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Abstract

The identification of tissue-resident memory T cells (T, cells) has significantly improved our understanding of immunity.
In the last decade, studies have demonstrated that Ty, cells are induced after an acute T-cell response, remain in peripheral
organs for several years, and contribute to both an efficient host defense and autoimmune disease. Ty, cells are found in
the kidneys of healthy individuals and patients with various kidney diseases. A better understanding of these cells and their
therapeutic targeting might provide new treatment options for infections, autoimmune diseases, graft rejection, and cancer.
In this review, we address the definition, phenotype, and developmental mechanisms of Ty, cells. Then, we further discuss
the current understanding of Tgy, cells in kidney diseases, such as infection, autoimmune disease, cancer, and graft rejection

after transplantation.

Keywords T cell - Tissue-resident memory T cell - Infection - Autoimmune kidney disease

Introduction

The kidney is a unique non-barrier organ that can be chal-
lenged by different types of immune-associated patholo-
gies such as infections, autoimmune diseases, cancer, and
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graft rejection after kidney transplantation. In these con-
ditions, different types of immune responses are involved
that lead to either resolution or progression of the disease.
Tissue-resident immunity can be immediately activated on
the inflammation site and has important roles in the early
phase of immune reactions (1). Adaptive immunity by T
cells and B cells contributes to an antigen-specific and effi-
cient immune reaction (2). However, upon the first antigen
challenge, adaptive immunity takes longer to be activated as
compared with the innate immune system [1, 2]. One major
advantage of adaptive immunity is immune memory forma-
tion, which enables a swift response upon repeated antigen
challenge [1-3]. In the last decade, tissue-resident memory
T cells (Tyy, cells), a new immune cell population, have
been characterized as an antigen-specific frontline defense
in peripheral organs [4]. Tyy cells can, immediately and
efficiently, fight specific antigens. Most important, recent
findings suggest that Tgy, cells not only have roles in the host
defense but also in unwanted inflammation such as autoim-
mune disease [4].

General background of TRM cells

The protection of peripheral tissues from invading pathogens
and microbes is a central function of the adaptive immune
system. Upon challenge, antigens of the pathogens are taken
up by dendritic cells (DC) [1]. In response to inflammatory
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signals, dendritic cells (DC) migrate to secondary lymphoid
tissue and present processed antigens via MHC class I or II
to CD8* or CD4™ T cells, respectively. After antigen rec-
ognition, T cells become activated, start to proliferate, and
differentiate into effector T cells, which migrate to the site of
inflammation [1]. Ideally, this response results in the elimi-
nation of the non-self-antigen and, ultimately, resolution of
the local inflammation. As a consequence, the antigen-spe-
cific T-cell population contracts. However, a subset remains
as a memory T-cell population, which is responsible for an
accelerated response when re-encountering the antigen.

Until recently, memory T cells were divided into two
main groups, namely effector memory T cells (T, cells)
and central memory T cells (T, cells) [3, 5]. Tgy cells can
enter peripheral tissues from the blood vessels, migrate via
lymphatic vessels to secondary lymphoid organs, and even-
tually re-enter the blood stream [6]. Upon recurring antigen
challenge, activated Tgy, cells are responsible for the accel-
erated T-cell response at peripheral sites. In contrast, Ty,
cells are mainly found in the lymphoid tissue and blood. Ty,
cells have a strong proliferative capacity and are thought to
support and replenish Tgy; cells [3]. However, the concept of
memory T cells has dramatically changed by the identifica-
tion of Ty, cells, a memory T-cell population that persists
in tissue after resolution of the acute T-cell response.

