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9Department of Urology, Medical University of Vienna, Vienna, Austria
10Eastern Health Clinical School, Monash University, Melbourne, VIC, Australia
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SUMMARY
In metastatic urothelial cancer (mUC), cisplatin versus carboplatin leads to durable disease control in a sub-
set of patients. The IMvigor130 trial reveals more favorable effects with atezolizumab combined with gemci-
tabine and cisplatin (GemCis) versus gemcitabine and carboplatin (GemCarbo). This study investigates the
immunomodulatory effects of cisplatin as a potential explanation for these observations. Our findings indi-
cate that improved outcomes with GemCis versus GemCarbo are primarily observed in patients with pre-
treatment tumors exhibiting features of restrained adaptive immunity. In addition, GemCis versus
GemCarbo ± atezolizumab induces transcriptional changes in circulating immune cells, including upregula-
tion of antigen presentation and T cell activation programs. In vitro experiments demonstrate that cisplatin,
comparedwith carboplatin, exerts direct immunomodulatory effects on cancer cells, promoting dendritic cell
activation and antigen-specific T cell killing. These results underscore the key role of immune modulation in
cisplatin’s efficacy in mUC and highlight the importance of specific chemotherapy backbones in immuno-
therapy combination regimens.
INTRODUCTION

Platinum-based chemotherapy has been the mainstay of

treatment for metastatic urothelial cancer (mUC) for decades.

In a meta-analysis of randomized studies, cisplatin-based

chemotherapy was found to be associated with higher overall

and complete response rates than carboplatin-based chemo-

therapy in patients with mUC.1 Moreover, unlike carboplatin,

cisplatin has been linked to durable disease control in a sub-
Cell Rep
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set of patients with mUC.2,3 However, patients with mUC

often have comorbidities, including renal dysfunction, that

limit their ability to receive cisplatin, which is nephrotoxic.4

Consequently, cisplatin may be considered unsuitable for

approximately 30%–50% of patients with mUC, who instead

typically receive carboplatin.5 The mechanisms underlying

the long-term survival achieved in some patients with mUC

with cisplatin-based, but not carboplatin-based, chemo-

therapy remain poorly understood.6
orts Medicine 5, 101393, February 20, 2024 ª 2024 The Authors. 1
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Programmed death-ligand 1/programmed death-1 (PD-L1/

PD-1) immune checkpoint blockade has recently changed the

treatment landscape formUC.7 Given favorable immunomodula-

tory effects of cytotoxic chemotherapy in model systems, the

success seen with chemotherapy combined with immune

checkpoint blockade in other advanced solid tumors, and the

non-overlapping toxicities and drug resistance mechanisms of

chemotherapy and immune checkpoint blockade,8,9 the ran-

domized phase 3 IMvigor130 trial (NCT02807636) was designed

to test the efficacy of atezolizumab with or without platinum-

based chemotherapy in mUC (Figure 1A).10 For pragmatic rea-

sons, platinum-based chemotherapy in IMvigor130 could have

included either gemcitabine plus cisplatin (GemCis) or gemcita-

bine plus carboplatin (GemCarbo), at the investigators’ discre-

tion.10 IMvigor130 demonstrated a significant improvement in

the co-primary endpoint of investigator-assessed progression-

free survival (PFS) with platinum-based chemotherapy plus ate-

zolizumab versus platinum-based chemotherapy plus placebo,

but the overall survival (OS) co-primary endpoint did not reach

the prespecified efficacy boundary for statistical significance.10

Intriguingly, subgroup analysis demonstrated a larger effect

size on PFS when atezolizumab was added to GemCis (hazard

ratio [HR] = 0.73; 95% CI, 0.55, 0.97) versus GemCarbo (HR =

0.84; 95% CI, 0.70, 1.02).10

IMvigor130 is not the only contemporary study to suggest

that cisplatin- and carboplatin-based chemotherapy may have-

different effects when employed with immune checkpoint

blockade in mUC. KEYNOTE-361, which randomized patients

with mUC to pembrolizumab, platinum-based chemotherapy,

or the combination, also demonstrated a greater improvement

in PFS on subset analysis when pembrolizumab was combined

with GemCis (HR = 0.67; 95% CI, 0.51, 0.89) versus GemCarbo

(HR = 0.86; 95% CI, 0.68, 1.09) over the respective platinum-

based chemotherapy alone.11 Multivariate Cox regression

analysis for OS in the JAVELIN Bladder 100 study, which ran-

domized patients with at least stable mUC after first-line plat-

inum-based chemotherapy to maintenance avelumab versus

best supportive care alone, revealed that initial cisplatin- versus

carboplatin-based chemotherapy was independently associ-

ated with superior OS after controlling for known prognostic

factors.12

The body of clinical data, coupled with prior research demon-

strating the potential impact of cisplatin on antitumor immunity in

model systems,13,14 raised the hypothesis that immunomodula-

tory effects related to cisplatin may underlie the overall benefits
Figure 1. Survival outcomes with GemCis but not with GemCarbo are d

analysis of the IMvigor130 study

(A) Study design of phase 3 IMvigor130. Patients in arms A and C received atezoli

of platinum drugs (cisplatin versus carboplatin) and gemcitabine. Arm A, n = 451

(B) Forest plot showing overall survival in patients in arms A and C by use of Gem

were calculated using a univariate Cox model. The diamonds represent the haza

(C) Kaplan-Meier curves showing overall survival in patients in arm C stratified by

(D) Kaplan-Meier curves showing overall survival in patients in arm A stratified by P

GemCarbo plus atezolizumab (right). In (C) and (D), p values were estimated using

using a univariate Cox model.

(E) Kaplan-Meier curves showing overall survival in patients in arm C stratified by

IC0/1). Patients classified as ‘‘cisplatin-eligible’’ according to standard criteria wer

and S2 and Tables S1 and S2.
observed with cisplatin versus carboplatin in mUC and the more

favorable effect observed when combining GemCis versus

GemCarbo with PD-1/PD-L1 blockade. To investigate these

concepts and shed light on the potential importance of the

choice of specific chemotherapy ‘‘backbones’’ in combination

regimens with immune checkpoint blockade, we examined the

immunomodulatory effects of cisplatin versus carboplatin em-

ploying biospecimens derived from participants enrolled on the

IMvigor130 study as well as cellular systems.

RESULTS

Cisplatin ± atezolizumab was associated with improved
survival outcomes
Among 451 participants in the atezolizumab plus platinum-

based chemotherapy arm, 137 received GemCis and 314

received GemCarbo. Among 400 participants in the placebo

plus platinum-based chemotherapy arm, 136 received GemCis

and 264 received GemCarbo. Exploratory analyses (data cutoff:

June 14, 2020) of the addition of atezolizumab versus placebo to

chemotherapy indicated a larger effect on OS when atezolizu-

mab was combined with GemCis (HR = 0.73; 95% CI, 0.54,

0.98) versus GemCarbo (HR = 0.91; 95% CI, 0.75, 1.10)

(Figure 1B).

Prior studies have shown that immunogenic chemothera-

peutic agents, such as anthracyclines, are more effective when

the pretreatment tumor is infiltrated by T cells.15 Therefore, we

first probed the relationship between features of the pretreat-

ment tumor microenvironment (TME) and outcomes with

GemCis ± atezolizumab orGemCarbo ± atezolizumab in patients

with mUC from IMvigor130. Participants whose baseline tumors

harbored higher versus lower levels of PD-L1 expression on

tumor-infiltrating immune cells (ICs) experienced longer OS

when treated with GemCis (median OS = 27.89 versus

12.81 months) but not with GemCarbo (median OS = 14.00

versus 13.01 months; Figure 1C). The addition of atezolizumab

appeared to further improve OS in participants with PD-L1 IC2/

3 tumors treated with GemCis (median OS = not reached versus

27.89 months), whereas a less prominent effect was observed

with GemCarbo (median OS = 17.91 versus 14.00 months)

(Figures 1C and 1D). Similar results were observed using PFS

as the outcome measure (Figure S1).

Although the relationship between PD-L1 expression and

GemCis versus GemCarbo on OS was observed in two indepen-

dent study arms (arms A and C), the use of GemCis versus
ependent on pretreatment tumor PD-L1 expression in an exploratory

zumab and placebo, respectively, in combination with the investigators’ choice

; arm B, n = 362; arm C, n = 400.

