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ABSTRACT

Background T cells play pathogenic and reparative roles during AKIl. However, mechanisms regulating
T cell responses are relatively unknown. We investigated the roles of the novel immune checkpoint mol-
ecule T cell immunoreceptor with Ig and immunoreceptor tyrosine-based inhibitory motif domains (TIGIT)
in kidney T cells and AKI outcomes.

Methods TIGIT expression and functional effects were evaluated in mouse kidney T cells using RNA
sequencing (RNA-Seq) and flow cytometry. TIGIT effect on AKI outcomes was studied with TIGIT knockout
(TIGIT-KO) mice in ischemia reperfusion (IR) and cisplatin AKI models. Human kidney T cells from nephrec-
tomy samples and single cell RNA sequencing (scRNA-Seq) data from the Kidney Precision Medicine
Project were used to assess TIGIT's role in humans.

Results RNA-Seq and flow cytometry analysis of mouse kidney CD4+ T cells revealed increased expres-
sion of TIGIT after IR injury. Ischemic injury also increased TIGIT expression in human kidney T cells, and
TIGIT expression was restricted to T/natural killer cell subsets in patients with AKI. TIGIT-expressing
kidney T cells in wild type (WT) mice had an effector/central memory phenotype and proinflammatory
profile at baseline and post-IR. Kidney regulatory T cells were predominantly TIGIT+ and significantly
reduced post-IR. TIGIT-KO mice had significantly reduced kidney injury after IR and nephrotoxic injury
compared with WT mice. scRNA-Seq analysis showed enrichment of genes related to oxidative phosphor-
ylation and mTORC1 signaling in Th17 cells from TIGIT-KO mice.

Conclusions TIGIT expression increases in mouse and human kidney T cells during AKI, worsens AKI
outcomes, and is a novel therapeutic target for AKI.

JASN 34:755-771, 2023. doi: https://doi.org/10.1681/ASN.0000000000000063

INTRODUCTION
Received: May 13, 2022. Accepted: December 2, 2022.

AKI occurs in approximately 5% of hospitalized
patients and up to 50% of patients in intensive
care units.'=3 Ischemia reperfusion (IR) and neph-
rotoxins are common causes of AKI and involve
both immune and nonimmune mechanisms. Prior
studies demonstrated that T cells mediate both the
early injury phase and the late recovery/repair
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phase of AKI. However, mechanisms by which T cells mediate
AKI are incompletely understood.

This study investigated the role of a novel immune check-
point molecule, T cell immunoreceptor with Ig and immu-
noreceptor tyrosine-based inhibitory motif (ITIM) domains
(TIGIT) in AKI. We unexpectedly identified TIGIT upregula-
tion on CD4+ T cells in the early phase of experimental AKI
during discovery RNA-Seq analysis. TIGIT is a transmem-
brane glycoprotein that is significantly upregulated on mem-
ory and activated T cells and natural killer (NK) cells.4-¢ TI-
GIT interacts with its ligand CD155, which is expressed by
multiple cell types including kidney epithelium, to initiate
coinhibitory signaling that dampens Th1 and Th17 responses
and enhances Th2 response and Treg suppressive activity.®” In
addition, simultaneous checkpoint blockade of TIGIT and
PD1 was found to enhance antitumor immunity and survival
in murine glioblastoma.®” Many clinical trials are underway for
developing TIGIT-based immunotherapy for cancers and auto-
immune diseases (clinicaltrials.gov). Current cancer immuno-
therapies targeting established coinhibitory receptors such as
cytotoxic T-lymphocyte associated-4 and PD1 can be effective
but also lead to increased incidence of AKI.1%!! Therefore, un-
derstanding TIGIT’s role in AKI will be important for explor-
ing novel therapies as well as mitigating immune checkpoint
inhibitor-induced AKI.

Our data demonstrated increased TIGIT expression in
post-IR kidney T cells of wild type (WT) mice that correlated
with EM/CM phenotypes and a proinflammatory profile. In
human kidney T cells, TIGI Texpression increased after ischemia
in nephrectomies from patients with renal cell carcinoma (RCC)
as well as in patients with AKI. TIGIT knockout (TIGIT-KO)
mice were protected from IR- and cisplatin-induced AKI and
had metabolically distinct kidney T cells. These results provide
important context for TIGIT-based immunotherapy for AKL

METHODS

Mice and Genotyping

Male C57BL/6] (WT, Stock no. 000664) mice were purchased
from the Jackson Laboratory (Bar Harbor, ME) and housed
under specific pathogen-free conditions at the Johns Hopkins
University animal facility. TIGIT-KO mice on C57BL/6] back-
ground were a kind gift from Dr. Vijay Kuchroo (Harvard
University) and were bred and maintained at the Johns
Hopkins University animal facility. TIGIT-KO mice were gen-
erated by crossing homozygous TIGIT-floxed mice with cyto-
megalovirus (CMV) Cre mice, resulting in TIGIT deletion in
all tissues in the progeny. TIGIT-KO status was confirmed
before assigning mice for present studies by positive detection
of CMV Cre gene (650bp PCR band) in tail tissue
(Supplemental Figure 1) using the primer set and PCR pro-
gram provided in Supplemental Tables 1 and 2, respectively.
An internal positive control was used to confirm successful
PCR conditions (324bp PCR band) during genotyping.
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Significance Statement

T cells mediate pathogenic and reparative processes during AKI,
but the exact mechanisms regulating kidney T cell functions are
unclear. This study identified upregulation of the novel immune
checkpoint molecule, TIGIT, on mouse and human kidney T cells
after AKl. TIGIT-expressing kidney T cells produced proin-
flammatory cytokines and had effector (EM) and central memory
(CM) phenotypes. TIGIT-deficient mice had protection from both
ischemic and nephrotoxic AKI. Single-cell RNA sequencing led to
the discovery of possible downstream targets of TIGIT. TIGIT me-
diates AKI pathophysiology, is a promising novel target for AKI
therapy, and is being increasingly studied in human cancer therapy
trials.

Because our TIGIT-KO mouse colony is germline, i.e., homo-
zygous for Cre and flox sequences, we used syngenic and age-
matched WT mice (Jackson Laboratory) as controls. Eight to
10-week-old male mice were used in accordance with the
Johns Hopkins University Institutional Animal Care and Use
Committee approved protocols. Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines were followed to
report data presented in this study.!?