The identification of Ty, cells as a novel memory T-cell
population was mainly achieved by innovative technical
approaches, namely parabiosis and intravenous labeling.
Parabiosis, the surgical connection of the blood circula-
tion of two mice, revealed the exclusion of a population of
memory T cells from the circulation and their residency in
peripheral tissues for extended time periods [7, 8]. After
several weeks of parabiosis, circulating T-cell populations
reach an equilibrium. In contrast, a substantial memory
T-cell population in peripheral tissues fails to reach this
equilibrium and remains in the original tissue [7, 8]. Tissue
residency of Tgy, cells is also observed in tissue transplan-
tation models in which a large population of donor T cells
persists in the graft tissue for months [8]. A further novel
approach was the development of in vivo labeling tech-
niques for intravascular T cells. After intravenous injection,
fluorochrome-conjugated antibodies require several minutes
to cross blood vessel endothelia. If antibodies are injected
shortly before cell isolation, intravascular cells can be identi-
fied by the presence of antibody staining, leaving Ty, cells
and other extravascular T cells unstained [9, 10]. Together,
these approaches allowed the isolation and in-depth char-
acterization of Ty, cells in mouse models to be performed
and revealed that Ty, cells significantly differ in pheno-
type, gene expression profile, and function from circulat-
ing memory T-cell subsets. Based on their characteristic
phenotype and mRNA expression profile, Ty, cells were
subsequently identified in human tissues, including barrier
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sites and internal organs including the kidney [4, 11, 12].
The identification of donor-derived Ty, cells in transplanted
human tissues confirmed the long-term tissue residency of
these cells and their exclusion from the recipients’ blood
circulation [13, 14].

Analysis of TRM cells in the kidney

Analysis of Tyy, cells is usually based on flow cytometry,
which requires harsh isolation procedures of cells from
peripheral tissues and often results in the underestimation
of Ty cell numbers. In particular, renal Tgy, cells are more
difficult to isolate compared with intravascular T cells. The
quantification of renal Ty cells using immunofluorescence
microscopy revealed that the numbers were 20 times higher
as compared to those determined by the use of flow cytom-
etry-based methods [10].

Under homeostatic conditions, only a small number of
memory T cells can be isolated from non-lymphoid tissues
of mice. This is mainly because laboratory mice are usu-
ally kept under specific pathogen- free conditions, with very
limited challenge to their immune system. When freely liv-
ing feral mice or pet store mice are analyzed, significantly
increased numbers of T cells can be isolated from peripheral
tissues, including the kidney [15]. The number of T cells
in non-lymphoid tissue increases when laboratory mice are
co-housed with pet store mice, indicating an important role
for the environment. Under homeostatic conditions, a small
number of Ty cells can be isolated from the kidney, and
a large fraction of these cells are CD8* Ty, cells [9, 16].
The number of Ty, cells in mice kidney can be significantly
increased using bacterial or viral infection models.

In the human healthy kidney, CD4" Ty, cells are more
abundant than CD8* Tg,, cells [17, 18]. Compared to bar-
rier organs such as the intestine, the number of Ty, cells in
healthy kidney is low. Nevertheless, in our experience, more
than 10,000 CD4™" Ty, cells can be isolated from one gram
of healthy human kidney tissue using fluorescence-activated
cell sorting (FACS) (unpublished data).

Surface markers of TRM cells in the kidney

There are currently only a few published studies address-
ing the phenotype of renal Ty, cells in humans. This is
mainly because of limited access to healthy human tissue.
In recent studies, healthy tissue from surgically removed kid-
neys due to tumor, or tissue from explanted renal allografts
after transplant failure, was analyzed [17, 18]. Comparable
to Try cells in other human organs, or in mouse kidneys,
healthy human kidneys harbor Ty, cells with a similar sur-
face phenotype.
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Tru cells are generally identified by the expression of
CD69, a membrane-bound, type II C-lectin receptor [9].
CD69 inhibits expression of the sphingosine-1-phosphate
receptor 1 (S1PR1), which is required for the egress of
T cells from peripheral tissues [19, 20]. Although CD69
was originally described as an early activation marker for
T cells, resting Tgy, cells do not show an activated pheno-
type [21]. Other common markers for Ty, cells are CD103
and CD49a, which are subunits of the integrins oaEf7 and
alfl, respectively. CD103 and CD49a bind to adhesion
molecules commonly expressed on epithelial cells, leading
to tissue adherence of T cells [22, 23]. CD103 is a marker
for CD8* Tgy, cells in mucosal tissues and skin [24, 25],
but its expression is relatively rare in renal Tyy, cells [23].
In the kidney, CD49a is a more reliable Ty, cell marker,
especially for CD8* T cells [22]. The chemokine receptors
CXCR3 and CXCR6 are also frequently expressed on renal
Trym cells, which is comparable to findings in other non-
lymphoid organs [17, 18, 26, 27]. Moreover, a recent study
showed that CD8* Ty, cells downregulate interleukin-18
receptor (IL-18R) during their development in the kidney
[28]. Other general phenotypes of Ty, cells are SIPR1"¥,
CD44" (memory T-cell marker), CD62L"~ (L-selectin, a
cell adhesion molecule for homing to lymph tissue), and
CCR7™ (chemokine receptor for lymphoid tissue recruit-
ment) [29].

