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Immune checkpoint inhibitors (ICls) can cause immune-related adverse events (irAEs), with

acute interstitial nephritis (ICI-AIN) being the most common irAE. While the exact mechanism
remains unclear, upregulation of IFN-y and TNF-a pathways has been implicated. This study used
a humanized chimeric PD-1/PD-L1 mouse model to assess renal effects of ICls, alone or combined
with proinflammatory cytokines, and to test if selective TNF-a blockade could prevent ICI-AIN. Mice
were randomly divided into 4 experimental groups: Control, ICI-Only, ICI-Cytokines (ICI-Cyt), and
ICI-Block (ICI-TNF-o blockade). Renal function and cytokine profiles were assessed, while kidney
tissue was analyzed using microscopy and single-cell RNA-seq. Histology revealed increased renal
infiltration of CD4*/CD8"* T cells in ICl-treated groups and decreased TNF-a expression following
TNF-a blockade. Additionally, kidney tissue ELISA demonstrated reduced IFN-y levels following
TNF-a blockade. Plasma IL-6, MCP-1, and TNF-a were lower in ICI-Block mice. Single-cell RNA-seq
revealed shifts in immune cell populations and genes of interest including Bcl2a1, Icos, 1118r1, Ccr2,
and Jaml. This humanized model replicates ICI-AIN key features, revealing a synergistic role of ICls
and proinflammatory cytokines. TNF-a blockade demonstrated protective effects, supporting its
potential role in mitigating the risk of ICI-AIN.

Introduction
Immune checkpoint inhibitors (ICI) are a class of anticancer immunotherapies that have significantly
improved survival in patients with a wide range of malignancies (1, 2).

These ICIs are monoclonal antibodies that act by blocking immune checkpoints (e.g., programmed
cell death protein 1 [PD-1], programmed cell death ligand 1 [PD-L1], and the cytotoxic T lymphocyte
antigen 4 [CTLA-4] signaling pathway) (1, 3, 4). This blockade leads to a break of immune toler-
ance by unleashing quiescent tissue-specific self-reactive T cells, potentially leading to development of
immune-related adverse events (irAEs) (1, 5). Acute interstitial nephritis (AIN) is the most common
cause of acute kidney injury (AKI) in patients treated for ICI accounting for approximately 90% of
cases in the largest published multicenter cohort, with significant implications increasing morbidity
and mortality (3, 6-9).

The exact mechanism of ICI-induced AIN (ICI-AIN) remains unclear. Previous studies have shown upreg-
ulation of INF-y and TNF superfamily signatures in kidney biopsies from patients with ICI-AIN compared with
non-AIN AKI controls (10-12). The optimal management of ICI-AIN is also uncertain. TNF-a blockade has
demonstrated effectiveness in patients with steroid-dependent or refractory ICI-AIN, and as salvage therapy in
cases with partial or no kidney recovery, without negatively affecting disease outcomes (7, 13-15). Preventing
the development of AKI may decrease healthcare costs and improve survival. However, prevention efforts have
been hampered by a lack of understanding of the mechanisms underlying ICI-AIN (5, 16).

In this study, we used a humanized chimeric mouse model to investigate the mechanisms of ICI-AIN
and evaluate preventive strategies. We aimed to induce kidney injury through ICI therapy, assess the effect of
costimulation with TNF-a and IFN-y, and examine the therapeutic potential of TNF-o pathway blockade.
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Results

Systemic characteristics

Demographic characteristics within experimental groups are presented in Table 1. Nephritis status was deter-
mined according to histopathological criteria described in detail in the Supplemental Methods (supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.199694DS1). In that context, in
the ICI-Only group, 66.7% of mice developed nephritis, with a mean inflammation score of 1, consistent with
mild nephritis. In contrast, in the ICI-Cyt group, 100% of mice developed a degree of nephritis, with mean
inflammation score of 2.1, indicating mild to moderate severity overall. Detailed demographic characteristics by
nephritis status and histological evaluation are provided in Supplemental Table 1 and Supplemental Methods.