Induction of AKI

AKI was induced by either IR surgery or cisplatin injection as
per established protocols.'3!4 In brief, for IR surgery, mice
were anesthetized with an intraperitoneal (i.p.) injection of
pentobarbital (75 mg/kg) and renal pedicles dissected after a
medial abdominal incision. A microvascular clamp (straight
1 X8 mm, Roboz Surgical Instrument Co.) was placed on each
renal pedicle for 25 minutes. Animals were kept hydrated with
1 ml of warm saline and at a constant body temperature
(37°C). After appropriate ischemia time, the clamps were re-
moved, and the kidneys were inspected for the restoration of
blood flow. The incision was sutured, and the animals were
allowed to recover with access to food and water ad libitum.
Sham surgeries were performed similar to the IR group with-
out clamping the renal pedicles. For nephrotoxic AKI model,
cisplatin (cis-diammineplatinum II dichloride; Sigma-
Aldrich) was dissolved in normal saline (1 mg/ml) on the
day of injection. A single i.p. injection of cisplatin (25 mg/kg
body weight) was given to induce AKI.

Assessment of Kidney Function

Blood samples were collected at 0, 24, 48, and 72 hours after IR
or cisplatin injection, and serum creatinine (SCr) was mea-
sured to assess kidney function by Cobas Mira Plus automated
analyzer system (Roche) using creatinine measurement re-
agents (Pointe Scientific Inc.).

Isolation of Kidney Mononuclear Cells and Splenocytes
from Mice

Kidney mononuclear cells (KMNCs) and splenocytes were
isolated according to an established protocol.!> Mice were an-
esthetized with i.p. ketamine hydrochloride (140 mg/kg) and

JASN 34: 755-771, 2023
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xylazine (10 mg/kg) and exsanguinated to reduce the number
of circulating immune cells. Both kidneys were removed,
decapsulated, finely minced, and incubated in collagenase
D (2 mg/ml; Sigma-Aldrich) solution for 30 minutes at
37°C. A single-cell suspension of the kidney digestion was
achieved by mechanical disruption of the tissue using a
70-um strainer (BD Bioscience), followed by centrifugation
at room temperature using isotonic Percoll density gradient
(GE Healthcare) (3000 revolutions per minute for 30 minute
in brake off mode) to collect mononuclear cell population as
per the manufacturer’s instructions. Spleens were filtered
through a 40-um strainer (BD Bioscience) to prepare single-
cell suspensions and incubated with ACK lysis buffer (Quality
Biological) for 3 minutes to remove red blood cells. Collected
cells from each organ were washed, and each pellet was resus-
pended in Roswell Park Memorial Institute media containing
5% FBS and counted.

T cell Activation and Intracellular Cytokine Analysis

To assess the effects of TIGIT on kidney T cell activation and
cytokine production, freshly isolated KMNCs (approximately
1X10°) were stained with the following antibodies. All anti-
bodies were purchased from BioLegend unless specified oth-
erwise: anti-mouse CD45-Spark Blue 550 (clone: 30.F11),
TCRB-Alexa Fluor 488 (clone: H57-597), CD8«-PerCP
(clone: 53-6.7), TIGIT-BV421 (clone: 1G9), CD25-PE-Cy7
(clone: PC61.5), CD69-Alexa Fluor 700 (clone: H1.2F3),
CD62L-BV785 (clone: MEL-14), CD44-BV570 (clone: 1M7),
PD1-APC/Fire750 (clone: 29E.1412) or CD226-APC/Fire750
(clone: 10E5) and CD4-BV480 (clone: RM4-5, BD Biosci-
ences). To measure intracellular cytokines, KMNCs were
stimulated with leukocyte activation cocktail (BD Pharmi-
gen) containing PMA, ionomycin, and brefeldin A before
staining with IFNy-BV650 (clone: XMG1.2), TNFa-BV711
(clone: MP6-XT22), IL17A-BV605 (clone: TC11-18H10.1),
IL10-PE/Dazzle594 (clone: JES5-16E3), IL4-PerCP eFluor710
(clone: 11B11, Invitrogen), and FOXP3-Alexa Fluor647
(clone: MF-14) using Foxp3/Transcription Factor Staining
Buffer Set (eBioscience). Dead cells were labeled with Zombie
NIR (BioLegend) and excluded from the analyses. Labeled
samples were analyzed with spectral cytometer, Aurora (Cy-
tek). Live unmixing was performed onboard before running
experimental samples using Spectroflo (Cytek) and unmixed
.fcs files were analyzed with FlowJo software (BD
Biosciences).

Assessment of Metabolic Markers in Kidney T Cells

Cell suspensions were prepared as described above for T cell
activation and intracellular cytokine analysis and stained with
the following antibodies for 30 minutes at 4°C. All antibodies
were purchased from BioLegend unless specified otherwise:
anti-mouse CD45-BV570 (clone: 30-F11), TCRB-BV785 (clone:
H57-597), CD8-BV510 (clone: 53-6.7), and CD4-APC-Fire810
(clone: GK1.5). Subsequently, cells were fixed and permeabilized
for intracellular staining for metabolic markers using Foxp3/

JASN 34:755-771, 2023
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Transcription Factor Staining kit (ThermoFisher Scientific) as
per instructions provided in the kit. Intracellular staining cock-
tail was prepared in 50 uL of permeabilization/wash buffer
with the following antibodies: anti-mouse CPT1a-Alexa Fluor
488 (clone: 8F6AE9, Abcam), voltage-dependent anion channel
1-Alexa Fluor 532 (clone: 20B12AF2, Abcam), GLUTI1-PE
(clone: EPR3915, Abcam), pS6-Alexa Fluor 594 (clone:
D68E8, Cell Signaling), hexokinase II-PE-Cy5 (clone:
EPR20839, Abcam), H3K27me3-PE-Cy7 (clone: C36B11, Cell
Signaling), and Tomm?20-Alexa Fluor 647 (clone: EPR15581-54,
Abcam). Cells were stained for 45 minutes at room temperature,
washed with permeabilization/wash buffer, and resuspended in
cell staining buffer. Dead cell staining, sample acquisition, and
analysis were similar to T cell activation and intracellular cyto-
kine analysis section.

