

anti-CD122 prevented graft failure as evidenced by 100% recipient survival at 182 days 

(Fig. 7F). Analysis of serum creatinine also revealed that anti-CD122 treatment preserved 

allograft function (serum creatinine remained normal) (Fig. 7G). These data suggest that 

anti-CD122 blockade could be a potential therapy for prolongation of human transplant 

survival, given the selective targeting of alloreactive TRM cells and prevention of chronic 

rejection.

DISCUSSION

Recent studies have sought to identify the factors that underlie TRM cell maintenance in 

non-lymphoid tissues (44, 45, 47, 58, 67). It is emergent that there is heterogeneity in 

TRM maintenance depending on the environments in which they reside (68–70). Here, we 
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examined TRM cell maintenance in a setting where TRM cells reside in the kidney, a non-

barrier tissue, and where antigen and inflammation are persistent. We found that cognate 

antigen and IL-15 play important non-redundant roles in the maintenance and functionality 

of TRM cells. Both were required. Presentation of antigen and IL-15 were mediated by 

intragraft DCs, and ablation of DCs led to disruption of TRM cell maintenance. Our findings 

extend our understanding of TRM cell maintenance to settings where antigen is persistent, 

inflammation is chronic, and TRM cells reside in non-barrier tissue. Such findings are not 

only relevant to transplantation, but also apply to TRM cell maintenance and function in 

tumors and autoimmune diseases (18, 71–73).

In the skin, antigen has been shown to be necessary for the optimal generation of TRM cells 

after acute viral infection (44, 45), but it remained to be defined whether antigen plays a role 

in TRM maintenance. Several studies have indicated that TRM cells persist independently 

of antigen (42, 43, 46). These studies focused on TRM cell persistence in skin or mucosal 

barrier tissues (46, 58) or in RAG–/– hosts where memory-like cell generation is driven 

by lymphopenia and not cognate antigen (43). Here, we investigated TRM maintenance 

in a non-barrier tissue free from environmental and commensal antigens where cognate 

antigen was continually present. Using multiple approaches, which included modulating 

TCR affinity for cognate antigen and temporally removing antigen or antigen presentation, 

we demonstrated that antigen is required for the maintenance of TRM cells. Notably, we 

observed a shift towards a lower proportion of OT-3 TRM expressing CD69 (Fig. 3E). 

CD69– TRM cells have been previously reported (74), and it is possible that antigen affinity 

modulates CD69 expression as the OT-3 TCR has lower affinity for the OVA SIINFEKL 

peptide than the OT-I TCR. We also observed reduced IFNγ expression upon recall of 

TRM if only cross-presentation was present in the graft (Fig. 4C). This can be potentially 

explained by higher density of donor MHCI-peptide complexes on cross-decorated DCs, 

where staining of donor molecules is punctate, versus diffuse distribution of recipient 

MHCI-peptide complexes along the DC surface during cross-presentation (75).

Similarly, we established a key non-redundant role for IL-15 in TRM cell maintenance by 

temporally deleting IL-15 trans-presentation or IL-15 receptor, and antibody blockade of 

IL-15 sensing. The IL-15 findings are consistent with published data in which IL-15 was 

shown to be important for the maintenance of TRM cells in skin, lungs, and native kidney 

(47, 58, 64). Our findings that DCs are the predominant cell type presenting cognate antigen 

and IL-15 in the graft, and that DC depletion interrupts TRM maintenance, suggest that DCs 

could provide antigen and IL-15 signals simultaneously to TRM cells. This is plausible given 

that DCs form a dense network in the graft that interacts intimately with infiltrating T cells 

(7, 76). Although earlier blockade of IL-15 signaling could further decrease fibrosis, we 

suspect that would not be the case because effector T cells have a stronger reliance on IL-2, 

whereas memory T cells have a stronger reliance on IL-15 because they lack or have much 

less IL-2Rα (CD25) expression. It is also possible that other APCs in the kidney such as 

CD11c– macrophages contribute to IL-15 trans-presentation.