Kidney function parameters

Mice in the ICI-Only group exhibited higher plasma creatinine and a trend toward increased BUN com-
pared with controls (P = 0.08; Supplemental Figure 1, A and B). The ICI-Cyt group showed significantly
higher BUN levels versus controls (Supplemental Figure 1B). When stratified by nephritis status, mice that
developed nephritis displayed higher BUN levels compared with those without nephritis and controls (Sup-
plemental Figure 1E). No significant differences were observed in the urine protein/creatinine ratio (UPCR)
among experimental groups or between nephritis and nonnephritis mice (Supplemental Figure 1, C and F).

Inflammatory repertoire

Inflammatory immune cell infiltration in kidney tissue. Glomerular immunofluorescence (IF) analysis revealed
a higher number of CD4* cells per glomerulus in the ICI-Cyt group (P = 0.03) (Supplemental Figure 2,
A and B) while CD8" cells showed an upward trend (P = 0.06) in the same group when compared with
controls (Supplemental Figure 2, C and D). Tubular analysis demonstrated an increased presence of CD4*
cells per medium power field (MPF) in both ICI-Cyt group (P = 0.0001), and ICI-Only group (P = 0.03)
relative to control group (Figure 1, A and B). Similarly, the number of CD8"* cells was significantly higher
in the ICI-Cyt (P = 0.0001) and ICI-Only (P = 0.002) groups compared with controls (Figure 1, A and C).
When treatment groups were compared, animals receiving concomitant TNF-o blockade exhibited reduced
CD4+ and CD8+ tubular T cell infiltration compared with ICI-treated groups, reaching levels comparable
with controls (Figure 2, A and B).

The Nephritis group had significantly higher tubular CD4* (P < 0.001), and CD8* (P < 0.0001) cells
compared with controls (Supplemental Figure 3, C and D). Although there was increased inflamma-
tion compared with the ICI-treated Non-Nephritis group, the difference was not statistically significant
(Supplemental Figure 3, C and D).

Tubular TNF-a expression in kidney tissue. Both groups treated with ICI therapy, ICI-Cyt and ICI-Only,
showed enhanced TNF-o expression in the kidney tissue compared with controls (Figure 3, A and B).
When treatment groups were compared, animals receiving concomitant TNF-a blockade exhibited reduced
CD4+ and CD8+ tubular T cell infiltration compared with ICI-treated groups, reaching levels compara-
ble with controls (Figure 2, A and B). Similarly, the Nephritis group presented with higher expression of
TNF-o when compared with controls (Figure 3C).

Cytokine profile in whole kidney tissue. Qualitative cytokine array screening suggested increased renal
expression of TNF-o, IFN-y, and CXCL9 in ICI-treated mice compared with controls, particularly in the
ICI-Cyt group (Supplemental Figure 4A). Based on these findings, absolute cytokine concentrations were
quantified by ELISA.

TNF-a concentrations in whole kidney tissue were significantly higher in the ICI-Cyt group compared
with control mice (Supplemental Figure 4B), with a trend toward higher levels compared with the ICI-Block
group (P = 0.05) (Supplemental Figure 4B). By nephritis status, TNF-a levels were significantly elevated in
mice with nephritis compared with all other groups (Supplemental Figure 4E). Across treatment groups,
IFN-y concentrations did not differ; however, IFN-y levels tended to be higher in the ICI-Only group com-
pared with controls (P = 0.05; Supplemental Figure 4C). In contrast, stratification by nephritis status revealed
significantly higher IFN-y levels in nephritic kidneys compared with both control and ICI-Block groups (Sup-
plemental Figure 4F). CXCL-9 concentrations were higher in the ICI-Cyt group compared with control mice
(Supplemental Figure 4D). When analyzed by nephritis status, CXCL-9 levels exhibited an upward trend in
nephritic kidneys compared with controls (P = 0.05) (Supplemental Figure 4G).
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Table 1. Demographic characteristics classified by treatment regimen

Variable

Age (weeks),
median (IQR)
Sex

Male

Female
Weight (g),
median (IQR)

Control (n =10) ICI-Only (n = 12) ICI-Cyt (n =12) ICI-Block (n = 6) Pvalue
8.5(8,12) 10 (8, 12) 10 (8, 12) 10 (8,12) 0.96
0.53
4 (40.0%) 6 (50.0%) 6 (50.0%) 1(17%)
6 (60.0%) 6 (50.0%) 6 (50.0%) 5 (83%)
27.3 19.7 214 . 22.7 0.01
(23.3,28.7) (17.8, 23.1)* (17.7,23.2) (21.6,23.2) .