Cis versus GemCarbo. Hazard ratios, 95% confidence intervals, and p values

rd ratios, and the horizontal bars their 95% confidence intervals.

PD-L1 status (IC2/3 versus IC0/1) and use of GemCis (left) or GemCarbo (right).

D-L1 status (IC2/3 versus IC0/1) and use of GemCis plus atezolizumab (left) or

the log rank test. Hazard ratios and 95% confidence intervals were calculated

actual receipt of GemCis or GemCarbo and tumor PD-L1 status (IC2/3 versus

e included. p valueswere estimated using the log rank test. See also Figures S1
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Figure 2. PD-L1 IC2/3 versus IC0/1 tumors are enriched in immune-related gene signatures

(A) Heatmap detailing immune-related gene signatures based on bulk RNA sequencing of pretreatment archival tumor specimens from the IMvigor130 study

according to PD-L1 status (IC2/3 and IC0/1) and treatment arm.

(B) Volcano plot detailing differentially expressed genes based on bulk RNA sequencing of pretreatment archival tumor specimens from the IMvigor130 study

according to PD-L1 status (IC2/3 versus IC0/1). Differential expression analysis was conducted with limma-based statistical methods and the Benjamini-

Hochberg correction.

(C) Gene set enrichment analysis based on bulk RNA sequencing of pretreatment archival tumor specimens from the IMvigor130 study according to PD-L1 status

(IC2/3 versus IC0/1) and treatment arm or specific platinum drug received. The hue represents the false discovery rate (FDR) significance derived from the fgsea

package. Black asterisks represent FDR < 0.05.
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GemCarbowas not assigned randomly in IMvigor130, raising the

possibility that the differences in clinical outcomes were related

to patient characteristics rather than the choice of platinum. To

address this consideration, we took advantage of the fact that

a subset of participants deemed ‘‘cisplatin-eligible’’ (i.e., not

meeting standard criteria for cisplatin ineligibility16) received

treatment with GemCarbo. Among these cisplatin-eligible partic-

ipants in arm C (platinum-based chemotherapy plus placebo),

favorable OS was observed in participants with PD-L1 IC2/3

versus IC0/1 tumors treated with GemCis but not with

GemCarbo (Figure 1E). To further reinforce these findings, pro-

pensity scores for treatment with GemCis versus GemCarbo

were calculated for participants in arm C according to age,

Eastern Cooperative Oncology Group performance status, Ba-

jorin risk factors,6 and sites of metastatic disease. Among a 1:1

(GemCis:GemCarbo) propensity-score-matched subset of par-

ticipants in armC, a significant improvement in OSwas observed

with GemCis in participants with PD-L1 IC2/3 versus IC0/1

tumors, whereas there was no significant difference in OS in par-

ticipants treated with GemCarbo according to PD-L1 status

(Figure S2).

RNA sequencing of pretreatment tumors from participants

enrolled in arms A and C revealed that PD-L1 IC2/3 versus

IC0/1 tumors demonstrated enrichment in gene signatures,

inferring the infiltration of T lymphocytes, natural killer (NK) cells,

and dendritic cells (DCs) (Figure 2A). Furthermore, PD-L1 IC2/3

versus IC0/1 tumors demonstrated upregulation of key genes
4 Cell Reports Medicine 5, 101393, February 20, 2024
implicated in antitumor immunity, such as CXCL9, CXCL10,

and IFNG (Figure 2B). The enrichment in immune-related gene

signatures in PD-L1 IC2/3 versus PD-L1 IC0/1 pretreatment tu-

mors were seen regardless of whether participants were subse-

quently treated with cisplatin or carboplatin (Figure 2C), suggest-

ing that characteristics associated with choice of subsequent

chemotherapy were not associated with different baseline

TMEs. Therefore, features in the pretreatment TME suggestive

of preexisting adaptive immunity17,18 were associated with

improved outcomes with GemCis but not GemCarbo in patients

with mUC. These findings are reminiscent of prior work linking

pretreatment immune cell infiltration with improved outcomes

with ‘‘immunogenic chemotherapy’’15 and suggest that immuno-

modulatory effects may, at least in part, underlie durable disease

control achieved in a subset of patients treated with GemCis, as

well as the possible further improvement in OS with the addition

of atezolizumab to GemCis.

Single-cell RNA sequencing of peripheral blood immune
cells from baseline and on-treatment specimens
We postulated that the peripheral blood might provide a win-

dow into the immunomodulatory effects of GemCis versus

GemCarbo with or without atezolizumab in the TME, possibly

as a result of mediators being released from cancer or immune

cells into the circulation.19 We performed cellular indexing of

transcriptomes and epitopes by sequencing (CITE-seq) on pe-

ripheral blood mononuclear cells (PBMCs) from participants
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(n = 113) enrolled in IMvigor130 with available PBMCs obtained

on cycle 1 day 1 (C1D1) and cycle 3 day 1 (C3D1) of treatment

with GemCis or GemCarbo with or without atezolizumab, or

atezolizumab alone, to profile RNA and surface proteins simul-

taneously at single-cell resolution (Figure 3A). The baseline

characteristics of the CITE-seq cohort were well balanced

across the study arms (Table S1) and similar to those of the

broader IMvigor130 study population (Table S2). In total,

865,922 peripheral blood immune cells were profiled, and

graph-based clustering revealed 12 major cell populations

(Figures 3B and S3A–S3C). The quantity of most major cell

populations did not change significantly while on treatment

(from C1D1 to C3D1) or between responders and nonre-

sponders across all study arms (Figure S3D).

Increased peripheral blood immune cell activation with
cisplatin versus carboplatin
We initially focused on participants enrolled in arm C (platinum-

based chemotherapy plus placebo). Gene set enrichment

analysis compared differentially expressed genes in patients

on treatment (C3D1 versus C1D1) with GemCis versus

GemCarbo. GemCis but not GemCarbo led to a significant in-

crease in the expression of several immune-related gene sets,

including signatures related to nuclear factor-kB (NF-kB)

signaling, interleukin-2 (IL-2) signaling, inflammatory response,

and interferon (IFN) signaling, a finding that was most prominent

in circulating monocytes (Figures 3C and S4). In contrast, signif-

icant on-treatment changes in the transcriptional program of

circulating monocytes were not observed with atezolizumab

alone (Figures 3D and S4).

Expression of antigen presentation machinery genes may be

induced downstream of NF-kB or IFN signaling.20 Indeed, anti-

gen presentation machinery genes, including class I and II major

histocompatibility complex (MHC) genes, were among the most

upregulated in circulating monocytes on C3D1 versus C1D1with

GemCis treatment (Figure 3E). Together, these findings indicate

that GemCis, but not GemCarbo, upregulates immune-related

transcriptional programs in circulating immune cells (particularly

in monocytes), including genes encoding proteins associated

with antigen presentation and T cell priming.

Atezolizumab added to cisplatin leads to prominent
modulation of T cell transcriptional programs
PD-L1 blockade may facilitate antitumor immunity by enhancing

T cell priming and expansion or preventing exhaustion.21 There-
Figure 3. GemCis ± atezolizumab versus GemCarbo ± atezolizumab

immune cell subsets in PBMCs

(A) Single-cell CITE-seq experimental design and analysis workflow.

(B) Uniform Manifold Approximation and Projection (UMAP) visualization of singl

showing scaled expression of the canonical marker genes across cell types (righ

(C and D) Heatmaps showing pathway enrichment on-treatment (C3D1) versus at

GemCis (left, n = 17 pairs) or GemCarbo (right, n = 16 pairs) in arm C (C) and ate

(E) Comparison of MHC class gene expression on-treatment (C3D1) versus at

GemCarbo in arm C.

(F) Heatmaps showing pathway enrichment on-treatment (C3D1) versus at ba

GemCis + atezolizumab (left, n = 14 pairs) or GemCarbo + atezolizumab (right, n =

samples and blue indicates enrichment at baseline. The hue represents the false

terisks represent FDR < 0.05. See also Figures S3 and S4.
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fore, we next sought to determine whether the addition of PD-L1

blockade to chemotherapy would increase the depth and

breadth of transcriptional changes in circulating immune cells

in participants enrolled in arm A. Atezolizumab combined with

GemCis, versus with GemCarbo, led to a significant increase in

the expression of a broader range of immune-related transcrip-

tional programs, and across more diverse circulating immune

cell subsets, compared with that observed with GemCis alone

(Figures 3F and S4). Gene sets related to NF-kB, IL-2, and in-

flammatory responses remained among the most upregulated

with GemCis plus atezolizumab versus GemCarbo plus atezoli-

zumab. With the addition of atezolizumab to GemCis, these

changes extended more conspicuously beyond monocytes to

T and NK cells, and included increased expression of additional

transcriptional programs associated with inflammation, meta-

bolism, and the cell cycle (Figures 3F and S4).