Our observation that TRM cells continue to receive TCR stimulation in the graft tissue 

raises the possibility of T cell dysfunction or exhaustion under these conditions, as has been 

observed in tumors and chronic viral infection (77–80). However, we find that antigen is 
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in fact required for the maintenance and function of TRM cells. We speculate that chronic 

inflammation in the graft may prevent T cell dysfunction, possibly via the actions of survival 

or proliferation signals. IL-15 could provide such signals (81, 82) because: 1) IL-15 drives 

the homeostatic proliferation of memory T cells (48); 2) IL-15 is upregulated in rejecting 

allograft tissue (57); 3) local IL-15 is necessary for intragraft TRM cell maintenance (Fig. 

6 and 7); 4) intratumoral IL-15 enhances the function of infiltrating CD8 T cells and is 

associated with increased patient survival (50, 52); 5) IL-15 administration expanded CD8 

effector memory T cells in SIV-infected monkeys with controlled viremia (83); and 6) in 

the chronic LCMV model, tissue-specific deletion of IL-15 enhanced T cell exhaustion 

(84). Additional studies are needed to test whether IL-15 or other factors rescue TRM 

cells continually exposed to antigen from terminal exhaustion or increase the generation of 

functional TRM cells from progenitor-like precursors in the graft (82, 84).

Limitations of our study include inability to track endogenous allospecific polyclonal T cells 

and reliance on transferred TCR-transgenic T cells to investigate the roles of antigen and 

IL-15. Transferred effector T cells, particularly ones with a high affinity transgenic TCR, 

could potentially behave differently from effectors generated from endogenous naive T cells.

Overall, our study demonstrates that TRM cells persist and function in a non-barrier tissue 

containing persistent antigen and chronic inflammation as a result of cognate antigen and 

IL-15 signaling. We thus offer a different lens on TRM cell biology by revealing their 

maintenance in an environment that emulates chronic diseases afflicting humans, such as 

autoimmunity and transplant rejection. Furthermore, we have identified actionable targets 

for clinical translation given that chronic rejection remains a major obstacle to long-term 

survival of allografts. Manipulating these maintenance signals could ablate pathogenic TRM 

cells that likely underlie chronic pathologies.

MATERIALS AND METHODS

Study Design

We utilized a mouse kidney transplantation model to study for role of tissue-resident 

memory T cells in transplantation. Three biological replicates (3 individual transplant 

recipients) per group were included in each experiment. Experiments were repeated once 

resulting in a total of up to 6 biological replicates. Both sexes of mice were used, but males 

were preferred for the transplantation procedure due to size and anatomy. Sample sizes 

were based on prior observations that three to six biological replicates were sufficient to 

discern statistically significant differences between groups, with observed effect sizes >0.5. 

Prospective exclusion criteria were transplant recipient death within the first 7 days after 

transplantation (technical failure). All other data points were included, and no outliers were 

excluded. All end points were prospectively selected. It was not possible to blind the study 

because of the need to identify donors and recipients. Initial flow cytometry data analysis 

was not blinded, but analysis by a second investigator was blinded.
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Animals

B6.CD45.2 (C57BL/6J; Thy1.2, CD45.2), B6.CD45.1 (B6.SJL-PtprcaPepcb/

BoyJ, Thy1.2, CD45.1), DsRed [B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J], C57BL/6-

Tg(UBC-GFP)30Scha/J, CD11c-DTR (B6.FVB-1700016L21RikTg(Itgax-DTR/EGFP)57Lan/J), 

Rosa26-CreERT2 (B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J), CD215FL/FL (C57BL/6-

Il15ratm2.1Ama/J), and CD122FL/FL (B6.129S1-Il2rbtm1Ukl/J) were from Jackson Laboratory 

(Jax). B6.CD45.1 (B6.SJL-PtprcaPepcb/BoyCrl) were from Charles River Laboratories. 