ICl, immune checkpoint inhibitor. P values are derived from Kruskal-Wallis test. P values in bold denote statistical significance at the 0.05 o level. P < 0.05
for group ICI-Only versus Control in post hoc test adjusted for multiple comparisons. 8P < 0.05 for group ICI-Cyt versus Control in post hoc test adjusted for

multiple comparisons.

Plasma cytokine profile

Both treatment groups, ICI-Only and ICI-Cyt, showed elevated concentrations of IL-6, MCP-1, and
TNF-a compared with the control group (Supplemental Table 2). Within the ICI-treated groups, the
Nephritis group exhibited higher levels of IL-6, MCP-1, and TNF-a relative to controls. Similarly, the
Non-Nephritis group showed increased MCP-1 and TNF-a levels as compared with the control group
(Supplemental Table 2).

Preventive effect of TNF-o blockade during ICl therapy combined with costimulation by
inflammatory cytokines

Concomitant TNF-a blockade during ICI therapy, combined with costimulation by TNF-a and IFN-y, resulted
in attenuation of few renal parameters. The ICI-Block group (treated with ICIs, cytokines pump, and TNF-a
blockage) presented with significantly lower BUN levels compared with both ICI-Only and ICI-Cyt groups
(Supplemental Figure 5B), as well as the Nephritis group (Supplemental Figure 5E).

Although TNF-a blockade did not fully prevent CD4* and CD8" infiltration in the kidney, it reduced it to
levels comparable with the control group not treated with ICI therapy (Figure 2, A and B). Similarly, TNF-a
expression in the kidney tissue was reduced in the ICI-Block group compared with ICI-Only and ICI-Cyt
(Figure 3, A and B) with comparable results observed relative to the Nephritis status (Figure 3C). Additionally,
plasma concentrations of TNF-o and MCP-1 were lower in the ICI-Block group compared with the ICI-Cyt,
ICI-Only, and Nephritis groups, confirming effective systemic blockade of the TNF-a pathway (Table 2).

Single-cell RNA-seq reveals immune cell heterogeneity and differential T cell responses
in ICI-AIN

Cells passing quality control were analyzed (Supplemental Figure 6A). After filtering and normalization
of data, dot plot analysis using canonical markers from literature identified 20 cell clusters, correspond-
ing to 12 distinct cell types (Supplemental Figure 6, B and C). Due to their critical role in the develop-
ment of ICI-AIN and as targets of ICIs, NKT cell cluster was selected for in-depth analysis. Following
the same cluster definition methodology and using resolution of 0.1, five cell types and clusters were
identified: CD8* effector T cells, CD4* T cells, Tregs, NK T cells, and an undefined cluster (Figure 4,
A and B). Relative abundance analysis of annotated cell types revealed increased proportions of CD4*
T cells and Tregs in both ICI-Only and ICI-Cyt groups compared with controls, whereas CD8* effector
T cells and NK cells were decreased (Figure 4C). Gene set enrichment analysis (GSEA) comparing
ICI-Cyt with Controls revealed upregulation in CD4* T cell genes involved in interspecies interactions
and immune regulation (Figure 5A), whereas CD8* effector T cell genes were enriched for monocyte
extravasation pathways (Figure 5B). Comparing ICI-Cyt with ICI-Only, CD4* T cells showed increased
expression of genes related to T cell cytokine production (Figure 5C). BCL2 Related Protein A1l (Bcl2al),
Inducible T Cell Costimulator (Icos), IL-18 Receptor 1 ({118r1), C-C Motif Chemokine Receptor 2 (Ccr2),
and Junction Adhesion Molecule Like (Jaml) were identified as key genes within highest k/K gene sets
(Supplemental Table 3). A similar analysis was conducted on the downregulated genes; however, no
immunological genes were found to be predominantly affected (Supplemental Figure 7).
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Figure 1. CD4* and CD8"* tubular T cell number by immune checkpoint inhibitor treatment regimen. (A) Representative images of HGE staining (top row)
and CD4+/CD8* immunofluorescence (IF) staining (middle and bottom rows, respectively). White square highlight interstitial areas of interest in both
H&E and IF images. (B and C) Quantification of tubular CD4*/CD8" cells per medium power field (MPF) across groups. P values derived from Kruskal-Wallis
followed by Dunn’s multiple-comparison test for post hoc analysis. Experiment was done once. *P < 0.05 for group ICI-Only (median: 5.96 CD4* cells, 5.85
CD8* cells) versus Control group (median: 1.9 CD4* cells, 2.25 CD8* cells) in post hoc test adjusted for multiple comparisons. 'P < 0.05 for group ICI-Cyt
(median: 8.2 CD4- cells, 7.05 CD8* cells) versus Control group (median: 1.9 CD4* cells, 2.25 CD8* cells) in post hoc test adjusted for multiple comparisons.
Scale bars: 50 um and 15 pm as indicated.