Development of TRM cells in the kidney

An accumulation of pathogen-specific renal CD8* Tgy, cells
was demonstrated in several mouse infection models [10,
30-32]. Most of the used pathogens, e.g., Listeria mono-
cytogenes or lymphocytic choriomeningitis virus (LCMV),
infect the kidney, at least transiently. After clearance of the
infection, pathogen-specific T cells, together with the pheno-
type of Ty, cells, can be identified in the kidney and persist
in the tissue for months. The evidence of tissue residency
of these cells was also provided using parabiosis [18, 33].

CD69 expression is crucial to Tyy,-cell development in
the kidney of mice. In CD69-deficient animals, the num-
ber of renal Tyy, cells is significantly decreased [34], and
expression of mutant CD69 which cannot interact with S1P1
fails to rescue the poor accumulation of Ty, cells in the
kidney, suggesting that the interaction of CD69 with S1P1
is required for Tgy,-cell induction.

TGF-p induces the expression of CD103 during
Try-cell development [30, 35]. Although only a minor
subset of renal CD8" Ty cells is CD103" [36, 37], the
accumulation of renal Ty, cells depends on TGF-f. In
the absence of TGF-f signaling, T cells show an impaired
upregulation of the P- and E-selectin ligands and reduced

CXCR3 expression, which results in insufficient recruit-
ment and transendothelial migration of T cells into the
kidney [30].

IL-15 was demonstrated to be required for Tgy,-cell sur-
vival in tissues such as skin, lung, liver, salivary gland,
and kidney, but it is dispensable for cells in the pancreas,
female reproductive tract, and small intestine [38—40].

Transcription profile of TRM cells

In addition to the analyses of surface markers, Ty, cells
have been extensively characterized for their mRNA
expression profile, and core expression signatures have
been defined for both mouse and human Ty, cells. The
signatures define Ty, cells as a unique cell population dis-
tinct from other T-cell subsets [24, 27, 41]. Furthermore,
transcriptional heterogeneity exists within the Tyy,-cell
population, which probably reflects different adaptations
to the local environment, or consequences of the type of
infection responsible for the formation of these cells [42].

Transcription factors regulating Tyy-cell development
include Hobit (encoded by the gene Znf683), Blimp-1
(encoded by Prdml), and Runx3 [36, 43, 44]. The related
transcription factors Hobit and Blimp-1 contribute to
Tgryu-cell development in both CD4* and CD8™ T cells.
Hobit represses the expression of KIf2, which is required
for tissue egress receptor SIprl expression. Both Hobit
and Blimp-1 bind to target sequences and suppress the
expression of SIPR1, CCR7, and TCF-1, which are impor-
tant for tissue egress [36]. In response to the interaction
with ligands on cells from the environment, the transcrip-
tion factor NOTCH controls the maintenance of CD8* Tgy,
cells in peripheral tissue [41]. Furthermore, the transcrip-
tion factor Bhlhe40 is important to facilitate the metabolic
adaptation of Ty, cells for the maintenance of mitochon-
drial fitness [45].