B6.Kb–/–(B6.129P2-H2-Kbtm1N12) were from Taconic. B6.Act-OVA.H-2Kb–/– mice were 

generated by breeding B6.Act-OVA mice with B6.Kb–/– mice. F1.OVA (F1.Act-mOVA) and 

F1.OVA.Kb–/– (F1.Act-mOVA.H-2Kb–/–) mice were generated by breeding BALB/cJ mice 

with B6.Act-OVA (C57BL/6-Tg(CAG-OVAL)-916Jen/J) and B6.Act-OVA.H-2Kb–/– mice, 

respectively. OT-I mice (C57BL/6-Tg[TcraTcrb]1100Mjb/J; CD45.2) were obtained from 

Jax and maintained on a RAG–/– Thy1.1 or RAG–/– DsRed Thy1.1/Thy1.2 background. 

P14 mice were provided by L.P.K. (University of Pittsburgh) and crossed with RAG–/– and 

CD45.1 mice to generate P14 RAG–/– CD45.1 mice. OT-3 TCRα–/– CD45.1 were provided 

by Dr. Dietmar Zehn (Lausanne University Hospital) (61). H-2KbFL/FL mice were provided 

by A.J.J. (Mayo Clinic) (62). OT-I CD122FL/FL R26CreERT2 mice were generated by 

breeding CD122FL/FL and Rosa26-CreERT2 mice onto the OT-I RAG–/– Thy1.1 background. 

CD215FL/FL R26CreERT2 mice were generated by breeding CD215FL/FL mice with Rosa26-

CreERT2 mice. H-2KbFL/FL R26CreERT2 mice were generated by breeding H-2KbFL/FL mice 

with Rosa26-CreERT2 mice. All mouse work was performed in compliance with ethical 

regulations and was approved by the Institutional Animal Care and Use Committee of the 

University of Pittsburgh.

Kidney transplantation

Mouse kidney transplants were performed as previously described (3). Recipient native 

kidneys were removed during the transplantation procedure. Allograft rejection was 

monitored by visual observation of recipients for signs of uremia (lethargy, decreased 

mobility, and ruffled hair) or death. Serial serum creatinine measurements were performed 

using an i-Stat Analyzer (Abbott) at a lower detection limit of 0.2 mg/dL.

Generation and adoptive transfer of effector OT-I, OT-3, and P14 cells

To generate effector OT-I and OT-3 cells, B6.CD45.1 mice were injected i.v. with 25μg anti-

DEC-205-OVA hybrid antibody (W.D.S., University of Pittsburgh), 50μg anti-CD40 (clone: 

FGK4.5), and 5 × 105 splenocytes from either OT-I RAG–/– Thy1.1, OT-I RAG–/– DsRed 

Thy1.1/Thy1.2+, OT-I RAG–/– Thy1.1 CD122FL/FL Rosa26-CreERT2, or OT-3 TCRα–/– 

CD45.1+ mice. To generate effector P14 cells, mice were infected with 2 × 105 plaque-

forming units of LCMV Armstrong followed by i.v. injection of 1 × 103 splenocytes from 

P14 RAG–/– CD45.1+ mice. Effector OT-I, OT-3, or P14 cells were high-speed sorted 6 days 

later using a BD FACS Aria (BD Biosciences) by gating on CD4–Lineage (CD11c, CD11b, 

CD16/32, Ter119, B220, F4/80, and CD49b)– followed by appropriate congenic markers. 

Sorted 1 × 106 effector cells (CD44+CD62L– (Fig. S1A)) were injected i.v. into transplanted 

mice as indicated. Effector OT-3 cell generation was comparable to effector OT-I cells (Fig. 

S3B).
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Preparation of single cell suspensions from tissue

Mice were anesthetized and injected with 3μg anti-CD45 BUV395 (clone: 30-F11, BD 

Biosciences) i.v. 2 minutes before euthanasia to label intravascular cells (85). Single cell 

suspensions of kidney, spleen, liver, lung, and blood were prepared as previously described 

(3). RBC lysis was performed on spleen and blood for 5 min using RBC lysis buffer (R7757, 

Sigma Aldrich). Kidney, liver, and lung were homogenized (gentleMACS, Miltenyi Biotec), 

followed by digestion with collagenase IV (350 U/mL), DNAse I (50 U/mL), and 5% FBS 

in RPMI for 45 minutes at 37°C. Leukocytes were isolated by gradient centrifugation using 

Lympholyte M (CedarLane Labs).