Discussion

The advent of ICIs has revolutionized cancer therapy over the past decade, demonstrating broad efficacy across
a wide range of malignancies. However, this success has been tempered by the emergence of irAEs, particularly
in organs such as the kidney (1). In this study, we utilized a humanized mouse model to investigate the underly-
ing mechanisms and severity of kidney irAEs, aiming to provide deeper insight into their pathogenesis.

The study provides significant insights into the mechanisms underlying ICI-AIN and the potential ther-
apeutic benefits of TNF-o blockade. Our findings demonstrate that ICI therapy, particularly when combined
with proinflammatory cytokines such as TNF-a and IFN-y during a period of 4-8 weeks, leads to early signs
of renal dysfunction, immune cell infiltration, and elevated systemic and kidney tissue levels of cytokines.
These results align with previous studies that have shown upregulation of inflammatory signatures in kidney
biopsies from patients with ICI-AIN (10, 12).

To date, Hu PD-1/PD-L1 immunocompetent mice have not been used to evaluate the renal effects
of ICIs in vivo. The introduction of a humanized chimeric mouse model in this study allowed for a
more physiologically relevant replication of ICI-AIN compared with immune-deficient models, which
lack the ability to mount normal immune responses, and allowed for a more accurate assessment
of ICI-induced immune activation and tissue-specific toxicity (17). Additionally, humanized mouse
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Figure 3. TNF-o expression in renal tubular compartments during immune checkpoint inhibition and TNF-a blockade. (A) Representative immuno-
histochemical (IHC) images showing TNF-o staining in kidney tubules across treatment groups. Left column displays TNF-o expression in brown, while
right column presents red-enhanced images generated using Image (NIH) highlight staining intensity. Original magnification, x200. (B) TNF-o, expression
percentage per medium power field (MPF) in treatment groups. (C) TNF-o expression percentage per MPF in nephritis status groups. P values derived from
Kruskal-Wallis followed by Dunn’s multiple-comparison test for post hoc analysis. Experiments were done once. Treatment groups: *P < 0.05 for group
ICI-Only versus Control in post hoc test adjusted for multiple comparisons. P<0.05 for group ICI-Only versus ICI-Block in post hoc test adjusted for multi-
ple comparisons. TP < 0.05 for group ICI-Cyt versus Control in post hoc test adjusted for multiple comparisons. §P < 0.05 for group ICI-Cyt versus ICI-Block
in post hoc test adjusted for multiple comparisons. Nephritis groups: #P < 0.05 for group Nephritis versus Control in post hoc test adjusted for multiple
comparisons. *P < 0.05 for group Nephritis versus ICI-Block in post hoc test adjusted for multiple comparisons.

models help overcome species-specific differences in immune checkpoint biology, such as the reduced
inhibitory efficiency of murine PD-1, offering a more accurate platform to assess both therapeutic
efficacy and toxicity of ICI therapies (18).

Despite a relatively short duration of ICI treatment (4-8 weeks), treated groups showed an already
significant increase in a few biochemical renal parameters related to renal dysfunction, which in
human serological parameters of AKI occurs between 14 and 16 weeks (7). The elevated plasma cre-
atinine and BUN levels observed in ICI-treated groups, as well as similar findings when groups were
stratified by nephritis status, reflect comparable findings also seen in patients experiencing renal irAEs
during ICI therapy (8).