Tissue residency also requires metabolic adaptation
to nutrients and oxygen availability in the environment.
Although it is unclear how renal Ty, cells adapt to the
environment, previous studies showed upregulation of the
hypoxia-inducible factor pathway in hepatic Ty, cells [46].
Given the hypoxic environment in the kidney [47, 48], it is
likely that renal Ty, cells also upregulate the expression
of hypoxia-responsive genes. In addition, an adaptation of
the nutrient metabolism is crucial to the maintenance of
Tru cells. In CD8* Ty, cells generated by viral infection
in the skin, several molecules that mediate lipid uptake are
highly expressed. In particular, the fatty acid binding pro-
teins (FABP) 4 and 5 are essential to the exogenous uptake
of free fatty acids (FFA), long-term survival, and even to
Try-cell functions [49].
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TRM cells in clinical settings

In this part, we will discuss Ty, cells in the human and
mice kidney by focusing on their clinical relevance.

TRM cells in kidney infection

Infection is the key trigger for Tgy-cell induction in many
different organs, including the kidney. Upon infection, T
cells with cognate T-cell receptor (TCR) are activated and
recruited to the infection sites. Some T cells remain in the
organ as Ty cells after resolution of the inflammation,
working as sentinels that rapidly respond when re-encoun-
tering the pathogen. In murine model studies, the presence
of Ty cells significantly reduced the pathogen burden and
protects mice from lethal challenge infections [50, 51].

T cells can respond to peptides from pathogens [21].
One of the most common infections in the kidney is bacte-
rial urinary tract infection, affecting young children and
adults alike [52-54]. Urinary tract infection is often caused
by gut bacteria. Escherichia coli is responsible for more
than 80% of urinary tract infections in immunocompe-
tent individuals [52-54]. In mouse studies, pyelonephritis
induced by E. coli results in a significant increase in the
number of renal Tyy, cells [18] (Fig. 1A). Other patho-
gens such as Staphylococcus aureus and Candida albicans
are also clinically relevant and cause kidney infection in
humans. Murine studies demonstrate that renal Tgy, cells
are induced after infection with these pathogens [18]. Ty
cells induced by either bacterial or fungal infection show
hallmarks of Th17 cells, including high RORYt expression
and IL-17A production upon activation. Although Tgy,
cells can provide protection in a variety of infections [51],
it is currently unclear to which extent pathogen-specific Tyy
cells contribute to the host defense against recurrent renal
infections.

Kidneys are also a target of viruses such as cytomegalo-
virus (CMYV) or polyomaviruses. These viruses establish
a latent, seemingly asymptomatic infection in immuno-
competent individuals. However, in immune-compromised
patients, including transplant recipients, the immune sur-
veillance is weakened, causing reactivation of viruses
and severe systemic illness. CMV infects various types of
cells, occasionally also tubular epithelial cells, endothelial
cells, and glomerular epithelial cells [55]. In murine CMV
infection models, virus-specific Ty, cells are induced in
many organs but are found at high frequency in the kidney
[56, 57]. Polyomavirus is another clinically relevant virus,
establishing latent infection in urothelial and renal tubular
epithelial cells in a vast majority of the immunocompetent
population [58]. In immunosuppressed renal transplant
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recipients, however, these viruses are reactivated in up
to 60% of patients and cause serious conditions such as
polyomavirus BK (PyVBK)-associated interstitial nephri-
tis in 10% of the reactivation cases [58, 59]. Polyomavirus-
specific T cells were detected in the peripheral blood of
healthy individuals [60], in kidney transplant recipients,
and even in kidney allografts [59, 60]. PyVBK-specific
CD8* T cells in allograft kidney tissue expressed CD69
and CD103 in line with a Ty, phenotype. In allografts
affected by PyVBK-associated interstitial nephritis, virus-
specific CD8% Ty, cells were significantly enriched com-
pared with blood [59]. These findings suggest that Ty,
cells respond and expand after reactivation of the virus,
although their activity may not be strong enough to resolve
the infection in these patients. It remains unclear how
PyVBK-specific Ty, cells act after intermittent reactiva-
tion in immunocompetent individuals and how they con-
tribute to the control of polyomavirus infection.