Kidney CD4+ T Cell and CD45+ Immune Cell Flow
Sorting

For FACS, KMNCs were preincubated with anti-CD16/CD32
Fcblock (clone: 2.4G2, BD Biosciences) for 15 minutes on ice.
WT, kidney CD4+ T cells were flow sorted by staining
KMNCs with monoclonal Ab anti-TCRB-BV421 (clone:
H57-597, BioLegend) and anti-CD4-PerCP/Cy5.5 (clone:
RM4-5, BioLegend) for 30 minutes at 4°C. WT and TIGIT-
KO kidney CD45+ cells were flow sorted by staining KMNCs
with anti-CD45-APC/Cy7 (clone: 30-F11, BioLegend)
and live/dead aqua (ThermoFisher). Cells were sorted with a
FACSAria II Cell Sorter (BD Biosciences). After sorting, puri-
fied CD4+ T cells from WT mice were used for bulk RNA-Seq
analysis and CD45+ cells from WT and TIGIT-KO were used
for single-cell RNA-Seq analysis (scRNA-Seq).

Bulk RNA-Seq Analysis of Kidney CD4+ T Cells

CD4+ T cells were flow sorted for bulk RNA-Seq studies from
WT control and 24 hours post-IR mice.!® RNA was isolated
from flow-sorted renal CD4+ T cells (approximately 3X10%)
using RNeasy mini kit (QIAGEN). Pooled cells from five to six
mice were used for each flow sort experiment, and there were
n=3 experiments/group for RNA-Seq analysis. Total RNA was
fragmented and converted to Illumina NextSeq 500 compat-
ible cDNA libraries. cDNA libraries were prepared from 1 ng
of total RNA using SMARTer Stranded Total RNA-Seq Kit
v2—Pico Input Mammalian kit (Takara). Libraries were mul-
tiplexed and sequenced with 60 million 36 base pair paired-
end reads per sample using two flowcell lanes. Using Tophat
version 2.1.0. and Cufflinks version 2.2.1 with default param-
eters, raw data were aligned to the RGCm38 mouse reference
genome, and Fragments Per Kilobase Of Exon Per Million
values were obtained. The gene expression of IR-injured renal
CD4+ T cells was compared with normal control using a
cutoff of P<0.05 and the minimum Fragments Per Kilobase
Of Exon Per Million values of >1.0 in log2 notation. Com-
plete bulk RNA-Seq data from this analysis has been deposited
at National Center for Biotechnology Information’s data re-
pository Gene Expression Omnibus!7 and is freely accessible

TIGIT Mediates AKl in Mice, Noel et al. 757
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Figure 1. Kidney IR injury increases TIGIT mRNA and protein expression in mouse kidney CD4+ T cells. (A) Schematic of steps involved
during bulk RNA-Seq analysis of flow-sorted CD4+ T cells isolated from control and 24 hours post-IR kidneys of WT mice. Kidney mono-
nuclear cells (KMNCs) were isolated and stained with anti T cell receptor (TCR) and CD4 antibodies to flow sort pure CD4+ T cells for bulk
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Figure 1. (Continued) RNA-Seq analysis. (B) Volcano plot depicting all known cosignaling molecules identified after bulk RNA-Seq analysis. (C)
Graph showing median and IQR values of Tigit mRNA in control and post-IR kidney CD4+ T cells from bulk RNA-Seq data with adjusted P value.
n=3 per group with five to six mice per n. (D and E) Flow dot plots and corresponding graph showing TIGIT expression at protein level in CD4+,
CD8+, and DN T cells from control (n=7), sham (n=5), and 24 hours post-IR (n=38) kidneys. (F) Absolute number of TIGIT-expressing CD4+,
CD8+, and DN T cells from control, sham, and, 24 hours post-IR kidneys. Data in (E) and (F) were analyzed with Kruskal-Wallis one-way analysis of
variance followed by Dunn multiple comparison post hoc analysis. Graphs represent median (IQR) values. *P<0.05, **P=<0.01, ***P=0.001, and
**+%P<(0.0001. IR, ischemia reperfusion; KMNC, kidney mononuclear cell; TIGIT, T-cell immunoreceptor with Ig and ITIM domains.

at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE139171.

scRNA-Seq Analysis of Kidney Immune Cells

KMNCs were stained for anti-mouse CD45 antibody and
Live dead aqua, and CD45+ immune cells from WT and
TIGIT-KO mice at baseline and 24 hours after inducing
kidney IR-AKI were isolated using FACS sorting. Purified cells
were processed for high-throughput droplet encapsulation to
capture and barcode individual cells using 10X chromium
technology. In brief, sorted cells were processed through the
GemCode Single Cell Platform (10X Genomics) as per the
manufacturer’s protocol. Single cells (approximately 10,000)
were partitioned into gel beads and libraries prepared using
the 10X Chromium system. Libraries were sequenced to a
target depth of 100K reads/cell on an Illumina NovaSeq
6000. scRNA-Seq sequence reads were aligned to the mm10
reference genome with CellRanger (version 6.0.2). Subse-
quent quality control filtering, normalization, clustering,
and differential gene expression analysis was performed using
SCANPY (version 1.8.2).18 Specifically, potential doublets
and negatives were removed by including only cells with
gene counts >500, total counts <22,500, and percent mito-
chondrial gene counts <20%. Cell type classification was
performed using SingleCellNet,' and contaminating nonhe-
matopoietic cells were excluded from further analysis. Genes
were excluded if they were detected in fewer than five cells. The
data were then normalized and log transformed before highly
variable genes were identified. The data were scaled, and prin-
cipal component analysis was performed. Leiden clustering
was performed and visualized on a Uniform Manifold Ap-
proximation and Projection (UMAP) embedding. Differential
gene expression analysis was performed with the rank_ge-
nes_groups function in SCANPY, and gene set enrichment
analysis was performed with the Gseapy Enrichr function?®
testing for enrichment of the MSigDB Hallmark signatures.?!
scRNA-Seq data from this study are freely accessible at https://
doi.org/10.5281/zenodo.7314510.

Histologic Evaluation of Kidney

The kidneys were harvested 72 hours after induction of AKI,
and a transverse piece from each kidney was fixed with 10%
buffered formalin phosphate and embedded with paraffin for
histologic evaluation. Tissue sections (2—-3 um) were stained
with hematoxylin and eosin (H&E). A renal pathologist
(L.J.A), blinded to the experimental groups, scored the per-
centage of necrotic tubules out of total tubules in at least ten

JASN 34:755-771, 2023

high-power fields, and the average percentage of tubular ne-
crosis in all fields was presented as the renal tubular injury
score of each mouse.