Given the prominent effects of the addition of atezolizumab on

the transcriptional program of circulating lymphocytes, we

focused further attention on the 707,614 T and NK cells profiled

in the study (Figure 4A). Specifically, we characterized the

171,729 CD8 T cells at high granularity given the central role of

CD8 T cells in immune checkpoint blockade therapy. In total,

nine CD8 T cell subsets were identified, seven of which included

sufficient cells for downstream analysis (Figure 4B). We

observed an increase in the expression of several gene signa-

tures related to T cell activation among most CD8 T cell subsets,

as well as CD4 T cell subsets, with GemCis plus atezolizumab

but not with GemCarbo plus atezolizumab. This increase was

also more pronounced compared with the effects of GemCis

alone (Figure 4C). Intriguingly, while gene sets reflective of

T cell activation on treatment were less prominent among partic-

ipants with GemCis versus GemCis with atezolizumab, such

changes in the former group appeared enriched in participants

achieving an objective response to treatment with GemCis

versus those with progressive disease as the best response (Fig-

ure 4D). Taken together, these results indicate that the addition

of atezolizumab to GemCis, versus GemCarbo, leads to distinct

transcriptional modulation of circulating immune cells including

changes reflective of T cell activation states, possibly related

to better T cell priming.

Cisplatin directly induces immune-related programs in
cancer cells in vitro

While both cisplatin and carboplatin act by binding cellular DNA

to form intrastrand, interstrand, and DNA-protein crosslinks,22,23
induces proinflammatory transcriptional programs across multiple

e cells captured, colored by major cell types (n = 865,922) (left), and heatmap

t).

baseline (C1D1) across multiple immune cell types. Treatments received were

zolizumab (n = 33 pairs) in arm B (D).

baseline (C1D1) in monocytes collected from patients receiving GemCis or

seline (C1D1) across multiple immune cell types. Treatments received were

24 pairs) in arm A. In (C), (D), and (F), red indicates enrichment in on-treatment

discovery rate (FDR) significance derived from the fgsea package. Black as-
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Figure 4. Atezolizumab added to GemCis versus GemCarbo leads to distinct transcriptional states of circulating immune cells including

changes reflective of T cell activation states

(A) UMAP visualization of total T and NK cells captured, colored by major cell types (n = 707,614).

(B) UMAP visualization of total CD8 T cells captured, colored by different cell types (n = 171,729) (left), and heatmap showing scaled expression of the top 10 cell

markers ranked by fold change in each cell type (right). Black asterisks indicate cell types not included in subsequent analysis due to low cell numbers.

(C) Heatmaps showing pathway enrichment on-treatment (C3D1) versus at baseline (C1D1) across T and NK cell types. Treatments received were GemCis (first

panel, n = 17 pairs) or GemCarbo (second panel, n = 16 pairs) in arm C andGemCis + atezolizumab (third panel, n = 14 pairs) or GemCarbo + atezolizumab (fourth

panel, n = 24 pairs) in arm A.

(D) Heatmaps showing pathway enrichment with GemCis on-treatment (C3D1) versus baseline (C1D1) across T and NK cell types in responders (left) and

nonresponders (right). In (C) and (D), red indicates enrichment in on-treatment samples and blue indicates enrichment at baseline. The hue represents the false

discovery rate (FDR) significance derived from the fgsea package. Black asterisks represent FDR < 0.05.
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the two platinum compounds differ in their kinetics and potency

in DNA adduct formation.24 DNA damage interfaces tightly with

innate and adaptive immunity through a complex network of

DNA damage sensor, transducer, and effector proteins, leading

to upregulation of several immune- and inflammation-related

transcriptional programs.13,14,25 Our observations from the IMvi-

gor130 study suggested distinct immunomodulatory effects with

GemCis versus GemCarbo, but several questions remained. (1)
Were the transcriptional changes in circulating immune cells

the direct result of chemotherapy on immune cells, or were

they indirect effects secondary to the impact of chemotherapy

on cancer cells in the tumor bed? (2) What events downstream

of DNA damage induced by cisplatin versus carboplatin led to

the observed systemic immunemodulation? (3) Did the immuno-

modulatory effects associated with cisplatin versus carboplatin

culminate in augmentation of antitumor immunity?
Cell Reports Medicine 5, 101393, February 20, 2024 7
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Figure 5. The direct effects of cisplatin versus carboplatin on downstream immune-related programs in cancer cells are mediated by the

DNA damage transducer ATR

(A) Enrichment of Hallmark gene sets with cisplatin (red) versus carboplatin (gray) treatment in the 5637 human bladder cancer cell line (top), RT112 human

bladder cancer cell line (middle), and MC38 murine colon cancer cell line (bottom). The cisplatin and carboplatin concentrations used were 5 and 35 mM,

respectively, and cells were collected 24 h after treatment. Only pathways that were significantly changed with cisplatin versus carboplatin (false discovery rate

[FDR] < 0.05) are shown. n = 3 per treatment group for the 5637 and RT112 cell lines; n = 2 per treatment group for the MC38 cell line.

(B) Protein expression of PD-L1 as determined by the median fluorescence intensity in the three cell lines treated with increasing concentrations of cisplatin (red)

or carboplatin (black) for 24 h. Data depict the aggregate of three independent experiments (mean ± SEM).

(C) Representative immunoblots showing p-ATM S1981, p-ATR T1989, p-Chk1 S317, p-Chk2 T68, and GAPDH levels in lysates of the 5637 cell line treated with

increasing concentrations of cisplatin or carboplatin for 6 h. One representative experiment out of four independent experiments is shown.

(D) Protein expression of PD-L1 as determined by median fluorescence intensity in the 5637 cell line treated with increasing concentrations of cisplatin or

carboplatin for 24 h, in the presence or absence of an ATM inhibitor (KU-55933, 1 mM) or ATR inhibitor (VE-821, 1 mM). Data depict the aggregate of three in-

dependent experiments (mean ± SEM).

(legend continued on next page)
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On-treatment tumor biopsies were not obtained in the Imvi-

gor130 trial and therefore we turned our attention to cellular sys-

tems for further interrogation. Treatment of human PBMCs with

increasing, but sub-cytotoxic, concentrations of cisplatin and

carboplatin did not upregulate markers related to DC activation

or T cell activation and proliferation, increase cytokine secretion,

or potentiate mixed lymphocyte reaction responses (Figure S5),

raising the possibility that the effects of cisplatin on immune cells

may be mediated indirectly via effects on cancer cells. Indeed,

treatment of 5637 and RT112 human bladder cancer cells and

MC38 murine colon cancer cells—a commonly used cell line in

cancer immunotherapy studies—with cisplatin or carboplatin

at clinically relevant concentrations (i.e., 4 mM cisplatin and

37 mM carboplatin, corresponding approximately to the respec-

tive peak serum concentrations of cisplatin and carboplatin in

humans achieved with conventional doses used to treat

UC26–28) resulted in upregulation of immune- and inflamma-

tion-related gene sets with cisplatin versus carboplatin (Figures

5A and S6). Furthermore, a greater increase in the expression

of PD-L1 protein was observed in tumor cells treated with

cisplatin than with carboplatin (Figure 5B).

DNA damage transducer ATR mediates the
immunomodulatory impact of cisplatin on cancer cells
To define the events proximal to DNA damage that might

contribute to the immunomodulatory effects of cisplatin versus

carboplatin, we treated 5637 bladder cancer cells with

increasing concentrations of the platinum drugs and probed

the impact on DNA damage transducers ATM and ATR.