TRM cells in autoimmune kidney diseases

The efficient reactive capacity of Ty, cells can be important
in the development and/or recurrence of autoimmune dis-
eases. Of note, the tissue manifestation of immune-mediated
inflammatory diseases, such as psoriasis, often reoccurs in
the same location upon relapse. In previous studies, the pres-
ence of Ty, cells in the psoriatic skin was described, even
during remission, indicating that psoriasis remission and
relapse are orchestrated by Ty, cells [61-63].

The kidney is a common target organ in relapsing and
recurrent autoimmune diseases. In kidneys of patients with
ANCA vasculitis or lupus nephritis, a significant number of
T cells are observed. Here, it is important to note that the
number of T cells in the kidney correlates with disease activ-
ity, as indicated by increased serum creatinine, proteinuria,
and histological score in patients with lupus nephritis, anti-
neutrophil cytoplasmic antibody (ANCA)-associated vascu-
litis, anti-glomerular basement membrane (GBM) glomeru-
lonephritis [64—66], and as demonstrated in murine lupus
models [67]. T cells are found mainly in periglomerular and
interstitial regions and less abundantly in intraglomerular
regions of the inflamed kidney [64—-66]. While CD4* T cells
dominate in number compared with CD8 T cells in murine
glomerulonephritis models, nearly equal numbers of CD4*
and CD8™" T cells in humans [64—66, 68] are reported in
many studies.

Most of the renal T cells in inflammatory conditions show
a tissue-resident phenotype. CD69 is widely expressed in
both CD4* and CD8* T cells in the kidney [18, 67, 69].
There are also reports of CD103 expression by CD8™ cells
in the kidneys of lupus patients and lupus-prone mice [67].
Moreover, molecules such as CCR7, which are important
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Fig.1 Role of Ty, cells in
kidney diseases. A) Infection
by pathogens such as bacteria,
fungi, and virus, induces CD4*
and/or CD8* Ty, cells in the
kidney. They produce cytokines
and cytotoxic mediators and
are expected to contribute to
efficient host defense. B) In
autoimmune kidney disease,
Trum cells are activated by
autoantigen and/or innate
cytokines, and aggravate disease
by producing inflammatory
cytokines. C) In renal cancer
such as renal cell carcinoma,

A Infection

Reactivation

Tgrm induction

Cytotoxic mediatorsCD4*

B Auto-immune kidney disease

Accelerated damage
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(e.g., IL-17)
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CD8* T cells with Tgy, pheno- w (IL-1B, IL-6, 1L23)
type suppress tumor growth. v

Immune checkpoint inhibitors Efficient protection?

reinvigorate T cells that have
lost anti-tumor activity due to
immune-inhibitory signaling.
D) After kidney transplantation,
donor-derived Ty cells remain
in the graft at least for several
months. However, in case of
graft rejection, recipient-derived

Tgry cells replace donor-derived
Tru cells and damage the kid-
ney by producing cytokines and
cytotoxic molecules

C Cancer

D Graft rejection

Transplanted kidney

Checkpoint inhibitors |

Recipient-derived

Anti-tumor activity

for the homing to lymphatics organs, were not detected in
renal T cells from glomerulonephritis patients [18]. In the
recent years, single-cell RNA sequencing (scRNAseq) has
advanced our understanding of the cellular landscape of
immune cells in the kidney. Especially, scRNAseq technol-
ogy, combined with epitope measurement using barcoded
antibodies [cellular indexing of transcriptomes and epitopes
by sequencing (CITE-seq)], allowed single-cell transcrip-
tome analysis with surface molecule expression information