Flow cytometry

Cells were incubated with Fc Block (clone: 2.4G2, BD Biosciences) for 10 minutes, 

stained with antibodies (Table S1) for 30 minutes and dead cells labeled with Zombie 

NIR Fixable Viability Kit (BioLegend). Intracellular staining was performed using the 

Foxp3/Transcription Factor Staining Buffer Set (eBioscience). BrdU and EdU staining were 

performed with Phase Flow BrdU Kit (BioLegend) and Click-iT EdU Alexa Fluor 488 

Flow Cytometry Assay Kit (Invitrogen), respectively. Anti-BrdU-Alexa Fluor 647 (clone: 

MoBU-1, BioLegend), which does not cross-react with EdU, was used for BrdU staining. 

For intracellular cytokine staining, cells from allograft tissue were stimulated ex vivo with 

CFSE-labelled donor F1.OVA splenocytes at a 1:1 ratio in the presence of GolgiPlug (BD 

Biosciences) for 16 hours at 37°C, followed by staining for cell surface markers and 

intracellular staining. Samples were acquired on a 5-laser Cytek Aurora and analyzed with 

FlowJo V10 software (BD Biosciences).

Bone marrow chimeras

CD11c-DTR:B6 and B6:B6 bone marrow chimeras were generated by irradiating 

B6.CD45.1 mice with 10 Gy followed by adoptive transfer 10 × 106 BM cells i.v. from 

CD11c-DTR or B6.CD45.2 mice, respectively. Mice received sulfatrim food for 14 days 

after irradiation. Reconstitution was confirmed 56 days after bone marrow transplantation by 

analyzing peripheral blood cell composition via flow cytometry.

In vivo treatment

To deplete CD11c-expressing DCs, CD11c-DTR:B6 and B6:B6 bone marrow chimera 

recipients were injected with diphtheria toxin i.p. (4 ng per gram of body weight) every 2 

days. To block CD122 signaling, 200 μg of anti-CD122 (clone: ChMBC7, J.N. Biosciences), 

anti-CD25 (clone: 7D4, BioXcell), or isotype (clone: MBP100, J.N. Biosciences) antibody 

were injected i.v. three times per week for 14 days, beginning 28 days post-transplantation. 

For allograft survival experiments, antibodies were injected every week until the end of the 

study (182 days post-transplantation).

Histological analysis

Kidney allograft tissue was fixed in formalin, paraffin-embedded, sectioned, and stained 

with hematoxylin and eosin (H&E), Masson’s trichrome (MT), and periodic acid–Schiff 

(PAS) stain (Magee-Womens Research Institute Histology and Microimaging Core, 
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University of Pittsburgh). For immunofluorescence, formalin-fixed, paraffin-embedded 

(FFPE) kidney allograft tissue sections were baked for 1 hour at 60°C, followed by 

deparaffinization and rehydration. Antigen retrieval was performed at pH 6.0 for 45 minutes 

at 90°C (Agilent), followed by protein block (Agilent) for 20 minutes at room temperature. 

Slides were then stained with primary antibodies for 16 hours at 4°C. Following avidin/

biotin blocking, slides were incubated with biotinylated secondary antibody for 30 minutes 

at room temperature, and then streptavidin-conjugated quantum dots for 30 minutes at room 

temperature. Stained sections were mounted in EcoMount (Biocare Medical). RNAscope 

fluorescent in-situ hybridization for detection of IL-15 was performed by Advanced Cell 

Diagnostics. DAPI was used to visualize nuclei. Positive and negative control probes were 

tested. Slides were scanned on a Zeiss Axioscan.Z1 with a 20× objective and analyzed in 

QuPath (86), ImageJ, and Python.

Statistics and reproducibility

Statistical analysis was performed using Prism v.9 (GraphPad). Parametric and non-

parametric tests were used as indicated in figure legends. All p values, regardless of 

statistical significance, were reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig.1. TRM cells form in renal allografts and encounter local cognate antigen.
(A) (Balb/c × B6.OVA) F1 (F1.OVA) kidney allografts were transplanted into B6 recipients 

followed by adoptive transfer of 1 × 106 effector OT-I cells 2 days post-transplantation. 