TIGIT Assessment in Human Kidney T Cells

Human kidney samples were collected, after informed consent,
from grossly normal kidney sections from patients with RCC
undergoing nephrectomy surgery either before or after the
clamping of renal pedicles. Kidney tissue was digested accord-
ing to an established protocol for isolation of KMNCs.22:23
Single-cell suspensions were preincubated with human Fc
Block (clone: Fc1.3216, BD Biosciences) for 15 minutes and
stained with anti-human fluorochrome-conjugated monoclo-
nal antibodies CD45-BUV395 (clone: HI30, BD Biosciences),
TCRa/B-BV421 (clone: IP26, BioLegend), CD4-PerCP/Cy5.5
(clone: OKT4, BioLegend), CD8a-BV605 (clone: RPA-TS,
BioLegend), and TIGIT-PE (clone: A15153G, BioLegend) for
30 minutes at 4°C. CD45 " TCRa/B™ cells were analyzed for
TIGIT expression on CD4+, CD8+, and double negative
(DN) T cells using LSRII flow cytometer, and data were ana-
lyzed using Flow]Jo software. Kidney precision medicine proj-
ect database was explored using the online explorer tool to
examine TIGIT expression in kidney T cells from healthy con-
trol and patients with AKI. This study was conducted in accor-
dance with the Declaration of Helsinki and approved by the
Johns Hopkins Medicine Institutional Review Board.

Statistical Analyses

Data were collected from at least three independent experi-
ments and expressed as median and interquartile range
(IQR=Q3—Q1). Statistical differences were analyzed using
the unpaired nonparametric Mann-Whitney U test between
two groups and Kruskal-Wallis one-way analysis of variance
followed by the Dunn multiple comparison test for more than
two groups using Prism 9 (GraphPad Software). Group size
was calculated with a free online power calculation tool (stat.
ubc.ca/~rollin/stats/ssize/n2) to achieve a minimum of 80%
power. Statistical significance was accepted at P<<0.05.

RESULTS

IR Injury Increased TIGIT Expression on Murine Kidney
T Cells

Because CD4+ T cells play important modulatory roles dur-
ing AKI, we first analyzed our previously published'® bulk
RNA-Seq data from flow-sorted kidney CD4+ T cells to

TIGIT Mediates AKl in Mice, Noel et al. 759
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identify novel molecular players (Figure 1A). Among the
cosignaling molecules identified in our RNA-Seq data, Tigit
mRNA expression was significantly upregulated (adjusted
P-value = 0.002) in CD4+ T cells from post-IR kidneys
(52.91[88.09-48.07]) compared with control kidneys
(20.54[26.85-17.95], Figure 1, B and C, Supplemental
Table 3). Concurrently, TIGIT costimulatory partners Cd226
and Cd96 decreased significantly. In addition to Tigit, we also
observed a significant increase in Ctla4 expression. However,
checkpoint molecules PdI, Lag3, and Tim3 and costimulatory
molecules Cd28 and Icos were not affected. The 24-hour time
point selected for this RNA-Seq study and the validation and
mechanistic studies described below corresponds with the
maximum increase in SCr levels in our IR model.

Validation of RNA-Seq data at the protein level, using the
multiparameter spectral flow cytometry and gating strategy de-
scribed in Supplemental Figure 2A, showed significant TIGIT
expression in post-IR kidney CD4+ (IR=7.58[10.65-6.44]%
versus control=1.52[2.08-1.26]%; P=0.0002), CD8+
(IR=10.30[11.25-7.89]% versus sham=3.74[7.12-2.13]%;
P=0.02 and control=2.50({4.32-1.66]%; P=0.0008) and DN
T cells (IR=7.42[10.28-4.37]% versus control=0.49
[0.97-0.36]%; P<<0.0001) compared with control mice (Fig-
ure 1, D and E). Quantification of absolute cell numbers
showed significant increases in both TIGIT+CD4+ T cells
in post-IR kidneys (171240[268884-86019]) compared with
sham (52037[55702-34009]; P = 0.009) and control
(51594[87334-30688]; P = 0.02) kidneys and TIGIT+DN
T cells in the post-IR kidneys (57631[111788-34055]) com-
pared with sham (11677[38666-7364]; P = 0.05) and control
(15277[25220-6019]; P = 0.007) kidneys (Figure 1F). Splenic
T cells from mice that underwent kidney IR injury showed no
significant increase in TIGIT expression (Supplemental Figure
2B), further suggesting that renal IR injury increased TIGIT
expression specifically in kidney T cells.

Ischemic Injury Increased TIGIT Expression in Human
Kidney T Cells

To assess the relevance of this novel immune checkpoint mole-
cule to human kidney injury, we evaluated TIGIT expression
in T cells from human kidneys. Kidney tissue was collected
from patients undergoing partial nephrectomy because of
RCC. We collected kidney tissue either pre (nonischemic)
or post (ischemic) renal pedicle clamping and carefully dis-
sected the nonmalignant normal adjacent tissue. Expression
of TIGIT was relatively low in T cells isolated from normal
compared with ischemic tissue. We found significantly higher
absolute numbers of TIGIT+CD8+ (63.0{121.9-39.75] ver-
sus 14.88[23.57-4.62], P = 0.03) and TIGIT+DN T cells
(17.25[27.94-9.19] versus 0.68[0.68—0.00], P = 0.03) in is-
chemic kidney compared with normal kidney tissue (Figure
2A). We next explored the scRNA-Seq data of the National
Institutes of Health (NIH) kidney precision medicine project,
using the online explorer tool (https://atlas.kpmp.org/
explorer/dataviz) to assess the status of TIGIT in kidney cells
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from well-characterized healthy controls (n=20) and patients
with AKI (n=12). We observed significant TIGIT expression
in patients with AKI compared with healthy controls that was
restricted to Tregs, cytotoxic T cells, and NK cell populations
(Figure 2, B-D and Supplemental Table 4).