Reinvigorate T cells

CD8* Try
Recipient-derived

allo-responsive T cells
motoxic mediator and cytokine

for graft rejection

CD8*

THM

Donor-derived Tyy, cells
will be replaced by
recipient-derived Tgy, cells

to be performed. This is of great importance to the tissue-
resident immunity analysis because there can be a signifi-
cant discrepancy between mRNA expression and protein
expression of surface markers such as CD69 [18]. Recently,
using combined scRNAseq and CITE-seq methods, we have
demonstrated the presence of CD4™ Ty, cells in patients
with ANCA-associated glomerulonephritis (GN). In these
ANCA patients, we found an increased number of Ty, cells
compared with healthy kidneys. In addition, transcriptome
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analysis showed that Ty, cells from ANCA patients have a
higher proliferative capacity than those isolated from healthy
kidneys. The scRNAseq analysis revealed heterogeneity in
the tissue-resident CD4" Tgy,-cell population, showing three
clusters with different transcriptomic profiles. Another study
of scRNAseq analysis of CD45" leukocytes from lupus
patients’ kidneys also showed the heterogeneity of T-cell
populations, with a distinct CD8% Tgy-cell cluster express-
ing the Trp-associated proteins Hobit and CD103 [70].
Likewise, it is noteworthy that T cells can be found in the
urine of patients. Protein expression profiling of cells from
lupus patients’ urine revealed the presence of T cells positive
for Tgy-associated molecules such as CD69 and CD38 [71],
which suggests that T cells in the urine originate from Ty,
cells in the kidney.

In ANCA glomerulonephritis, the number of Ty, cells
in the kidney biopsy shows a positive correlation with
impaired kidney function as indicated by serum creatinine
[18]. Currently, it is unclear how autoantigen-specific Try
cells in the kidney are associated with autoimmune kidney
disease development and/or relapse in humans. One possibil-
ity is that autoantigen-specific Ty cells are more clonally
expanded, especially in relapsing patients, but this assump-
tion needs to be verified by TCR specificity and clonality
analysis (Fig. 2). Recently, we have shown that Ty, cells
induced by S. aureus infection aggravates murine crescentic
glomerulonephritis [18]. The activation of these Ty, cells
is probably independent of TCR because they are thought
to be mostly bystander Ty, cells, which express polyclonal
TCR non-specific to the kidney antigen. We demonstrated
that the innate inflammatory cytokines IL-1p, IL-6, and
IL-23 activate Tgy, cells, leading to cytokine production
[18] (Fig. 1B). Most important, Tgy-cell depletion prevented
disease aggravation. These findings suggest that pathogenic
T cells may be a potential target for the treatment of auto-
immune kidney diseases. Targeting their specific survival
requirements, such as metabolic reliance on free fatty acids
or on IL-15, is currently explored to achieve the depletion
of Ty cells [42, 72].

Kidney tumors and TRM cells

The kidney is a common cancer site, and different types
of cancers can develop. The most common kidney can-
cer, renal cell carcinoma (RCC), is an immunogenic
tumor. Here, increased numbers of T cells are observed
in the tumor tissue compared with those found in adjacent
healthy tissue [11, 73]. In RCC tumor tissue, CDS8™ T cells
are more common [74]. Similar to renal T cells in other
diseases, the majority of T cells detected in the tumor
show a tissue-resident phenotype with CD69 expression in
both CD4* and CD8™ T cells [75], and CD103 expression
mainly in CD8* T cells [11, 76]. In a mouse renal adeno-
carcinoma model, most of the CD69* T cells are protected
from intravascular staining, supporting the assumption that
these T cells are tissue resident.

While a high number of tumor-infiltrating T cells are
usually associated with a better prognosis in many tumor
types [77], the abundance of intratumoral T cells might
be associated with a high tumor grade and shorter patient
survival in clear cell RCC (ccRCC) [78]. However, the
number of CD103" T cells was reported to be an inde-
pendent favorable prognostic factor in RCC patients [79].
Furthermore, in a mouse RCC model, CD103%-cell deple-
tion resulted in accelerated tumor growth [79]. CD103* T
cells are able to respond to TCR reactivation by upregulat-
ing cytotoxic mediators and proliferation, suggesting that
CD103* CD8™ T cells can rapidly reactivate their effec-
tor functions [79]. Therefore, CD103* Tyy-like cells in
tumors substantially contribute to immune surveillance.
Their potential of immediate anti-tumor responses makes
tumor-infiltrating Ty, cells an attractive target for thera-
peutic interventions (Fig. 1C).