Transplant recipients were harvested at indicated times.

(B) H&E, Masson’s trichrome (MT), and anti-CD3 and anti-CD103 stained sections of renal 

allograft tissue 56 days post-transplantation. Insets highlight areas of T cell infiltration. Blue 

in MT staining indicates fibrosis. Whole image scale bar: 200 μm. Inset scale bar: 50 μm. n 
= 6 mice.

(C) Transferred CD90.1/90.2+ OT-I and recipient-derived polyclonal CD90.2+ CD8 T cells 

from 28-day post-transplant kidney allografts were analyzed for TRM markers after gating 

on extravascular graft CD8+ T cells as shown in Fig. S1B. BrdU water was administered 7 

days before and EdU injected 1 hour prior to harvest. n = 8 mice.
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(D) F1.OVA kidney allografts were transplanted into Nur77-GFP B6 recipients followed 

by adoptive transfer of 1 × 106 effector OT-I cells 2 days post-transplantation. Transplant 

recipients were harvested on days 28 and 56. n = 4 mice per time point.

(E) Representative plots (left) and percentage (graph, right) of Nur77-GFP expression by 

CD8 T cells in various tissues on day 56.

(F) Representative plots (left) and percentage (graph, right) of Nur77-GFP expression based 

on CD103 expression.

(G) Immunofluorescence staining of renal allograft tissue on day 56 for DAPI (white), CD3 

(purple), CD103 (magenta), and Nur77 (yellow). Blue arrows point to cells co-expressing 

CD3, CD103 and Nur77. Green arrows point to cells expressing only CD3. Whole image 

scale bar: 100 μm. Inset scale bar: 20 μm. n = 5 mice.

P values were determined by (E, F) two-tailed unpaired t test.
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Fig. 2. Reduced number of intragraft TRM cells in the absence of cognate antigen.
(A) F1.OVA or (Balb/c × B6) F1 kidney allografts were transplanted into B6 recipients 

followed by adoptive transfer of 1 × 106 effector OT-I cells 2 days post-transplantation. 

Transplant recipients were harvested on day 4 to study effector CD8 T cell graft infiltration, 

and on days 28 and 56 to study maintenance of CD8 TRM cells. Flow analysis was 

performed after gating on extravascular graft CD8+ T cells as shown in Fig. S1B. n = 

4–8 mice per group.

(B) Percentage (representative plots, left) and absolute number (graphs, right) of CD90.1+ 

OT-I cells on day 56.

(C, D) Enumeration of CD90.1+ OT-I cells (C) and polyclonal CD45.1+CD90.1− CD8 T 

cells (D) in renal allograft tissue on days 4, 28, and 56. n = 4–8 mice per group per time 

point.

(E) H&E and Masson’s trichrome-stained sections of F1.OVA renal allograft tissue 

(representative images, left) and quantification of infiltrate and fibrosis (graphs, right) day 

56. Whole image scale bar: 500 μm. Inset scale bar: 100 μm.

P values were determined by (B-E) two-tailed unpaired t test.
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Fig. 3. TCR affinity of CD8 T cells is positively associated with TRM maintenance and 
phenotype.
(A) F1.OVA kidney allografts were transplanted into GFP+ B6 recipients followed by 

co-adoptive transfer of 1 × 106 effector OT-I and P14 cells 2 days post-transplantation. 

Transplant recipients were harvested on days 6 (n = 5) and 56 (n = 4) to quantify CD8 TRM 

after gating on extravascular graft CD8+ T cells as shown in Fig. S1B.

(B) Percentage (representative d.56 plot, left) and ratio (graph, right) of CD45.1+ P14 to 

CD90.1+ OT-I cells on days 6 and 56.

(C) (Balb/c × B6.OVA) F1.OVA kidney allografts were transplanted into GFP+ B6 recipients 

followed by co-adoptive transfer of 1 × 106 CD90.1/90.2+ effector OT-I cells and CD45.1+ 

effector OT-3 cells 2 days post-transplantation. Transplant recipients were harvested on days 

6 (n = 5) and 56 (n = 4) to quantify CD8 TRM after gating on extravascular graft CD8+ T 

cells as shown in Fig. S1B.