Cisplatin has previously been shown predominantly to induce

an ATR-dependent DNA damage response.29–31 We observed

substantial activation of ATR and the downstream kinases

Chk1 and Chk2 with increasing concentrations of cisplatin,

but this was less apparent with carboplatin (Figure 5C). To rein-

force the causal nature of these findings and link to down-

stream events, we treated 5637 and MC38 cells with increasing

concentrations of cisplatin and carboplatin with or without

small-molecule kinase inhibitors targeting ATR (VE-821) or

ATM (KU-55933) and assessed the impact on surface PD-L1

protein expression (5637 and MC38) and CXCL10 secretion

(MC38). ATR inhibition at doses that did not impact cell viability

(Figure S7), but were consistent with doses previously shown to

selectively inhibit ATR in cellular systems,32 abrogated

cisplatin-induced upregulation of surface PD-L1 expression or

CXCL10 secretion (Figures 5D and S8). Similar results were

not observed with ATM inhibition. We also treated 5637 cells

with cisplatin and carboplatin, with or without ATR inhibition,

and explored the resultant transcriptional changes. ATR inhibi-

tion mitigated cisplatin-induced modulation of key immune-

related transcriptional programs observed at the level of gene

signatures and individual genes including those encoding

MHC class I molecules and inflammatory signals implicated in
(E and F) Bulk RNA-seq analysis of 5637 cells treated with 5 mM cisplatin or 35 mM

for 24 h.

(E) Enrichment of Hallmark gene sets. n = 4 per treatment group.

(F) Heatmap displaying the scaled transcriptional expression of genes involved in

n = 4 individual samples per treatment group. See also Figures S5–S8.
antigen-presenting cell activation (Figures 5E and 5F). These

data support the hypothesis that direct effects of cisplatin

versus carboplatin on cancer cells may, at least in part, underlie

secondary transcriptional changes in immune cells.

Cisplatin-primed cancer cells enhance DC activation,
T cell proliferation, and antigen-specific T cell-mediated
tumor cell killing
Prior studies have shown that immunogenic chemotherapy

‘‘reboots’’ preexisting antigen-specific T cell responses within

the TME through recruitment and activation of antigen-pre-

senting cells derived from circulating monocytes.33 Further

research indicates that tumor-specific CD8+ T cells only ac-

quire the canonical effector program within the TME and that

this process necessitates co-stimulation, which is most effec-

tively provided by monocyte-derived DCs.34 Together, these

findings potentially reconcile clinical observations that pre-

treatment TMEs reflecting a preexisting adaptive immune

response are associated with chemotherapy efficacy. To

model the impact of cisplatin versus carboplatin on the inter-

play of cancer cells, antigen-presenting cells, and T cells, we

employed co-culture systems involving MC38 cells, given

that we had previously established that cisplatin versus carbo-

platin led to upregulation of immune-related transcriptional

programs in MC38 cells (Figures 5A and S8) and could

leverage MC38-OVA cells (i.e., MC38 cells engineered to ex-

press and present ovalbumin) to probe antigen-specific

T cell immunity. Treatment of MC38 cells with increasing con-

centrations of cisplatin versus carboplatin resulted in

increased release of the danger signal high-mobility group

box 1 (HMGB1) (Figure 6A), which is known to bind TLR4 re-

ceptors and facilitate antigen-presenting cell activation.35,36

Co-culture of cisplatin- versus carboplatin-pretreated MC38

cells with monocyte-derived DCs induced higher expression

of MHC class I and PD-L1 as well as co-stimulatory proteins

CD40 and CD86 on DCs (Figure 6B). We extended the co-cul-

ture system to include cisplatin- and carboplatin-pretreated

MC38-OVA cells, DCs, and OT-I T cells (expressing a trans-

genic T cell receptor designed to recognize ovalbumin) and

measured OT-I T cell proliferation. Cisplatin-pretreated

MC38-OVA cells induced greater OT-I T cell proliferation

than did carboplatin-pretreated MC38-OVA cells and T cell

proliferation was further enhanced with the addition of DCs

(Figure 6C). To determine whether cisplatin-pretreated

MC38-OVA cells were more susceptible to OT-I T cell-medi-

ated cellular cytotoxicity, we evaluated induction of early

apoptosis and cell death in cisplatin- and carboplatin-pre-

treated cancer cells after co-culture with OT-I T cells. Again,

compared with carboplatin pretreatment, cisplatin pretreat-

ment led to increased OT-I CD8+ T cell-specific killing of

MC38-OVA cells (Figures 6D and 6E). The antigen-specific na-

ture of such killing was confirmed using MC38 cells lacking
carboplatin, in the absence (gold) or presence of 1 mMATR inhibitor (navy blue)

immune-related transcriptional programs. Heatmap shows an average score of
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Figure 6. Co-culture of cisplatin- versus carboplatin-pretreated MC38 cancer cells with bone marrow-derived DCs and OT-I T cells induces

DC activation, OT-I T cell proliferation, and antigen-specific T cell-mediated MC38 killing
(A) HMGB1 secretion as measured in the supernatant collected from MC38 cancer cells treated with increasing concentrations of cisplatin (red) or carboplatin

(black). Supernatant was collected 3 days after treatment. Data depict one representative experiment of two independent experiments; duplicate conditions for

each experiment. Data are mean ± SEM.

(B) Protein expression of MHC-I, PD-L1, CD40, and CD86 as measured by median fluorescence intensity in monocyte-derived DCs after 24 h of co-culture with

MC38 cancer cells that were primed with dose titrations of cisplatin (red) or carboplatin (black) for 24 h. Data depict one representative experiment of three

independent experiments; duplicate conditions for each experiment. Data are mean ± SEM.

(C) Flow cytometry histograms depicting OT-I T cell proliferation measured by CellTrace Blue dilution assay. MC38-OVA cells were pretreated with dose titrations

of cisplatin or carboplatin for 24 h. OT-I T cells were co-cultured with pretreatedMC38-OVA cells for 3 days in the presence or absence of monocyte-derived DCs

before the proliferation assay. Data depict one representative experiment of two independent experiments.

(D and E) Representative flow cytogram showing OT-I T cell-mediated MC38-OVA cancer cell killing (D) and the summarized percentage of OT-I T cell-mediated

tumor cell death (E) as measured by 7-AAD and annexin V staining. MC38-OVA tumor cells were pretreated with increasing concentrations of cisplatin or

carboplatin for 24 h, followed by co-culture with OT-I T cells for 5 h before the assay. Data depict one representative experiment of three independent exper-

iments; duplicate conditions for each experiment. Data are mean ± SEM. See also Figure S9.

Article
ll

OPEN ACCESS
OVA (Figure S9). Therefore, compared with carboplatin,

cisplatin directly induced expression of immune-related tran-

scriptional programs in cancer cells, and in co-culture,

cisplatin- versus carboplatin-treated cancer cells enhanced

activation of antigen-presenting cells, T cell proliferation, and

antigen-specific tumor cell killing.
10 Cell Reports Medicine 5, 101393, February 20, 2024
DISCUSSION

Cisplatin- versus carboplatin-based chemotherapy demon-

strates higher objective response rates, and can induce durable

disease control, in patients with mUC. Yet, the mechanisms un-

derlying these observations remain poorly defined. Subset
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analysis of the IMvigor130 trial showed that adding atezolizu-

mab to GemCis versus GemCarbo was associated with a

more favorable impact on PFS and OS. Through a series of in-

vestigations involving biospecimens derived from participants

in IMvigor130, as well as cellular systems, we demonstrated

that: (1) favorable OS with GemCis versus GemCarbo with

and without atezolizumab was driven by the subset of partici-

pants with pretreatment tumors exhibiting features reflecting

preexisting adaptive immunity, (2) compared with GemCarbo,

GemCis induced upregulation of immune and inflammatory

transcriptional programs in circulating monocytes, including

antigen presentation machinery genes, (3) the addition of ate-

zolizumab to GemCis led to upregulation of T cell activation

programs in circulating T cells, (4) cisplatin versus carboplatin

treatment of cancer cells in vitro increased expression of genes

encoding antigen presentation machinery and inflammatory

signals (implicated in antigen-presenting cell activation), at

least in part via the DNA damage transducer ATR, and (5) co-

culture of cisplatin- versus carboplatin-treated cancer cells

enhanced DC activation and increased antigen-specific T cell

killing. Our findings support a model (Figure S10) in which

cisplatin triggers key events in the cancer-immunity cycle,37

potentially reactivating preexisting T cell responses within

the TME by recruiting and activating antigen-presenting cells

and facilitating T cell co-stimulation while also possibly over-

coming immune evasion related to cancer cell-intrinsic MHC

class I downregulation.38 By enhancing T cell priming and

expansion, or preventing exhaustion,21 atezolizumab may build

upon these events culminating in more robust antitumor immu-

nity (Figure S10).