Histological analyses of human kidney biopsies have consistently shown that the predominant pattern
of ICI-associated nephrotoxicity is interstitial or tubulointerstitial nephritis (8, 19). In our humanized model,
ICI-treated groups exhibited increased CD4" and CD8* T cell infiltration within the tubular compartment.
Similar to human ICI-associated nephritis, this infiltrate demonstrated a clear predominance of CD4" T
cells, closely reflecting the immunologic profile observed in human kidney tissue (10). Although the overall
tissue inflammation grading assessed by the veterinary pathologist was predominantly mild to moderate,
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Figure 2. CD4* and CD8* tubular T cell number by immune checkpoint inhibitor treatment group and TNF-a blockade group. (A and B) Quantification
of tubular CD4* and CD8* cells per medium power field (MPF) across treatment groups. P values derived from Kruskal-Wallis followed by Dunn’s mul-
tiple-comparison test for post hoc analysis. Experiment was done once. *P < 0.05 for group ICI-Only versus Control group in post hoc test adjusted for
multiple comparisons. 'P < 0.05 for group ICI-Cyt versus Control group in post hoc test adjusted for multiple comparisons.

approximately 40% of mice in the ICI-Cyt group exhibited more severe inflammation after 8 weeks of treat-
ment. Therefore, extending the treatment duration would likely exacerbate these findings. Interestingly, and
consistent with the heterogeneity observed in human cases, not all ICI-treated mice developed significant
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Table 2. Plasma concentration of cytokines by treatment group and nephritis status including ICl-block group

Cytokine (pg/mL) Control 1CI-Only ICI-Cyt 1CI-Block P value
pI-6 (1.185,.19?138) 31 .43?%99.12)‘\ (19.5:'.‘,5 .25056.12)3 (4.715[,35731.43) 0.002
PTNF-o (3.23:53.22) (304.499,1;'45:-320.90)1*C (418.;12,590623.14)3'D (4.6122,.233.49) <0.001
pMCP (33.221[;[;.28) (1111.01;723.322.45)’*'1 (1342.5;2 9?4%%.33)5'” (80.4:3,7 i1:5.97) <0.001
Cytokine (pg/mL) Control Nonnephritis Nephritis ICI-Block P value
pIL6 a .135,'1931.38) (11.7?6!,5'1155.47) (30.12,92%98.58)5 (4.715[,]'3731.43) 0.001
PTNF-a (2.32,.51]2.82) (307.52?1520.50)F (51.65,1?c?:Jgg.(J[J)EG (4.6122,.23(;.45) <0.001
pMCP-1 (33.221073.28) (1179.;?5?;5.43?“ (1212.327[,] gi.g;.aa)EvG (80.4:([]],7 '1135.97) <0.001

ICI, immune checkpoint inhibitor; p, plasma. Summary statistics for nonnormal distributed samples reported median (IQR), P values derived from
Kruskal-Wallis followed by Dunn’s multiple-comparison test for post hoc analysis. P values in bold denote statistical significance at the 0.05 a level.
AP < 0.05 for group ICI-Only versus Control in post hoc test adjusted for multiple comparisons. ’P < 0.05 for group ICI-Cyt versus Control in post hoc
test adjusted for multiple comparisons. P < 0.05 for group ICI-Only versus ICI-Block in post hoc test adjusted for multiple comparisons. ’P < 0.05 for
group ICI-Cyt versus ICI-Block in post hoc test adjusted for multiple comparisons. Nephritis groups: ¥P < 0.05 for group Nephritis versus Control in
post hoc test adjusted for multiple comparisons. FP < 0.05 for group Non-Nephritis versus Control in post hoc test adjusted for multiple comparisons.
GP < 0.05 for group Nephritis versus ICI-Block in post hoc test adjusted for multiple comparisons. #P < 0.05 for group Non-Nephritis versus ICI-Block
in post hoc test adjusted for multiple comparisons.

nephritis: 4 of 24 ICI-treated animals showed no evidence of either glomerular or tubular inflammation.
These mice were exclusively from the ICI-Only group, underscoring the role of cytokine-driven immune
activation in promoting nephritis and reinforcing the translational relevance of this model.