TIGIT-Expressing Kidney T Cells had a Proinflammatory
and Memory Phenotype

To understand functional effects of TIGIT in kidney T cells,
we assessed intracellular levels of proinflammatory and
anti-inflammatory cytokines in TIGIT+ and TIGIT— subsets
in WT mice, both at baseline and 24 hours post-IR. Overall,
TIGIT+ T cells had a greater percentage and mean fluorescent
intensity (MFL per cell expression) of IFNy and TNFa compared
with TIGIT— T cells from post-IR kidneys. More specifically, the
percentage of CD4+TIGIT+IFN+y+ cells were significantly
higher compared with CD4+TIGIT—IFNy+ subset (52.90
[57.15-42.35]% versus 17.00[27.60-14.70]%, P = 0.008) after
IR injury (Figure 3A). Correspondingly, CD4+TIGIT+ T cells
had significantly higher per cell expression of IFNy compared
with CD4+TIGIT— T cells at baseline (10408[12556—6250]
versus 5102[5415-4327], P=0.008) and post-IR
(9095[10494-7948] versus 3223[4568-2975], P=0.008,
Figure 3B). Similarly, the percentage of CD4+TIGIT+TNFa+
cells was significantly higher compared with CD4+
TIGIT—TNFa+ cells after IR injury (53.60[67.15-45.20]%
versus 34.10[45.15-26.35]%, P = 0.03, Figure 3C). At the
per cell level, TNFa showed significantly higher MFI in
CD4+TIGIT+ T cells compared with CD4+TIGIT— T cells
post-IR (8609[11526-7441] versus 5309[7216-42438],
P =10.03, Figure 3D). In CD8 T cells, IFNy or TNF« expression
did not differ between TIGIT+ and TIGIT — subsets either at
baseline or post-IR. However, we observed a significant de-
cline in IFNvy-expressing TIGIT—CD8 T cells post-IR com-
pared with baseline levels (58.20[66.85-55.70]% versus 30.90
[55.70-21.45]%; P = 0.03) (Supplemental Figure 3A). Fur-
thermore, TIGIT+DN T cells expressed increased levels of
IFNy compared with TIGIT—DN T cells after IR injury
(40.00[53.35-27.75]% versus 17.20[24.30-15.65]%;
P = 0.02). Similar to TIGIT—CD8+ cells, the percentage
and MFI of TIGIT—DN T cells expressing [FN7y decreased
after IR injury compared with basal levels (P=0.01;
Supplemental Figure 3, E and F).

Since TIGIT expression correlated with a proinflammatory
phenotype, we hypothesized that TIGIT affected differentiation
of kidney T cells to promote EM and CM phenotype. We mea-
sured the commonly used T cell memory phenotype markers,
CD62L and CD44,2425 to describe naive (CD62LMCD44%),
EM (CD62L°CD44™) and CM (CD62L"CD44™) phenotypes
(Supplemental Figure 4A) of TIGIT+ and TIGIT— kidney
T cells at baseline (Figure 3E) and 24 hours after IR injury
(Figure 3F). Analysis of kidney CD4+ T cells showed predom-
inantly EM phenotype in both TIGIT+ and TIGIT— subsets,
which was comparable between the subsets at baseline (79.75
[92.23-73.4]% versus 73.45[77.33-72.55]%, P = 0.2) and after
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Figure 2. TIGIT expression increases in human kidney T cells after ischemic injury and in patients with AKI. (A) Flow dot plot and
graphs showing percentage (left graph) of TIGIT+ CD4, CD8, and DN T cells in preclamp and postclamp human kidney. Corre-
sponding bar graphs showing absolute numbers of TIGIT+ cells in the same preclamp and postclamp kidney tissue. Data were an-
alyzed using the nonparametric Mann-Whitney test to compare preclamp and postclamp groups separately for CD4, CD8, and DN
T cells. Graphs in Figure 2A represent median (IQR) values. (B) Reference UMAP of the NIH kidney precision medicine project (KPMP)
scRNA-Seq data showing different kidney cell clusters identified for scRNA-Seq data set. (C and D) UMAPs showing TIGIT expression in
T/NK cells cluster of healthy controls (h=20) and patients with AKI (n=12). Arrow showing position of T/NK cell cluster. *P=0.05. KPMP,

kidney precision medicine project; TIGIT, T-cell immunoreceptor with Ig and ITIM domains.

IR injury (77.5[91.65-69.35]% versus 72.7[75.95-55.9]%,
P = 0.07). The percentage of CD4+TIGIT+ T cells with CM
phenotype was significantly greater than CD4+TIGIT— T cells
both at baseline (12.75[18.35—4.81]% versus 0.78[2.2925-0.53]%,
P = 0.0006) and after IR injury (10.3[16-3.17]% versus
0.99[1.12-0.49]%, P = 0.01). This finding was accompanied
by significantly reduced percentage of naive cells in
TIGIT+ subset compared with TIGIT — subset both at baseline
(2.7[6.85-1.01]% versus 20.95[22.13-17.35]%, P=0.001) and
after IR injury (5.92[7.86—2.55]% versus 18.8[27.25-16.55]%,
P=0.001). Consistent with these observations,
CD4+TIGIT+ T cells had an increased per cell expression
(MFI) of CD44 and reduced expression of CD62L at baseline

JASN 34:755-771, 2023

(P =0.004 and P = 0.006, respectively, Supplemental Figure 4B)
and after IR injury (P = 0.002 and P = 0.0002, respectively,
Supplemental Figure 4C). TIGIT+, CD8+, and DN T cells
were predominantly of EM phenotype at baseline and after IR
injury (Supplemental Figure 4, D-G). MFI of CD44 was signif-
icantly higher on TIGIT+, CD8+, and DN T cells compared
with TIGIT — cells (Supplemental Figure 4, H-K).

Kidney Tregs Were Predominantly TIGIT-Positive and
Reduced after IR Injury

Because the role for TIGIT in kidney Tregs is unclear, we first
assessed the relationship between TIGIT and kidney Tregs
and then assessed the effect of IR on these cells. To study