Although cisplatin and carboplatin have similar mechanisms of

action, they differ in chemical structure and resulting pharmaco-

kinetic and pharmacodynamic properties. Both cisplatin and

carboplatin act by binding cellular DNA to form DNA ad-

ducts.22,23 However, the more rapid kinetics of DNA adduct for-

mation with cisplatin versus carboplatin has been shown to

impact antitumor activity.24 Compared with cisplatin, the greater

stability of carboplatin accounts for its lower reactivity with

nucleophilic sites of DNA,24 and carboplatin has been shown

to induce approximately 20 times less DNA adduct formation

per mole than cisplatin.39 These distinct profiles of cisplatin

and carboplatin may contribute to the observed differences in

immunomodulatory effects.

There are several key strengths to our study. IMvigor130 is

among the largest completed phase 3 studies exploring first-

line treatment of mUC. This is among the largest analyses

profiling the transcriptional modulation of PBMCs at single-cell

resolution in the context of various anticancer therapies. There

is a paucity of clinical trials randomizing participants to different

chemotherapy backbones administered in combination with

immune checkpoint blockade leaving the critically important

question of whether specific chemotherapeutic agents combine

differently with immune checkpoint blockade unanswered.

Therefore, we leveraged a large clinical trial where, in the context

of the same trial, both cisplatin- and carboplatin-based chemo-

therapies were administered.

Our data corroborate and extend the results of prior studies

highlighting the potential immunomodulatory effects of cisplatin.
The immunopotentiating effect of cisplatin was demonstrated in

early trials of the combination of biochemotherapy (with IL-2 and

IFN-a) for melanoma.40–43 In studies predominantly employing

model systems, cisplatin was previously shown to upregulate

MHC class I expression in both cancer cells and antigen-pre-

senting cells, release damage-associated molecular patterns,

recruit effector cells, and enhance the lytic activity of cytotoxic

effectors.13,35,36,44,45 Cisplatin has been shown to increase

expression of PD-L1 in patients with lung cancer treated with

neoadjuvant chemotherapy, and the combination of cisplatin

and PD-L1 blockade significantly decreased the growth of lung

tumors in mice compared with cisplatin or PD-L1 blockade

alone.46

Two large randomized trials, IMvigor130 and Keynote-361, did

not demonstrate an improvement in OS with PD-1/PD-L1

blockade added to platinum-based chemotherapy (i.e., pooling

patients receiving GemCis or GemCarbo). Therefore, the ulti-

mate clinical validation of our data would be a clinical trial

randomizing patients with mUC to GemCis versus GemCis

plus PD-1/PD-L1 blockade. Indeed, after completing our

analysis, the sole clinical trial addressing this specific question

in mUC was reported. Checkmate-901 met its coprimary

endpoints demonstrating an improvement in PFS and OS

with GemCis plus nivolumab versus GemCis reinforcing the clin-

ical implications of the potential immunomodulatory effects of

cisplatin.47

Our findings may simultaneously advance an understanding

of three distinct, but related, concepts: (1) how cisplatin- but

not carboplatin-based chemotherapy achieves durable disease

control in a subset of patients with mUC, (2) how patients with

mUC deriving the most benefit from cisplatin-based chemo-

therapy could potentially be identified based on pretreatment

features of the TME, and (3) how different cytotoxic chemother-

apeutic backbones may combine differently with immune

checkpoint blockade. Further investigations in each of these

domains may help to advance immunotherapy for UC and other

malignancies.

Limitations of the study
There are potential limitations to our study. Participants in IM-

vigor130 were not randomized to GemCis versus GemCarbo;

however, several lines of evidence and prior research support

a platinum-specific effect on clinical outcomes. Specifically,

in our study, the impact of GemCis versus GemCarbo on OS

was linked to a pretreatment TME reflecting a preexisting adap-

tive immune response and this finding was consistent across

(1) two independent study arms (arms A and C), (2) an analysis

restricted to ‘‘cisplatin-eligible’’ patients treated with GemCis

versus GemCarbo in arm C, and (3) an analysis of a propen-

sity-score-matched population of patients treated with

GemCis versus GemCarbo in arm C. Propensity score match-

ing may limit bias due to observed confounders but we cannot

rule out an impact of unobserved confounders on outcomes.

On-treatment tumor biopsies were not performed in partici-

pants enrolled in IMvigor130, precluding direct assessment of

the effects of GemCis or GemCarbo with and without atezolizu-

mab on the TME. While our data support a model in which

the transcriptional programs induced in immune cells are
Cell Reports Medicine 5, 101393, February 20, 2024 11



Article
ll

OPEN ACCESS
secondary to the direct effects of cisplatin on cancer cells, we

cannot rule out that direct effects on immune cells may play a

role, although we did not observe such effects in experiments

exposing human PBMCs to cisplatin versus carboplatin.

Cisplatin has been demonstrated to induce immunomodulatory

effects via a variety of pathways14 and, while our data suggest

that these effects are downstream of ATR, elucidation of the full

spectrum of pathways that culminate in the observed transcrip-

tional modulation is beyond the scope of our analysis. Although

gemcitabine has been associated with immunomodulatory

effects in prior studies in patients and model systems,48 it

was administered at the same dose in all treatment arms

of IMvigor130, leading to our focus on cisplatin versus carbo-

platin with and without atezolizumab. While carboplatin-based

chemotherapy combined with immune checkpoint blockade

has improved outcomes in other malignancies, there are well

established differences in the activity of cisplatin- versus carbo-

platin-based chemotherapy across various malignancies, and

our data highlight the complex interplay of tumor type, charac-

teristics of pretreatment TME, and type of platinum drug.
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Antibodies

Mouse BD Fc block BD Biosciences Cat # 553142; RRID: AB_394656

PE anti-mouse PDL1 Biolegend Cat # 155404; RRID: AB_2728222

AF700 anti-mouse CD8 BD Biosciences Cat # 557959; RRID: AB_396959

APC anti-mouse CD45 BD Biosciences Cat # 559864; RRID: AB_398672

Human TruStain FcX Biolegend Cat # 422302; RRID: AB_2818986

PE anti-human PD-L1 Biolegend Cat # 329706; RRID: AB_940368

Pacific Blue anti-mouse CD40 BioLegend Cat # 124626; RRID: AB_2561476

BUV395 Rat Anti-Mouse H-2 Class I BD Biosciences Cat # 749705; RRID: AB_2873959

PE rat anti-mouse CD86 BD Biosciences Cat # 553692; RRID:AB_394994

APC rat anti-mouse CD209a BD Biosciences Cat # 564928; RRID:AB_2739011

BV421 anti-human CD4 Biolegend Cat # 317434; RRID: AB_2562134

BUV805 mouse anti-human CD8 BD Biosciences Cat # 612889; RRID: AB_2833078

FITC Ki-67 monoclonal antibody eBiosciences Cat # 11-5698-82; RRID: AB_11151330

BV786 mouse anti-human CD69 BD Biosciences Cat # 563834; RRID: AB_2738441

PE-Cy7 mouse anti-human IFN-g BD Biosciences Cat # 557643; RRID: AB_396760

Annexin V- PE BD Biosciences Cat # 556421; RRID: AB_2869071

7-AAD BD Biosciences Cat # 559925; RRID: AB_2869266

p-ATM S1981 Cell Signaling Technology Cat #5883

p-ATR T1989 Cell Signaling Technology Cat #30632; RRID: AB_2798992

p-Chk1 S317 Cell Signaling Technology Cat #12302; RRID: AB_2893473

p-Chk2 T68 Cell Signaling Technology Cat #2197; RRID: AB_331479

GAPDH Cell Signaling Technology Cat #2118; RRID: AB_561053

Peroxidase AffiniPure goat anti-rabbit IgG (H + L) Jackson Immunoresearch Cat #111-035-144; RRID: AB_2307391