Interstitial nephritis is widely recognized as a cytokine-mediated hypersensitivity reaction driven by spe-
cific T cell subsets (20). In human ICI-AIN, kidney biopsies typically reveal a lymphocytic infiltrate predom-
inantly composed of CD4" T cells (10, 21, 22). Consistent with these observations, IF microscopy confirmed
a similar pattern of increased CD4" T cell infiltration within the tubulointerstitial compartment. Notably, we
also observed a significant increase in CD8* T cells, which may reflect the well-established role of CD4"* cells in
enhancing CD8" mediated antitumor responses (23). While ICI therapy typically affects the tubulointerstitial
compartment, glomerular involvement has also been reported. In our model, subtle glomerular infiltration was
observed, potentially linked to anti-CTLA-4 exposure, which has been associated with glomerular damage
(podocytopathy, membranous nephropathy, and thrombotic microangiopathy) (7, 24).

Our results also highlight the systemic effect of ICI therapy, as evidenced by elevated plasma levels
of IL-6, MCP-1, and TNF-a in ICI-treated mice. These cytokines are known to play crucial roles in
inflammatory responses, and their elevated levels further confirm the proinflammatory environment
induced by ICI therapy. Interestingly, the TNF-a blockade group showed significantly lower levels of
these cytokines, especially TNF-a (in both blood and kidney tissue) and MCP-1 (in blood). This reduc-
tion restored the kidney inflammatory profile to levels comparable with controls, suggesting that TNF-a
inhibition can partially mitigate the systemic inflammatory response associated with ICI therapy. This
highlights the relevance of this cytokine in the pathophysiology of immune-related kidney injury (25,
26). Our findings highlight the potential role of TNF-a blockade as a treatment option for refractory
ICI-AIN and as a targeted strategy to enable safe ICI rechallenge in patients with prior ICI-AIN and no
alternative anticancer options, rather than routine prophylaxis (13). By blocking the TNF-a pathway,
renal irAEs may be prevented or their severity reduced, allowing immunotherapy to continue or be
maintained with fewer interruptions or with a very low dose of corticosteroid therapy. Direct TNF-a
blockade also reduced activation of other inflammatory pathways within kidney tissue — more signifi-
cantly, the IFN-y pathway, as shown in our renal tissue cytokine profile, which has been implicated as
a key driver in the development of renal irAEs (12). In a cancer context, TNF-a exerts dual roles: sup-
porting cytotoxic T cell-mediated tumor cell death and promoting tumor growth through angiogenesis.
TNF-a blockade have shown positive outcomes to overcame resistance to anti—PD-1 therapy in mouse
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models. Human studies show more conflicting results, but TNF-a blockade is generally safe, with most
patients maintaining stable disease or achieving tumor regression, though larger studies are needed to
confirm oncologic outcomes (13, 15).

The single-cell RNA-seq analysis provided deeper insights into the cellular and molecular changes
induced by ICI therapy. Significant transcriptional changes existed, including an increased relative abun-
dance of CD4" T cells in treatment groups, consistent with their role as immunological targets of check-
point blockade. This finding is particularly relevant in the context of CTLA-4 inhibition, where the balance
between activation and suppression is critically modulated. Tregs are crucial in this setting, as they help to
maintain immune homeostasis and prevent autoimmunity. Tregs achieve this, in part, by limiting the ability
of antigen-presenting cells (APCs) to deliver costimulatory signals via CD80 and CD86 to effector T cells by
expressing high levels of the coinhibitory receptor CTLA-4, which outcompetes the effector T cell costim-
ulatory receptor CD28 for binding to CD80 and CD86 and depleting them from the APC surface (27).
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Figure 5. Biological analysis of gene expression for upregulated genes. (A and B) Volcano plot for differential gene expression and upregulated genes bio-
logical process analysis from gene set enrichment analysis (GSEA) for ICI-Cyt against Control CD4* T cells and CD8* effector cells, respectively. (C) Volcano

plot for differential gene expression and upregulated genes biological process analysis from GSEA for ICI-Cyt against ICI-Only CD4* T cells.
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This mechanism underscores the dual role of CD4" T cells in ICI-induced nephrotoxicity; while effector
CD4* cells may drive inflammation, Tregs attempt to mitigate. Therefore, the presence and abundance
of Tregs become especially important in counterbalancing the proinflammatory environment induced by
CTLA-4 blockade—which, if unregulated, may exacerbate tissue damage by dismantling critical check-
points of immune regulation.