TIGIT Mediates AKl in Mice, Noel et al. 761
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Figure 3. TIGIT+ kidney T cells have a proinflammatory profile and memory phenotype, and TIGIT+ Tregs are reduced after IR
injury. Representative histograms and corresponding graphs showing percentage and MFI of proinflammatory cytokines IFNy
(A and B) and TNFa (C and D) in TIGIT+ and TIGIT— CD4+ T cells in control (baseline) and 24 hours after IR injury.
TIGIT+ CD4+ T cells had significantly higher levels of IFNy and TNFa compared with TIGIT— subsets after IR injury. (E and F)
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Figure 3. (Continued) Percentage of naive, EM, and CM cells among TIGIT+ and TIGIT— CD4+ T cells at baseline and after IR injury. (G)
Representative flow images showing gating strategy for assessing TIGIT+ and TIGIT— subsets of kidney CD4+ CD25+ Foxp3+ Tregs. (H and I)
Percentage and absolute number of TIGIT+ and TIGIT— subsets of Tregs among CD4+ cells at baseline in WT kidneys. (J and K) Percentage and
absolute number of TIGIT+ Treg cells in control and 24 hours post-IR kidneys of WT mice. Data between groups were analyzed using the unpaired
nonparametric Mann-Whitney test. Graphs represent median (IQR) values. *P=0.05 and **P=0.01. CM, central memory; EM, effector memory; IR,
ischemia reperfusion; TIGIT, T-cell immunoreceptor with Ig and ITIM domains.
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Figure 4. TIGIT-KO mice have reduced kidney injury after IR and cisplatin-induced AKI. (A) SCr levels in WT (n=5) and TIGIT-KO
(n=6) mice at baseline (0 hour) and 24, 48, and 72 hours after IR injury. (B) H&E-stained kidney sections from WT and TIGIT-KO mice
72 hours after IR injury with arrows showing necrotic tubules. Corresponding graph on right showing percentage of necrotic tubules in
the outer medullary region, 72 hours after IR injury. (C) SCr levels in WT (n=8) and TIGIT-KO (n=9) mice after cisplatin (25 mg/kg)
injection. (D) H&E-stained kidney sections from WT and TIGIT-KO mice, 72 hours after cisplatin injection. Arrows showing necrotic
tubules. Corresponding graphs showing percentage of necrotic tubules in the outer medullary region. SCr data in (A) and (C) were
analyzed using multiple Mann-Whitney tests. Histology data in (B) and (D) were analyzed using the unpaired nonparametric Mann-
Whitney test. Graphs represent median (IQR) values. **P=0.01, ***P=0.001, and ****P=0.0001. IR, ischemia reperfusion; SCr, serum
creatinine; TIGIT-KO, TIGIT knockout.
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Figure 5. Immunophenotypic and functional assessment of kidney T cells from WT and TIGIT-KO kidneys at baseline and after IR
injury. (A) Representative flow dot plot showing CD4, CD8, and DN T cells in WT and TIGIT-KO kidneys at baseline. (B) Baseline
assessment of WT and TIGIT-KO mouse kidneys showing decreased percentage of CD4+ and increased percentage of CD8+ T cells in

764 JASN JASN 34: 755-771, 2023



1871ZIMNZIDBPpXZOBBROATOAEIOYIASALLIAMPOOAEIEAHIDII/AO AU

MY TXOMADUYOIAXYOHISABZIYT0+erNIOITWNOIZTARY HAOSHAAUE AQ USel/wod mm| sjeunol/:dny woiy papeojumoq

¥¢0¢/90/50 uo

www.jasn.org | BASIC RESEARCH

Figure 5. (Continued) TIGIT-KO kidneys. (C) Absolute number of CD4+, CD8+, and DN T cells in WT and TIGIT-KO kidneys at baseline. (D)
Representative flow dot plots showing Tregs in WT and TIGIT-KO kidneys at baseline. (E and F) Percentage and absolute number of Tregs among
TCR+CD4+ cells in WT and TIGIT-KO mouse kidneys at baseline. (G) Percentage of PD1-expressing CD4+, CD8+, and DN T cells 24 hours after
IRinjury in WT and TIGIT-KO kidneys. (H and I) Percentage of naive, EM, and CM cells among TIGIT+ and TIGIT— CD4+ and CD8+ T cells from 24
hours post-IR WT and TIGIT-KO kidneys. (J and K) Percentage of IFNy- and TNFa-expressing CD4+ and (L and M) CD8+ T cells from WT and
TIGIT-KO kidneys, 24 hours after IR injury. Data between groups were analyzed using the unpaired nonparametric Mann-Whitney test. Graphs
represent median (IQR) values. *P=0.05 and **P=0.01. CM, central memory; EM, effector memory; TIGIT-KO, TIGIT knockout.

Treg-specific TIGIT expression, we used a gating strategy
shown in Figure 3G. At baseline, the percentage of
TIGIT+ Tregs was significantly higher than TIGIT— Tregs
(62.30[72.25-60.55]% versus 33.30[38.85-27.20]%;
P=0.008, Figure 3H). This was supported by an increasing
trend of absolute numbers of TIGIT+ Tregs compared with
TIGIT— Tregs (1944[2245-722.6] versus 843.0[1012—447.2],
Figure 3I). We also assessed the frequency of Treg cells in
TIGIT+ and TIGIT — subsets of splenic CD4 + T cells at base-
line, which showed significantly higher TIGIT— Tregs com-
pared with TIGIT+ Tregs (65.4[69.1-57.6]% versus 33.8
[41.5-29.9]%; P=0.008, Supplemental Figure 5A). We further
assessed the effect of IR injury on TIGIT+ Treg population in
kidney and spleen. We found a significant reduction in the
absolute number of TIGIT+ Tregs in post-IR kidneys (1944
[2245-722.6] versus 283.2[486.6-167.2]; P = 0.02, Figure 3J),
with a decreasing trend in the percentage of TIGIT+ Tregs
(62.30[72.25-60.55]% versus 58.30[69.65-39.75]%; P = 0.2,
Figure 3K) compared with control kidneys at baseline. There
was no change in splenic TIGIT + Treg percentage after kidney
IR injury (Supplemental Figure 5B).

TIGIT-KO Mice had Reduced Kidney Injury after
Experimental AKI

We next sought to assess the role of TIGIT in AKI patho-
physiology by subjecting TIGIT-sufficient (WT) and
TIGIT-deficient (TIGIT-KO) mice to a 25-minute bilateral
IR surgery. TIGIT-KO (n=6) mice had significantly reduced
SCr compared with WT mice (n=5) at 24 hours (1.05
[1.67-0.72] mg/dl versus 2.64[2.89-2.46] mg/dl; P=0.01),
48 hours (0.67[1.11-0.53] mg/dl versus 2.45[3.17-2.26] mg/dl;
P=0.01), and 72 hours (0.74[0.94-0.60] mg/dl versus
1.90[2.60-1.41] mg/dl; P=0.01) time points (Figure 4A).
Mice were euthanized at 72 hours post-IR for histologic
evaluations of kidneys, which showed significantly reduced per-
centage of necrotic tubules in the outer medullary region of
TIGIT-KO mice (50.4[57.0—44.0]% versus 71.7[76.5-70.0]%;
P = 0.004) compared with WT mice (Figure 4B).