(D) Percentage (representative d.56 plot, left) and ratio (graph, right) of OT-3 to OT-I cells 

on days 6 and 56.

(E) Percentage (representative plots, left) of OT-I and OT-3 cells expressing TRM cell 

markers and percentage (graph, right) of OT-I and OT-3 cells that were CD69+ in the renal 

allograft on day 56.

P values were determined by (B, D, E) two-tailed paired t test.
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Fig. 4. MHC-I presentation of cognate antigen via cross-priming and cross-decoration are 
required for TRM cell maintenance.
(A) F1.OVA H-2Kb-sufficient (H-2Kb/d) or F1.OVA H-2Kb-deficient (H-2K–/d) kidney 

allografts were transplanted into B6 H-2Kb-sufficient (H-2Kb/b) or B6 H-2Kb-deficient 

(H-2Kb–/–) recipients followed by co-adoptive transfer of 1 × 106 effector OT-I cells 2 

days post-transplantation. Transplant recipients were harvested on days 7 and 56 to study 

maintenance of CD8 TRM cells. Flow analysis was performed after gating on extravascular 

graft CD8+ T cells as shown in Fig. S1B. n = 5–6 mice per group.

(B) Representative flow plots and absolute number (graph) of OT-I cells from positive 

control mice (intact cross-priming and cross-decoration), cross-decoration only mice 

(deficient cross-priming), and cross-priming only mice (deficient cross-decoration) on day 

56.

(C) Representative flow plots and frequency (graph) of IFNγ+ OT-I cells from positive 

control mice, cross-decoration only mice, and cross-priming only mice on day 56.

(D) F1.OVA kidney allografts were transplanted into either H-2KbFL/FL R26CreERT2– or 

H-2KbFL/FL R26CreERT2+ B6 recipients followed by adoptive transfer of 1 × 106 effector 

OT-I cells 2 days post-transplantation. Tamoxifen chow was introduced from days 28–56, 

then recipients were subsequently harvested. n = 5–6 mice per group.

(E) Representative flow plots (left) and absolute number (graph) of TRM OT-I cells after 

tamoxifen treatment at 56 days post-transplantation.

(F) Frequency of IFNγ+ OT-I cells after restimulation with F1.OVA donor splenocytes.

P values were determined by (B, C) one-way ANOVA with Tukey’s correction, and (E, F) 

two-tailed unpaired t test.
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Fig. 5. Graft-infiltrating DCs are required for TRM cell maintenance and graft pathology.
(A) F1.OVA kidney allografts were transplanted into CD11c-DTR:B6 chimeras (B6 mice 

reconstituted with CD11c-DTR bone marrow) or control B6:B6 chimeras (B6 mice 

reconstituted B6 bone marrow) followed by adoptive transfer of 1 × 106 effector OT-I cells 2 

days post-transplantation. Diphtheria toxin was administered to both groups every other day 

from days 28–42. Flow analysis was performed after gating on extravascular graft CD8+ T 

cells as shown in Fig. S1B. n = 6 mice per group.

(B) Representative flow plots and absolute number (graph) of intragraft CD11c+MHCII+ 

DCs after DT treatment.

(C) Representative flow plots and absolute number (graphs) of TRM OT-I cells after DT 

treatment.

(D) Absolute number of recipient-derived polyclonal CD8 and CD4 TRM cells after DT 

treatment.

(E) H&E and MT-stained sections of F1.OVA renal allograft tissue (representative images) 

and quantification of infiltrate and fibrosis (graphs) from bone marrow chimera recipients on 

day 42 following DT treatment . Whole image scale bar: 500 μm. Inset scale bar: 100 μm.

P values were determined by (B-E) two-tailed unpaired t test.
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Fig. 6. TRM cell maintenance and function depends on local IL-15 signaling in renal allograft 
tissue.
(A) Schematic of IL-15 signaling.