In addition to these cellular dynamics, our study also identified key genes such as Bcl2al, Icos,
111871, Ccr2, and Jaml within the NKT cell cluster highlighting them as potential targets for therapeutic
intervention. The increased proportions of CD4* T cells and Tregs in ICI-treated groups, along with the
upregulation of genes involved in immune regulation and cytokine production, suggest that these cells
play a pivotal role in the development of ICI-AIN.

This study provides important insights into the early inflammatory mechanisms associated with ICI-in-
duced kidney injury. However, a few limitations should be acknowledged. First, the 8-week follow-up captures
only the initial inflammatory phase and may have been too short to detect significant biochemical changes, such
as elevated serum creatinine. Additionally, the lower body weight of ICI-treated mice may have contributed to
lower creatinine levels minimizing differences in serum creatine levels compared with control mice. Extending
the observation period in future studies could better characterize the progression and/or resolution of injury.
Second, the use of relatively young mice may influence the susceptibility to AKI, as aging kidneys are known to
exhibit reduced protective mechanisms and increased vulnerability to injury (25, 26). Including older animals in
the future may clarify age-related differences in renal response. Lastly, a key limitation of the current model is the
absence of a tumor component, which is central to the clinical context of ICI therapy. Incorporating a tumor to
be treated would enhance the translational relevance of the model and allow for a more accurate evaluation of
the balance between therapeutic efficacy and immune-related toxicity.

Despite these limitations, the model demonstrates several strengths that lay a solid foundation for
future investigations and refinement. The use of immunocompetent mice enables direct evaluation of
the immune response to ICIs, avoiding limitations of immunodeficient or xenograft models. A major
innovation is the addition of a proinflammatory cytokine background and evaluation of cytokine block-
ade, which better mimics the complex immune environment seen in patients. Notably, all mice in the
ICI-Cyt group developed some degree of interstitial inflammation, compared with 67% in the ICI-Only
group. Moreover, transcriptomic immune profiling revealed stronger gene expression changes in cyto-
kine-exposed mice, further supporting the model’s relevance for studying ICI-associated AIN.

In conclusion, our study using a humanized, fully immunocompetent mouse model underscores its value
in replicating the complex immune dynamics of ICI-AIN. The findings suggest that TNF-o blockade may be
a promising therapeutic strategy, not only for refractory cases but also as a preventive approach during ICI
rechallenge, aiming to reduce the risk or severity of recurrent ICI-AIN. This strategy could improve patient
outcomes and lessen clinical management burden. Further research is warranted to validate these findings in
clinical settings and to explore additional therapeutic targets identified through this model.

Methods
Sex as a biological variable. Both male and female mice were included in each group of our study. Sex was not
considered as a biological variable.

Study sample. Forty male and female humanized PD-1/PD-L1 mice aged 8-12 weeks, from Haid-
ong Dong’s Laboratory (Mayo Clinic; Rochester, Minnesota, USA) were studied over 8 weeks (Sup-
plemental Table 4) (17). They were housed at Mayo Clinic Rochester’s Department of Comparative
Medicine (DCM) under controlled conditions (constant temperature, 12-hour light/dark cycle, tap
water, and regular diet).

Humanized PD-1/PD-L1 mice were randomly assigned to 1 treatment group: Control (saline, 7 = 10),
ICI-Only (ICIs, n = 12), ICI-Cyt (ICIs + IFN-y/TNF-a, n = 12), or ICI-Block (ICIs + cytokines + TNF-a
blockade, n = 6). (Supplemental Table 4). ICIs used were human pembrolizumab (anti-PD-1, MERCK)
and anti-mouse CTLA4 Invivomab (BioXCell) via i.p. injection starting on day 3 of the study protocol.
A total of 5 doses of dual therapy was administered every 3 days. The cytokine infusion consisted of a
pump implant that continuously delivered TNF-o and IFN-y for 30 days. The ICI-Block group received
anti-mouse TNF-a in addition to ICIs and cytokines. The initial batch of mice was euthanized on day 30,
and samples were collected for further analysis (Supplemental Table 5). Subsequently, the remaining mice
received an additional 5 doses of 4 mg/kg of pembrolizumab and were euthanized on day 60.
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Biochemical analysis. Plasma creatinine (Arbor Assays, KB02-H1), Blood Urea Nitrogen (BUN)
(BioAssay Systems, DIUR-100), urine creatinine (Arbor Assays, K002-H1), and urine protein levels
(Bio-Rad, 50000201) were determined using the Synergy Mx Multi-Mode Microplate Reader (BioTek
Instruments) following manufacturer’s instructions (Supplemental Methods).