To further assess the role of TIGIT in nephrotoxic AKI, we
treated WT and TIGIT-KO mice with 25 mg/kg cisplatin. TIGIT-
KO mice (n=9) had significantly reduced SCr (0.93[1.07-0.69]
mg/dl versus 1.58[1.86—1.22] mg/dl; P=<0.0003) compared with
WT mice (n=8) 72 hours after cisplatin treatment (Figure 4C).
Similar to the IR model, cisplatin-treated TIGIT-KO mice had
significantly reduced percentage of necrotic tubules in the outer
medullary region (6.80[10.85-5.1]% versus 38.25[42.1-29.5]%;
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P=0.0001) compared with WT mice 72 hours after cisplatin
treatment (Figure 4D). These results indicate that TIGIT con-
tributes both IR and nephrotoxic AKI and plays a potential
pathogenic role.

We then explored possible mechanisms through which TIGIT
may be contributing towards AKI. We first immunophenotyped
TIGIT-KO kidneys at baseline and found significantly reduced
percentage of CD4+ T cells (48.3[48.6-44.3]% versus
51.8[55.9-47.9]1%; P = 0.04) and increased CD8+ T cells
(40.4[43.2-38.1]% versus 34.5[39.2-26.1]%; P = 0.01)
compared with WT mice kidneys (Figure 5, A and B),
although the absolute numbers were not different between
groups (Figure 5C). In addition, kidneys of TIGIT-KO mice
had increased percentage of Tregs (2.53[3.09-2.33]% versus
1.49[2.46-1.44]%; P = 0.02) compared with WT mice kidneys
(Figure 5, D and E). However, absolute numbers of Tregs were
comparable between WT and TIGIT-KO kidneys (Figure 5F).

Because PD1 expression on kidney T cells has been found
to be important in AKI pathophysiology?° and PD1 and TIGIT
coexpression affect T cell functions,?”28 we studied the effect
of TIGIT on kidney T cell PD1 after AKI in WT and TIGIT-KO
mice. We found no difference in PD1 expression on CD4+,
CD8+, and DN T cells from WT and TIGIT-KO kidneys, 24
hours after IR injury (Figure 5G).

Assessment of CD62L and CD44 expression in 24 hours
post-IR kidney T cells revealed no difference in the percent-
ages of naive, EM, or CM CD4+ or CD8+ T cells in TIGIT-
KO kidneys compared with WT kidneys (Figure 5, H and I).
Furthermore, proinflammatory cytokines IFNy and TNF«
were comparable between WT and TIGIT-KO CD4+ T cells
at baseline (Supplemental Figure 6, A and B) and 24 hours
after IR injury (Figure 5, J and K). By contrast, CD8+ T cells
isolated from TIGIT-KO mice produced increased levels of
IFNy at baseline (P = 0.001, Supplemental Figure 6C) and
24 hours post-IR (P = 0.03, Figure 5L). CD8+ T cells from
post-IR kidneys of TIGIT-KO mice had increased expression
of TNFa compared with WT kidneys (P = 0.03, Figure 5M),
whereas its baseline expression was comparable between the
groups (Supplemental Figure 6D).

TIGIT Expression Correlated with a Distinct
Inflammatory and Metabolic Transcriptional Profile of
Kidney T Cells

To further explore possible molecular mechanisms through
which TIGIT mediates AKI, we performed scRNA-Seq analysis
of flow-sorted CD45+ cells from WT and TIGIT-KO kidneys
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Figure 6. scRNA-Seq analysis of flow-sorted kidney CD45+ cells showing distinct inflammatory and metabolic differences be-
tween WT and TIGIT-KO kidney T cells at baseline and 24 hours post-IR injury. (A) Dot plot showing expression of marker genes
used for annotating different immune cell clusters. (B) UMAP showing major immune cell populations identified in WT control kidneys.
(C) UMAP showing Tigit expression primarily restricted to T/NK cell cluster among all kidney immune cells in WT control mice. (D)
UMAP showing annotated T cell populations in WT and TIGIT-KO mice. (E) Violin plot representing Tigit expression in different T cell
subsets with Th17 cells as major expressers, 24 hours post-IR in WT mice. (F and G) Volcano plots showing top differentially expressed
genes (DEGs) in Th17 cells at baseline and 24 hours after IR injury between WT and TIGIT-KO mice. TIGIT-KO, TIGIT knockout.

at baseline and 24 hours post-IR. scRNA-Seq data analysis
showed all major immune cell types in both WT and TIGIT-
KO kidneys on the basis of marker genes expressed by different

clusters (Figure 6, A and B). Tigit expression was primarily
restricted to T cell (Cd3d, Cd3e, and Cd3g expressing cells) and
NK cell (Nerl, Klrblc, Kirkl, and Klrdl expressing cells)
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Figure 7. Gene set enrichment analysis (GSEA) of differentially expressed genes (DEGs) in Th17 cells from WT and TIGIT-KO
kidneys at baseline and 24 hours post-IR injury. (A and B) GSEA plots representing cellular responses/pathways in WT (blue) and
TIGIT-KO (red) Th17 cells at baseline. (C and D) GSEA plots of WT (blue) and TIGIT-KO (red) Th17 cells 24 hours after IR injury. mTOR,

mammalian target of rapamycin.

populations among CD45+ cells in the WT mice (Figure 6C).
As expected, Tigit expression was not detected in immune cells
from TIGIT-KO mouse kidneys (Supplemental Figure 7A).
Further annotation of T cell clusters showed the presence of

JASN 34:755-771, 2023

effector and naive-like CD4+, CD8+, and DN T cell popula-
tions (Figure 6D). We used SingleCellNet!® and previously
published reference data sets>-33 to annotate different subsets
of kidney T cells as: Thl (Cd4, Cd40lg), Th2 (Cd4, Ly6c2, 114,
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Figure 8. Metabolic assessment of kidney T cells in WT and
TIGIT-KO mice at baseline and 24 hours post-IR injury. (A)
Graph showing MFI values of the metabolism-related proteins
CPT1a, VDAC1, pS6, TOMM20, GLUT1, HKIl, and H3K27me3 in
CD4+ T cells from WT and TIGIT-KO kidneys at baseline and
(B) 24 hours after IR injury. Data between groups were analyzed
using the unpaired nonparametric Mann-Whitney test. Graphs
represent median (IQR) values. *P=0.05. TIGIT-KO, TIGIT
knockout; VDAC1, voltage-dependent anion channel 1.