The regulation of intratumoral T cells is of great impor-
tance to their anti-tumor response. T-cell functionality can
be regulated by immune checkpoint proteins such as PD1
and CTLA-4. T cells regulated by inhibitory molecules
are unable to proliferate, or to produce cytokine or cyto-
toxic molecules in response to antigen recognition. The

Fig.2 Unanswered questions
about TRM cells in kidney
diseases

* How Tyy cell’s function is regulated in resting and activated conditions?

* Do Tyy cells contribute to efficient host defense upon repeated pathogen challenge to the kidney?

+ How TCR clonality of Ty, cells is important in autoimmune kidney diseases such as ANCA-GN?

* How and in which situation immune checkpoint inhibitors invigorate Tgy, cells?

+ Is it possible to deplete Ty cells for patients with autoimmune kidney diseases or transplant recipients?

+ What are the functional properties that distinguish Ty, cells in the kidney relative to gut, skin, or lung Ty, cells?

/ Questions to be answered \

/

@ Springer



Seminars in Immunopathology (2022) 44:801-811

807

inhibitory protein PD1 was detected on tumor-infiltrating
CD103" T cells in RCC, suggesting that their anti-tumor
function is actively suppressed and that these tumor-infil-
trating T cells can be targeted by checkpoint inhibitors
[80]. It is reported that a high proliferation rate of tumor-
infiltrating CD8* T cells is associated with prolonged
survival of RCC patients. Furthermore, a murine study
demonstrated the inefficacy of checkpoint inhibitors after
depletion of CD103" cells in a RCC model [79].

Immune checkpoint inhibitors have revolutionized cancer
treatment. Clinical trials have provided evidence of a supe-
rior survival rate of metastatic RCC patients treated with
immune checkpoint inhibitors. Therefore, immune check-
point inhibition has become a standard of care for advanced
RCC [73, 81]. Immune checkpoint inhibition therapy is
thought to reinvigorate tumor-infiltrating T cells that have
lost their anti-tumor activity due to immune-inhibitory
signaling. However, it remains to be investigated how Ty,
cells in kidney tumors suppress tumor growth. In melanoma
models, it is reported that the anti-tumor effect is due to the
direct killing of tumor cells, in addition to the activation and
recruitment of other immune cells by cytokine production
[82, 83].

While many patients benefit from immune checkpoint
inhibition therapy, some do not respond to it. Therefore, reli-
able markers are needed to predict the therapeutic response
and to ensure that individuals with a good chance of response
receive treatment. Expression of PDL1, a ligand for PD1, has
been investigated as a marker of response. However, a clini-
cal response to PD1 inhibition was observed even in patients
with low or no PDL1 expression (73, 84). Genetic analysis
as a useful predictive tool, such as tumor mutation profiling,
was also reported. Accumulating mutations in tumors lead to
the formation of increased neoantigens, stimulating immune
responses. An analysis of five clinical trials revealed that
patients with different tumors such as RCC, with micros-
atellite instability or deficient mismatch repair, showed a
higher response to pembrolizumab, a humanized antibody
targeting PD1 [85]. By contrast, another study showed that
tumor mutations and neoantigen expression were not associ-
ated with progression-free survival of patients treated with
anti-PD-L1 [86]. Therefore, further studies addressing the
question of how tumor-infiltrating T cells are regulated need
to be performed.

In addition to immune checkpoint inhibitors, another
innovative approach, namely therapeutic cancer vaccination,
has been developed and is being tested. It is reported that the
induction of Ty, cells enhances the efficacy of cancer vac-
cines [87]. These vaccines are evolving by the development
of next-generation sequencing, which makes it possible to
reveal mutations present in tumor cells. By using tumor neo-
antigens produced by the mutations, cancer vaccines induce
T-cell responses specific to cancer cells. First clinical trials

showed a robust tumor-specific immunogenicity in patients
with melanoma and other cancers. This therapeutic strategy
is currently being tested in combination with immune check-
point inhibitors in a clinical trial for RCC [88].