Histological analysis of renal morphology and inflammation. Kidneys were sagittally dissected, fixed,
embedded in paraffin, sectioned into 5 pm, and stained with H&E for histopathological examination
and grading (see Supplemental Methods) by a veterinarian pathologist at the Pathology Research Core at
Mayo Clinic, Scottsdale, Arizona (see Supplemental Methods).

IF and IHC staining were performed using the Leica Bond RX stainer. IF sections were stained with
2 antibody panels (CD4" and CD8*, described in detail in Supplemental Methods and Supplemental
Table 6) (28). THC sections were stained with rabbit polyclonal TNF-a (Novus, NB600-587) according to
manufacturer’s instructions (described in detail in Supplemental Methods).

One slide per animal was analyzed. Using a 20X objective lens, 20 random photographs were
examined (10 images of cortical glomeruli and 10 of proximal and distal tubules). For IF, images
were captured using the Axio Imager M2 microscope (ZEISS), while IHC images were obtained with
the Nikon C-TEP3 microscope. Cell quantification was performed by direct manual counting under
a fluorescence microscope, while the percentage area of TNF-a expression was determined using Fiji
(Image J software), version 1.54g (29, 30). In both cases, an average value for glomeruli and for tubules
was obtained for each slide.

Cytokine quantification. We used MILLIPLEX Mouse Cytokine/Chemokine Magnetic Bead Panel
(Millipore, MCYTOMAG-70K, Darmstadt, Germany) to test plasma TNF-a, IL-6, and MCP-1. Readings
were done with Luminex MAGPIX.

Single-cell RNA-seq analysis. Live single cells were isolated from kidney samples at the time of sacri-
fice. All samples were subjected to single-cell library preparation using Chromium Next GEM Single
Cell 3' Kit v3.1 (10X Genomics, Pleasanton, CA) (31). Libraries were sequenced using NovaSeq X Plus
(Illumina, San Diego, CA) at 50,000 fragment reads per cell. Primary and secondary analysis were
made following 10x Genomics protocol; more detailed description can be found in Supplemental Meth-
ods. Functional clustering analysis of differentially expressed genes was done using GSEA software
(www.gsea-msigdb.org) by looking for overlay MSigDB database; only the top 20 biological process
gene sets ranked by k/K ratio (# Genes in Overlap/ # Genes in Gene Set) were considered (32-35).

Statistics. Data were analyzed in JMP (JMP Statistical Discovery LLC), and respective graphs were
obtained using GraphPad Prism version 10.4.2. For all figures, data with error bars are presented as
box-and-whisker plots showing the median, interquartile range, and whiskers indicating the minimum
and maximum values. Individual data points from each animal are overlaid on the plots. Normal distri-
bution was determined by Shapiro-Wilk test. For normally distributed quantitative variables, we used
2-tailed Student’s ¢ test and 1-way ANOVA followed by Tukey’s test for post hoc analysis. For nonnor-
mally distributed variables, Wilcoxon rank sum test and Kruskal-Wallis test followed by Dunn’s test for
post hoc analysis were used. P < 0.05 were considered statistically significant.

Study approval. All animal procedures were approved by the TACUC under protocol number
A00007396-23. All experiments were conducted in accordance with the guidelines and standards
established by the DCM at Mayo Clinic.

Data availability. All the data generated or analyzed in our study are available as supplemental files.
Single-cell mRNA-seq samples generated in this study are available in Gene Expression Omnibus (GEO)
database under accession number GSE296138. Values for all data points in graphs are reported in the
Supporting Data Values file.
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