Gata3), Th17 (Cd4, Il17r, Il17a, Rora), CD8 (Ccl5, Gzmk),
and DN (Tc¢f12) T cells. In addition, naive-like cells were
identified on the basis of the expression of Sell, Tcf7, and
Il7r that either expressed Cd4 (naive-like CD4), Cd8 (na-
ive-like CD8), and Cd4 and Cd8 (naive-like double-
positive) or did not express Cd4 and Cd8 (naive-like DN).
scRNA-Seq data further showed increased Tigit expression in
WT T cells after IR injury (Supplemental Figure 7B) which
was mostly restricted to Th17 cells (Figure 6E) compared
with baseline, where most T cell subsets expressed Tigit, al-
though to a lower extent (Supplemental Figure 7C). Further
analysis of Th17 cluster identified several differentially ex-
pressed genes between WT and TIGIT-KO cells at baseline
and after IR injury (Figure 6, F and G). Gene set enrichment
analysis of differentially expressed genes between WT and
TIGIT-KO mice identified a predominance of proinflamma-
tory genes related to allograft rejection and TNFa signaling in
Th17 cells (Figure 7A) from WT mice at baseline. Th17 cells
from TIGIT-KO mice showed enrichment of oxidative phos-
phorylation (OXPHOS), mTORC1, DNA repair, and
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apoptosis-related genes at baseline (Figure 7B). Th17 cells
from post-IR WT kidneys showed enrichment of genes impor-
tant for mitotic spindle assembly and TNFa signaling response
(Figure 7C), whereas Th17 cells from TIGIT-KO kidneys had
an enrichment of metabolic genes related to Myc targets V1,
OXPHOS, and mTORC]1 as well as [FN« and IFNy responses
(Figure 7D).

In-vivo metabolite quantification in kidney T cells is chal-
lenging because of slow metabolite quenching and long T cell
isolation protocol. We indirectly assessed metabolic changes
between WT and TIGIT-KO kidney T cells at baseline and 24
hours post-IR by flow cytometry. We quantified GLUT1 and
hexokinase IT (HKII) expression to assess glycolysis, carnitine
palmitoyltransferase la (CPT1a) to assess fatty acid oxidation,
S6 ribosomal protein phosphorylation (pS6) for mammalian
target of rapamycin (mTOR) signaling activity, voltage-
dependent anion channel 1 and Tomm20 for mitochondrial
OXPHOS activity, and H3K27Me3 for histone methylation.
Although we observed no differences in these metabolic mark-
ers at baseline, post-IR CD4+ T cells from TIGIT-KO kidneys
had increased GLUT1 and H3K27Me3 expression compared
with WT (Figure 8, A and B).

DISCUSSION

This study demonstrated that TIGIT expression increases in
kidney T cells during murine and human AKI. In addition,
these data demonstrated a pathogenic role for TIGIT in both
experimental ischemic and nephrotoxic AKI. Several observa-
tions in this study could collectively explain the pathogenic
mechanism of TIGIT during AKI. TIGIT+ CD4+ cells pro-
duced significantly higher proinflammatory cytokines than
TIGIT— CD4+ cells in WT mice, despite a decreasing trend
in both subsets after IR injury. It is important to note that our
CD4+ T cell cytokine analysis included Tregs, which may have
affected cytokine levels. TIGIT+ T cells also had a predomi-
nantly EM/CM phenotype. In this context, TIGIT-expressing
donor-reactive CD4+ T cells had a highly polyfunctional cy-
tokine profile and EM/CM phenotype in kidney transplant
recipients.?* Importantly, scRNA-Seq analysis of WT kidney
T cells demonstrated significant Tigit expression by Th17 cells,
which have been implicated in promoting AKI.3> In addition,
reduced CD4+ T cells and increased Tregs frequencies in
TIGIT-KO kidneys could partly explain the protection seen
in these mice, given a pathogenic role for CD4+ T cells3¢ and a
reparative role for Tregs in AKI.37 scRNA-Seq data also showed
enrichment of OXPHOS-, mTORC1-, and Myc-related genes
in Th17 cells from TIGIT-KO mice. These metabolic genes
play protective roles in ischemic injury by augmenting mito-
chondrial biogenesis®® and enhancing T cell activation and
survival.? This study’s identification of metabolic gene signa-
tures and increased GLUT1 and H3K27Me3 expression in
TIGIT-KO kidney T cells provides new leads to understand
TIGIT s rolein T cell functions. Future studies should quantify
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actual metabolites and metabolic pathways affected by TIGIT
to explore their mechanistic role in AKI.

Consistent with previous studies in other organs, kidney
Tregs predominantly belong to the TIGIT+ T cell
compartment.®4%4l However, our observation that
TIGIT+ kidney Tregs are significantly reduced after IR sug-
gests that these cells are modified during ischemic AKI. TIGIT
expression in prior studies was associated with both an in-
creased immunosuppressive potential of Tregs and an acti-
vated and proinflammatory transcriptional profile of TIGIT-
expressing Tregs.®42

Our data demonstrating a pathogenic role for TIGIT in
experimental AKI is supported by other studies that found a
correlation between TIGIT expression and non-AKI disease
severity. Elevated TIGIT on T cells positively correlated with
markers of autoimmunity and inflammation in patients with
rheumatoid arthritis and systemic lupus erythematosus disease
activity index.#>%4 Conversely, reduction in TIGIT-expressing
polyfunctional CD4+ T cells after kidney transplant enhanced
tolerance and improved graft survival.3* Our observation show-
ing increased TIGIT expression after ischemic injury further
implicates TIGIT in human AKI pathogenesis.

Our results demonstrating pathogenic TIGIT effects in AKI
diverge from those demonstrating immunosuppressive TIGIT
effects. This discrepancy could be due to differences in acti-
vating stimuli and the duration of T cell activation in different
disease models. Furthermore, proportions of EM cells in
TIGIT-KO and WT kidneys were different compared with
TIGIT+ and TIGIT— T cell subsets in WT mice. Use of dif-
ferent gating strategies could account for this observation.
Furthermore, constitutive TIGIT deletion in TIGIT-KO
mice could modulate functions of CD226 and CD96 by pro-
moting CD112- and CD113-mediated signaling. Moreover,
TIGIT expression in NK cells could be an important mecha-
nism in AKI in addition to TIGIT-independent effects of NK
T cells, macrophages, dendritic cells, and neutrophils.

In conclusion, TIGIT expression increases in kidney T cells
during AKI and mediates experimental ischemic and nephro-
toxic AKI. TIGIT modulates kidney T cell composition, cyto-
kine production, memory phenotype, and inflammatory and
metabolic genes. Given the recent interest in TIGIT modula-
tion for cancer and known kidney adverse effects of traditional
immune checkpoint therapy, these results have relevance to
both patients with AKI and patients with cancer.
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