(B) Multiplex immunofluorescence staining of F1.OVA renal allograft on day 56 post-

transplantation for nuclei (DAPI, white), T cells (CD3, magenta), dendritic cells (CD11b/

CD11c, purple/orange), and CD215 expression (yellow). Close proximity of CD3+ cell 

with CD11c+CD215+cell indicated by blue arrow. Close proximity of CD3+ cell with 

CD11c+CD215–cell indicated by green arrow. Percentage of APCs expressing CD215 and 

percentage of CD215-expressing APCs out of total CD215+ cells shown in graphs. Whole 

image scale bar: 200 μm. Cropped inset scale bar: 20 μm. n = 5 mice.

(C) Median distance of T cells from CD215+ APCs, CD215– APCs, and non-APCs.

(D) F1.OVA kidney allografts were transplanted into CD45.1+ B6 recipients followed by 

co-adoptive transfer of 1 × 106 effector OT-I CD122WT/WT and effector OT-I CD122FL/FL 

R26CreERT2+ cells 2 days post-transplantation. Tamoxifen chow was introduced from days 
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28–56 post-transplantation, then recipients were subsequently harvested. Flow analysis was 

performed after gating on extravascular graft CD8+ T cells as shown in Fig. S1B. n = 6 mice.

(E) Representative flow plots and absolute number (graph) of TRM OT-I on d.56 following 

tamoxifen treatment.

(F) F1.OVA kidney allografts were transplanted into either CD215FL/FL R26CreERT2– or 

CD215FL/FL R26CreERT2+ B6 recipients followed by adoptive transfer of 1 × 106 effector 

OT-I cells 2 days post-transplantation. Tamoxifen chow was introduced from days 28–56. n 
= 4–6 mice per group.

(G) Representative flow plots and absolute number (graph) of TRM OT-I cells on day 56 

following tamoxifen treatment.

(H) F1.OVA kidney allografts were transplanted into either CD215FL/FL CX3CR1CreERT2– 

or CD215FL/FL CX3CR1CreERT2+ B6 recipients followed by adoptive transfer of 1 × 106 

effector OT-I cells 2 days post-transplantation. Tamoxifen chow was introduced from days 

28–56. n = 5–6 mice per group.

(I) Representative flow plots and absolute number (graph) of TRM OT-I cells on day 56 

following tamoxifen treatment.

P values were determined by (C) mixed-effects model with Tukey’s correction, (E) two-

tailed paired t test, and (G, I) two-tailed unpaired t test.
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Fig. 7. Antibody blockade of IL-15 signaling disrupts TRM cell maintenance in renal allograft 
tissue and prevents chronic rejection.
(A) F1.OVA kidney allografts were transplanted into CD45.1+ B6 recipients followed by 

adoptive transfer of 1 × 106 effector OT-I cells 2 days post-transplantation. Isotype, anti-

CD122, or anti-CD25 antibodies were administered three times weekly from days 28–42 

post-transplantation. Flow analysis was performed after gating on extravascular graft CD8+ 

T cells as shown in Fig. S1B. n = 4–6 mice per group.

(B) Percentage of TRM OT-I cells after antibody treatment.

(C) Absolute numbers of TRM OT-I and CD8 and CD4 recipient-derived polyclonal TRM 

cells after antibody treatment.

(D) H&E and MT-stained sections of F1.OVA renal allograft tissue and quantification of 

infiltrate and fibrosis (graphs) from antibody-treated recipients on day 42. Whole image 

scale bar: 400 μm. Inset scale bar: 100 μm.

(E) F1.OVA kidney allografts were transplanted into CD45.1+ B6 recipients followed 

by adoptive transfer of 1 × 106 effector OT-I cells 2 days post-transplantation. Isotype 

or anti-CD122 antibody were administered three times weekly beginning on day 28 post-

transplantation. n = 6–7 mice per group.

(F) Kaplan-Meier curve of graft survival after antibody treatment.

(G) Serum creatinine measurements throughout the course of antibody treatment.

P values were determined by (C, D) Kruskal–Wallis one-way ANOVA with Dunn’s 

correction, and (F) log-rank (Mantel–Cox) test.
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