Biological samples

IMvigor130 mUC samples Genentech N/A

IMvigor130 PBMC collection for CITE-seq (n = 113) This study N/A

Chemicals, peptides, and recombinant proteins

Cisplatin Sigma Aldrich CAS#: 15663-27-1

Carboplatin Sigma Aldrich CAS#: 41575-94-4

KU-55933 (ATM Kinase Inhibitor) Selleckchem Cat#: S1092

VE-821(ATR inhibitor IV) Selleckchem Cat#: S8007

Halt protease and phosphatase inhibitor

cocktail, EDTA-free

Thermo Fisher Cat#: 78441

Critical commercial assays

10x Chromium Next GEM Chip G Kit 10X Genomics

Pan T cell Isolation Kit, human Miltenyi Biotec Cat# 130-096-535

Dynabeads Human T-Activator CD3/CD28 for

T cell expansion and activation

Thermo Fisher Cat# 11161D

CD14 MicroBeads, human Miltenyi Biotec Cat# 130-050-201

CellXVivo human monocyte-derived DC

differentiation kit

R&D Cat# CDK004

Cytiva Ficoll-Paque PLUS Media Fisher Scientific Cat# 45-001-749

Human IFNg ELISA kit BD Biosciences Cat.# 555142
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Mouse CXCL10 ELISA kit Thermo Fisher Scientific Cat# BMS6018

Mouse HMGB1 ELISA kit Tecan Cat# 30164033

CellTrace Blue Cell Proliferation kit Thermo Fisher Scientific Cat# C34568

RNeasy kits Qiagen

FITC Annexin V Apoptosis Detection Kit with 7-AAD BD Biosciences Cat#: 556547

RIPA buffer Sigma

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Invitrogen L34957

Deposited data

Raw and analyzed bulk RNAseq (cell lines) This paper GEO: GSE235066

PBMC scRNA-seq raw counts and metadata This paper EGAS50000000104

IMvigor130 bulk RNAseq processed

data (patient tumors)

This paper EGAS50000000104

Experimental models: Cell lines

Human cell line: 5637 Genentech N/A

Human cell line: RT112 Genentech N/A

Mouse cell line: MC38 Genentech N/A

Mouse cell line: MC38-OVA Genentech N/A

Experimental models: Organisms/strains

C57BL/6

C57BL/6J.OT-I.Thy1.1

Software and algorithms

R statistical software, version 4.0.2 The R Foundation https://www.r-project.org/

GSNAP Wu et al., 201649; Wu et al., 201050

survminer package, version 0.4.8 CRAN Repository https://cran.r-project.org/web/packages/

survminer/index.html

survival package, version 3.2–7 CRAN Repository https://cran.r-project.org/web/packages/

survival/index.html

limma package, 3.44.3 Bioconductor https://bioconductor.org/packages/

release/bioc/html/limma.html

fgsea package, 1.14.0 Bioconductor http://bioconductor.org/packages/fgsea

CellRanger, 3.1.0 10X Genomics http://10xgenomics.com/

Seurat, v3.2.2 Stuart et al., 201951 https://satijalab.org/seurat

Harmony, v1.0 Korsunsky et al., 201952 https://github.com/immunogenomics/harmony

FlowJo Becton Dickinson https://flowjo.com/

Graphpad Prism 7.0 software GraphPad Software, Inc. http://www.graphpad.com/scientific

software/prism/

GSVA Bioconductor https://bioconductor.org/packages/

release/bioc/html/GSVA.html
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sanjeev

Mariathasan (sanj@gene.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d As this study is ongoing, access to patient-level data from this trial will not be available until at least 18 months after the last

patient visit and completion of a clinical study report. After that time, requests for data should be submitted to lead contact,
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Sanjeev Mariathasan (sanj@gene.com). For up-to-date details on Roche’s Global Policy on the Sharing of Clinical Information

and how to request access to related clinical study documents, see: https://go.roche.com/data_sharing. Anonymized records

for individual patients acrossmore than one data source external to Roche cannot be linked due to a potential increase in risk of

patient reidentification.

d The accession number for the scRNA-seq reported in this paper is European Genome-Phenome Archive: EGAS50000000104.

d The IMvigor130 bulk RNAseq dataset is available with accession number European Genome-Phenome Archive:

EGAS50000000104.

d The accession number for the bulk RNAseq of the cisplatin- and carboplatin-treated tumor cell lines in vitro is GEO:

GSE235066.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical samples
Patients enrolled in the phase 3 IMvigor130 trial (NCT02807636) were randomized to receive atezolizumab with or without platinum-

based chemotherapy, or placebo plus platinum-based chemotherapy, as first-line treatment of mUC. All patients gave informed con-

sent and studies were approved by their respective ethical review committees. For specific details of ethical review and study de-

signs, see original publications.10

Tumor tissues were evaluated for PD-L1 expression using the SP142 immunohistochemistry assay (Ventana Medical Systems,

Inc.). PD-L1 IC2/3 and IC0/1 indicated PD-L1–expressing tumor-infiltrating ICs coveringR5% and <5%, of the tumor area, respec-

tively. Bulk RNA sequencing (RNA-seq) was performed on pretreatment tumor specimens for gene set enrichment analysis according

to PD-L1 status (IC2/3 vs. IC0/1), treatment arm and the specific platinum drug received. A total of 113 patients had available baseline

(C1D1) and on-treatment (C3D1) PBMC samples that were processed for single-cell RNA sequencing (scRNA-seq), coupled with

single-cell T cell receptor sequencing (scTCR-seq), single-cell B cell receptor sequencing (scBCR-seq), and CITE-seq.

Blood samples from healthy donors were supplied through the Samples for Science program, an institutional review board–

approved research program operated through the Genentech Campus Health Center.

Cell lines
Human bladder carcinoma cell lines (5637 and RT112) and murine colorectal carcinoma cell lines (MC38 and MC38-OVA) were

obtained from Genentech’s common cell bank. All cell lines were cultured in Roswell Park Memorial Institute medium (RPMI)

1640 containing 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, 100 mg/mL streptomycin sulfate, and 1%

L-glutamine. All cell lines were validated as mycoplasma free by polymerase chain reaction tests.

Animal strains
C57BL/6 mice and C57BL/6J.OT-I.Thy1.1 TCR transgenic mice were bred and housed at Genentech in standard rodent microiso-

lator cages. Female mice were used for all studies and were 6–8 weeks old at the start of experiments. Experimental animals were

housed at Genentech in special rodent isolator cages. All animal activities in this research study were conducted under protocols

approved by the Genentech Institutional Animal Care and Use Committee.

METHOD DETAILS

Analysis of IMvigor130 bulk RNA-seq
Whole-transcriptome profiles were generated using TruSeq RNA Access technology (Illumina). RNA-seq reads were first aligned to

ribosomal RNA sequences to remove ribosomal reads. Remaining reads were aligned to the human reference genome (NCBI Build

38) using GSNAP v.2013-10-10,50,49 allowing a maximum of two mismatches per 75-base sequence (parameters, ‘-M 2 -n 10 -B 2

-i 1 -N 1 -w 200,000 -E 1-pairmax-rna = 200,000 –clip-overlap’). To quantify gene expression levels, the number of reads mapped

to the exons of each RefSeq gene was calculated using the functionality provided by the R/Bioconductor package

GenomicAlignments.53

10X genomics scRNA-seq library construction and sequencing
Previously frozen PBMCs were thawed, washed twice in RPMI 2% fetal calf serum, treated with the ammonium-chloride-potassium

(ACK) lysis buffer (Lonza) to remove red blood cells (RBCs), and briefly incubatedwith 40,6-diamidino-2-phenylindole (DAPI). For each

sample, 300,000 live cells were sorted on a DAPI-negative gate, stained for 30 min at room temperature with a custom panel of 59

Total-Seq-C antibodies (BioLegend54) and corresponding hashtag Total-Seq-C (BioLegend), and washed three times using the

HT1000 laminar wash system (Curiox). Cells were then counted using the Cellaca MX High-Throughput Automated Cell Counter

(Nexcelom), pooled from five samples, and loaded on the 10x Chromium Next GEM Chip G Kit using a superloading strategy.

B cell receptor (BCR) and T cell receptor (TCR) CDR3 sequences were enriched using the human V(D)J B/T cell enrichment. Libraries
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were prepared according to themanufacturer’s protocol (10x Genomics) and sequenced on a NovaSeq 6000 System using the S4 2x

150 kit (Illumina).