Kidney transplantation and TRM cells

Kidney transplantation is an important treatment for patients
with end-stage renal diseases. Although the transplantation
outcome was significantly improved by the development of
immunosuppressants, the rejection of transplanted kidneys
remains a serious problem. The graft rejection is caused by
T cells. Kidney allografts contain donor-derived T cells,
most of which express tissue residency-associated markers
such as CD69 and CD103. In the case of HLA-mismatched
transplantation, donor- and recipient-derived T cells can be
distinguished by HLA staining, making it possible to track
T-cell chimerism in the transplanted organs. In lung trans-
plantation, donor-derived Ty, cells persist in the organ and
express signature markers including CD69, CD103, and
CD49a, but the number of donor-derived T cells in the blood
becomes negligible at two months following transplanta-
tion. Of particular note, recipients with an increased number
of donor-derived lung Tyy, cells have fewer adverse events
such as primary graft dysfunction, or acute cellular rejec-
tion, compared with recipients with lower donor Tgy,-cell
persistence. In kidney transplantation, it is still unclear how
long donor-derived cells persist in the graft. A study ana-
lyzed transplanted kidneys from patients with graft failure
and reported that donor-derived Ty, cells were not detected
in organs that failed > 5 months after transplantation. This
suggests that recipient-derived T cells are recruited to the
transplanted kidney, become Ty, cells, and replace donor-
derived Ty, cells when graft failure occurs [12] (Fig. 1D).

Recipient-derived T cells play an important role in
the rejection of a transplanted kidney. Both CD4* and
CD8*-recipient T cells are found in the graft. Based on the
expression of cytotoxic molecules such as granzymes A and
B, the tissue injury mechanism in T cell-mediated rejec-
tion was once thought to be direct cell damage to donor
cells. However, tubulitis after allogenic transplantation was
observed even in mice deficient in perforin or in the gran-
zymes A and B [89]. Furthermore, a recent study showed
that Tgy, cells in kidney allografts did not express higher
amounts of granzyme B, or perforin, compared with circu-
lating cells [12, 17]. Therefore, T cell-mediated rejection is
considered to take place through cytotoxic and non-cytotoxic
functions [90].

Allo-responsive T cells in recipients can be identified by
the detection of cytokine production after stimulation with
donor-derived cells. An increased frequency of allo-specific
T cells in the peripheral blood of recipients prior to or during
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the first six months after renal transplantation was associated
with an increased risk of acute rejection and inferior graft
function [91, 92]. In a mouse model of kidney transplanta-
tion, graft rejection was observed only when kidney antigen-
specific CD8* T cells were transferred to recipient mice.
After transplantation, both kidney antigen-specific and poly-
clonal T cells were recruited to the graft and differentiated
into Tgy, cells. Tgy, cells proliferated locally and produced
IFN-y upon re-stimulation with allogenic donor splenocytes
(93). Therefore, in kidney transplant rejection, allo-specific
T cells in recipients are recruited to the graft, develop into
Tru cells, and damage the kidney via production of cytokine
and cytotoxic molecules. During this rejection process, host-
derived Ty, cells are replaced by recipient Ty, cells.

Conclusions

The discovery of Tgy, cells has significantly advanced our
understanding of immunity. Because of their tissue-residing
and memory phenotypes, they can respond quickly and effi-
ciently to invading pathogens in the affected organs. The
efficient induction of Ty cells in barrier organs would be
an attractive strategy for vaccine-mediated immunization
against pathogens. Yet, the presence of Ty, cells might
cause adverse events such as autoimmune disease develop-
ment and relapse, which makes the induction of Ty, cells
a double-edged sword. Therefore, it will be important to
address the question of how Tgy-cell activity is regulated
and can be targeted for treatment. (Unanswered questions
are listed in Fig. 2.)
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