Preprocessing of scRNA-seq, CITE-seq, and VDJ data
The scRNA-seq raw reads were aligned to the human transcriptome (GRCh38), and unique molecular identifier (UMI) counts were

quantified to generate a gene-barcode matrix using the Cell Ranger pipeline (10X Genomics, Cell Ranger v3.1.0). CITE-seq antibody

expression matrices were generated using the Cell Ranger pipeline (10X Genomics, Cell Ranger v3.1.0). BCR and TCR reads were

aligned to the GRCh38 reference genome, and consensus BCR/TCR annotation was performed using the Cell Ranger vdj pipeline

(10X Genomics, Cell Ranger v3.1.0). To assign cells to their respective samples of origin, cells were demultiplexed with a modified

HTOdemux function from the Seurat package, whereby the negative cluster was defined by minimal nonzero expression.

Cluster analysis of peripheral blood immune cells
The preprocessed gene expression matrix generated by the Cell Ranger pipeline was imported into Seurat (version 3.2.2) for down-

stream analysis.51 As a quality control step, genes that were expressed in <10 cells were removed, and cells were kept based on

conservative predefined hard cutoffs—including the number of detected genes (range, 200–5000), number of detected UMIs (range,

1000–20,000), house-keeping gene expression (R10 genes), and percentage of mitochondrial gene expression (%10%)—and a da-

taset-specific cutoff computed using interquartile ranges. In addition, RBC and platelet contaminants were removed via automated

filtering algorithms. The filtered gene expression matrix (16,315 genes 3 865,922 cells) was normalized using the NormalizeData

function (normalization.method = "LogNormalize" and scale.factor = 10000). The surface protein expression matrix was normalized

using the centered-log ratio method. Variable genes were identified using the FindVariableFeatures function with default parameters.

Prior to dimension reduction, the data were scaled, and the effects of variation in UMI counts and percentage mitochondrial contents

were regressed out (the ScaleData function). Principal component analysis was then performed on the scaled data cut to the variable

genes. Batch effects weremitigated using the Harmony (version 1.0) package.52 Shared nearest neighbors were computed, and cells

were then clustered using graph community clustering methods. A uniform manifold approximation and projection (UMAP) was

generated using the RunUMAP function. Cells were annotated using a cell type classifier, taking into account RNA, surface proteins,

and TCR sequences, andwas further validated and refined using Immunai’s curated in-house signatures. Multiomic data were further

used to remove low-quality cells and previously undetected doublets (e.g., cells that express both CD8 and CD4 protein tags, and

cells that express a high B-cell signature and have a detected TCR).

Pseudo-bulk differential gene expression analysis of PBMCs
Differential gene expression (DEG) tests were performed by pseudo-bulk analysis, in which gene counts were aggregated (summed)

for each sample and cell type. Samples per cell type that had <10 cells were removed. Differential expression analysis was performed

with the limma-voom R package (version 3.44.3) for each cell type independently.55 In DEG analysis comparing on-treatment (C3D1)

versus pretreatment (C1D1) samples, patient ID was added as a covariate to the design formula to consider the paired design. Pa-

tients without matching pretreatment and on-treatment samples were removed. The moderated t-statistics from limma DEG tests

were used as a pre-ranked gene list input for pathway enrichment analysis, which was performed using the fgsea R package (version

1.14.0).56 In this analysis, we used the Hallmark gene set, as well as gene signatures related to T- and NK-cell activation and func-

tions, collected from MSigDB (version 7.2).

In vitro drug treatment on tumor cell lines and flow cytometry characterization
Human bladder cancer cells (5637 and RT112) and murine colon cancer cells (MC38) were treated with various concentrations of

cisplatin or carboplatin for 24 h. For the ATM and ATR inhibitor assays, the tumor cells were also treated with an ATM inhibitor

(KU-55933, 1 mM) or ATR inhibitor (VE-821, 1 mM) together with cisplatin or carboplatin. Cells were collected into single-cell suspen-

sions, resuspended in the staining buffer, and then labeled with indicated antibodies for 20 min at 4�C. Fc receptors were blocked

prior to surface antibody staining using Mouse BD Fc Block (BD Biosciences, clone 2.4G2) or Human TruStain FcX. The antibodies

used were PD-L1 (clone 29E.2.A3) for human tumor cells and PD-L1 (clone MIH7) for mouse tumor cells. The FITC Annexin

V Apoptosis Detection Kit with 7-aminoactinomycin D (7-AAD) (BD Biosciences) was used to stain treated cells to evaluate potential

cell death induced by cisplatin or carboplatin.

Tumor cell line bulk RNA-seq processing
To profile the impact of cisplatin and carboplatin on the whole transcriptomes of tumor cells, human bladder cancer cells (5637 and

RT112) and murine colon cancer cells (MC38) were treated with cisplatin (5 mM), carboplatin (35 mM), or control for 24 h. In addition,

we collected 5637 cells that had been treated for 24 h with cisplatin (5 mM) or carboplatin (35 mM) in the presence or absence of an

ATR inhibitor (1 mM) to evaluate the role of DNA damage sensor ATR in cisplatin- or carboplatin-mediated transcriptome changes.

Total RNAwas enriched from treated cells using RNeasyMini kits according to themanufacturer’s instructions (Qiagen). Total RNA

was quantified with the Qubit RNAHSAssay Kit (Thermo Fisher Scientific), and quality was assessed using RNAScreenTape on 4200

TapeStation (Agilent Technologies). For sequencing-library generation, the Truseq Stranded mRNA kit (Illumina) was used with an

input of 100 ng of total RNA. Libraries were quantified with the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific), and the average
Cell Reports Medicine 5, 101393, February 20, 2024 e4
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library size was determined using D1000 ScreenTape on 4200 TapeStation (Agilent Technologies). Libraries were pooled and

sequenced on NovaSeq 6000 (Illumina) to generate 30 million single-end 50-base pair reads for each sample.

Analysis of tumor cell line bulk RNA-seq
Raw FASTQ file alignment and gene expression quantification were performed as described above. The raw counts were imported in

the edgeR-voom-limma pipeline, and the normalized, log-transformed values were used to calculate gene set signature scores for

the Hallmark pathways from the MSigDB database at the individual sample level using the GSVA package (v1.38.2) with the default

method.57 Gene sets that were significantly altered between contrast groups were called based on limma analysis. Pathways with a

false-discovery rate of <0.05 were considered significant.

Immunoblotting
Human bladder cancer cells (5637) were treated with various concentrations of cisplatin or carboplatin for 6 h. Cells were collected

and lysed in RIPA buffer (Sigma) supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific).

Cell lysates were run on a 4%–12% sodium dodecyl sulfate-polyacrylamide gel, transferred, and immunoblotted with Cell Signaling

Technology antibodies for p-ATM S1981 (#5883), p-ATR T1989 (#30632), p-Chk1 S317 (#12302), p-Chk2 T68 (#2197), and GAPDH

(#2118). Goat anti-rabbit horseradish peroxidase–conjugated secondary antibodies (#111-035-144) were from Jackson

ImmunoResearch Laboratories.

In vitro human T cell activation and drug treatment
Human PBMCs were isolated from whole blood of healthy donors by Ficoll density gradient centrifugation. Human primary T cells

were isolated from healthy PBMCs by using a Pan T cell Isolation Kit (Miltenyi Biotec, Cat# 130-096-535) per the manufacturer’s in-

structions. The pan-T cells were cultured in RPMI 1640medium supplemented with CD3/CD28 Dynabeads (Thermo Fisher Scientific,

Cat# 11161D) for 48 h. Cisplatin and carboplatin were added at different concentrations during activation. Cells were harvested for

intracellular staining followed by fluorescence-activated cell sorting (FACS) analyses.

In vitro human DC differentiation and mixed lymphocyte reaction (MLR) assay
HumanCD14+monocyteswere isolated from healthy PBMCs by usingCD14MicroBeads (Miltenyi Biotec, Cat# 130-050-201) per the

manufacturer’s instructions. Themonocyteswere differentiated into DCs by using aDCdifferentiation kit (R&D, Cat# CDK004) per the

manufacturer’s instructions. Briefly, isolated monocytes were cultured in the cell medium with granulocyte-macrophage colony-

stimulating factor (GM-CSF) and IL-4 for 5 days. On day 5 of the differentiation, tumor necrosis factor a was supplemented and

cisplatin and carboplatin were added at different concentrations. DCs were harvested on day 7 for FACS staining of DC activation

markers. To set up the MLR assay, donor-mismatched DCs and pan-T cells were mixed in a 1:5 ratio and cultured for 5 days in the

presence of different concentrations of cisplatin and carboplatin. Cell supernatants were collected for enzyme-linked immunosor-

bent assay (ELISA) analyses.

Co-culture of murine DCs and MC38 cells
Mouse DCs were derived from C57BL/6 bone marrow progenitor cells that were incubated in 100 mL of DC medium supplemented

with 20 ng/mL each of mouse GM-CSF (R&D Systems, Cat# 415-ML-010/CF) and mouse IL-4 (R&D Systems, Cat# 404-ML-010/CF)

and incubated for 3 days at 37�C in a 25-mm cell culture Petri dish. On the third day, 50 mL of additional medium supplemented with

human GM-CSF and human IL-4 was added to the cells, and cells were allowed to incubate for 3more days before use. Murine colon

tumor cells (MC38) were plated, 10,000 cells/well, in a 96-well round-bottom plate and incubated at 37�C overnight. The following

day, the medium was exchanged, and cells were pretreated with increasing concentrations of cisplatin or carboplatin for 24 h.

DCs were added to the tumor cells at 15,000 cells/well, and the co-cultured MC38 cells and DCs were incubated for 24 h. Cells

were then washed twice using FACS stain buffer (BD Biosciences) and resuspended in a live/dead 7-AAD dye (BD Biosciences, Cat-

alog# 559925) before flow cytometry profiling of surface marker expression on DCs, including CD45 (BioLegend, Cat# 103151),

CD11c (BioLegend, Cat# 117320), MHC-I (BD Biosciences, Cat# 749705), PD-L1 (BioLegend, Cat# 124308), CD40 (BioLegend,

Cat# 124626), and CD86 (BioLegend, Cat# 105040). The flow cytometry data were collected with a BD LSRFortessa (BD Biosci-

ences) and analyzed using FlowJo software (version 10.6.2, FlowJo LLC).

OT-I T cell proliferation assay
MC38 colon adenocarcinoma cells that express EGFP along with an equal copy number of full-length wild-type chicken ovalbumin

(OVA) protein (MC38-OVA) were obtained from the common cell repository at Genentech Inc. The ovalbumin contains the wild-type

SIINFEKL peptide.MC38-OVA cells were plated in tumor culturemedium in 96-well U-bottom cell culture plates at a density of 10,000

cells/well. Cells were allowed to adhere overnight at 37�C. The following day, cells were spun at 1550 RPM for 5 min at room tem-

perature. The supernatant was removed from the wells, and the 24-h treatment was started. Cisplatin or carboplatin was diluted in

T cell medium (RPMI 1640 + 10% FBS +1% penicillin/streptomycin, 1% HEPES, 1% sodium pyruvate, and 1% glutamax) using a

3-fold dose titration. Medium containing chemotherapy drugs was added to the MC38-OVA tumor cells, and plates were incubated

overnight at 37�C. The following day, OT-I CD8+ T cells labeled with the CellTrace Blue Cell proliferation kit (Thermo Fisher Scientific,
e5 Cell Reports Medicine 5, 101393, February 20, 2024
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Cat# C34568) were added at a density of 50,000 cells/well in the presence or absence of DCs. The co-cultures were incubated for an

additional 3 days at 37�C before cell proliferation measurement by flow cytometry. Briefly, cells were first incubated with mouse FcR

blocking reagent (Miltenyi Biotec, Cat# 130-092-575), followed by a cocktail of antibodies (CD8, BioLegend, Cat# 100730; CD45

BioLegend, Cat# 103140) and staining for 30 min at room temperature. The cells were then washed twice using FACS stain buffer

(BD Biosciences, Catalog# 554656) and resuspended in a live/dead7-AAD dye (BD Biosciences, Catalog# 559925). The flow cytom-

etry data were collected with a BD LSRFortessa (BD Biosciences) and analyzed using FlowJo software (version 10.6.2, FlowJo LLC).

OT-I T cells in the above assay were isolated in the following way from C57BL/6J.OT-I.Thy1.1 TCR transgenic mice. Naive OT-I

T cells were isolated from the spleens of C57BL/6J.OT-I.Thy1.1 transgenic mice by first mashing the spleen in 5 mL of T cell medium

using the gentleMACS dissociator (Miltenyi Biotec) and then filtering through 70-mmpore filters and washing once with 1 mL of phos-

phate buffered saline (PBS). The cell suspension was spun at 1550 RPM for 5 min at room temperature. The supernatant was dis-

carded, and the cell pellet was treated with 1 mL of ACK lysis buffer for 2 min in the dark to remove RBC contamination. The cells

were washed with 5 mL of PBS and spun at 1550 RPM for 5 min at room temperature. The supernatant was discarded, and the

cell pellet was used to isolate naive CD8+ T cells using the Pan T cell Isolation Kit (Miltenyi Biotec) according to the manufacturer’s

protocol.

T-cell–mediated cytotoxicity assays
Bulk splenocytes were obtained by homogenizing spleens from OT-I–expressing mice in 5 mL of T cell medium using a gentleMACS

dissociator (Miltenyi Biotec). Following homogenization, splenocytes were filtered through a 70-mm pore filter and washed once

with 1X PBS. RBCs were then lysed with ACK lysis buffer (0.15M NH4Cl, 10 mMKHCO3, 0.5 mM EDTA). Splenocytes were enumer-

ated and plated in flat-bottom 96-well plates (Corning Life Sciences) at a density of 0.2 3 106 cells/well in T cell medium containing

10 ng/mL SIINFEKL peptide (AnaSpec), followed by incubation at 37�C and 5% CO2 for 3 days. Subsequently, these primed OT-I

cells were washed to remove SIINFEKL peptide and cultured with fresh T cell medium supplemented with 10 ng/mL recombinant

human IL-2 for an additional 2 days before use in the T cell cytotoxicity assays described below.

MC38-OVA orMC38 tumor cells were plated at a density of 5000 cells/well in 96-well U-bottom plates in a total volume of 200 mL of

complete RPMI 1640. After overnight incubation to allow cells to adhere, cells were treated with cisplatin or carboplatin, with doses in

2-fold dilution starting from 75 mM. Treated cells were incubated for an additional 24 h at 37�Cand 5%CO2. Following this incubation,

without removing the medium, 20 mL of preactivated OT-I T cells were added at a density of 25,000 cells/well, with a final effector-to-

target cell ratio of 5:1. Tomonitor cell death contributed by the chemotherapy only, control plates were set up by adding 20 mL of T cell

medium to the pretreated tumor cells. T-cell–mediated tumor cell killing wasmeasured 5 h after incubation. Briefly, cells were stained

with an antibody cocktail containing CD45 and CD8 for 30 min at room temperature, washed twice with FACS stain buffer (BD

Biosciences), and then resuspended in 1X annexin V binding buffer containing a cocktail of annexin V PE (1:100) and 7-AAD

(1:100). Tumor cell death was monitored by flow cytometry, and the data were collected with a BD LSRFortessa (BD Biosciences)

and analyzed using FlowJo software (version 10.6.2, FlowJo LLC). Total cell death was calculated using the following formula:

percentage T-cell–induced death with chemotherapy = (percentage tumor death in the condition with tumor cells, T cells, and

chemotherapy) � (percentage tumor death in the condition of tumor cells and chemotherapy).

ELISA
ELISA was performed according to the manufacturer’s instructions and included the following: human IFNg (BD Biosciences, Cat.#

555142), mouse HMGB1 (Tecan, Cat# 30164033), and mouse IP-10 (CXCL10) (Invitrogen).

QUANTIFICATION AND STATISTICAL ANALYSIS

OS and PFS outcomes were analyzed by the Kaplan-Meier method with a log rank test. Univariate Cox regressions were imple-

mented to estimate HRs and 95% CIs.

Statistical details of experiments, number of repeats performed, and statistical tests used are stated in the figure legends or

detailed in materials and methods. Unless otherwise specified, all data are presented as mean ± SEM.

ADDITIONAL RESOURCES

Clinical trial information for IMvigor130 (NCT02807636): https://clinicaltrials.gov/study/NCT02807636.
Cell Reports Medicine 5, 101393, February 20, 2024 e6
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