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Jonathan E. Rosenberg,3 Thomas Powles,4 Leisha A. Emens,5 Priti S. Hegde,1 Ira Mellman,1 Shannon J. Turley,1

Mark S. Wilson,1 Sanjeev Mariathasan,1 Luciana Molinero,1 Mark Merchant,1 and Nathaniel R. West1,7,*
1Genentech, South San Francisco, CA 94080, USA
2Beth Israel Deaconess Medical Center, Boston, MA 02215, USA
3Genitourinary Oncology Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY 10065, USA
4Barts Experimental Cancer Medicine Centre, Barts Cancer Institute, Queen Mary University of London, London EC1M 6BQ, UK
5University of Pittsburgh Medical Center, Hillman Cancer Center, Pittsburgh, PA 15213, USA
6These authors contributed equally
7Lead contact

*Correspondence: huseni.mahrukh@gene.com (M.A.H.), west.nathaniel@gene.com (N.R.W.)

https://doi.org/10.1016/j.xcrm.2022.100878
SUMMARY
Although immune checkpoint inhibitors (ICIs) are established as effective cancer therapies, overcoming ther-
apeutic resistance remains a critical challenge. Here we identify interleukin 6 (IL-6) as a correlate of poor
response to atezolizumab (anti-PD-L1) in large clinical trials of advanced kidney, breast, and bladder can-
cers. In pre-clinical models, combined blockade of PD-L1 and the IL-6 receptor (IL6R) causes synergistic
regression of large established tumors and substantially improves anti-tumor CD8+ cytotoxic T lymphocyte
(CTL) responses compared with anti-PD-L1 alone. Circulating CTLs from cancer patients with high plasma
IL-6 display a repressed functional profile based on single-cell RNA sequencing, and IL-6-STAT3 signaling
inhibits classical cytotoxic differentiation of CTLs in vitro. In tumor-bearing mice, CTL-specific IL6R defi-
ciency is sufficient to improve anti-PD-L1 activity. Thus, based on both clinical and experimental evidence,
agents targeting IL-6 signaling are plausible partners for combination with ICIs in cancer patients.
INTRODUCTION

Immune checkpoint inhibitors (ICIs) are approved therapies for

multiple forms of cancer, but they fail to elicit durable clinical re-

sponses in the majority of patients.1 Identifying therapeutically

actionable mechanisms of ICI resistance is therefore critical to

maximize the benefit of cancer immunotherapy.

Despite the well-described roles of many cytokines in tumor

development, they are not widely exploited as therapeutic tar-

gets in oncology. The pleiotropic cytokine interleukin 6 (IL-6) is

associated with tumor progression and is thought to influence

anti-tumor immunity through various mechanisms.2–4 Interest-

ingly, plasma IL-6 was associated prognostically with reduced

survival of ICI-treated melanoma patients.5,6 Recent pre-clinical

studies have also implicated IL-6 as a potential driver of ICI resis-

tance,5,7–10 but the underlying mechanisms remain unclear.

In this study, we identified high IL-6 levels as a feature of

atezolizumab (anti-PD-L1)-resistant disease in patients with

advanced cancers. IL-6 restrained effector differentiation of

CD8+ T cells (also known as cytotoxic T lymphocytes, or

CTLs), and high plasma IL-6 correlated with reduced effector

gene expression in CTLs from cancer patients. In pre-clinical tu-
Cell Repo
This is an open access article und
mor models, IL6R blockade or genetic ablation of CTL-intrinsic

IL-6 signaling synergized with anti-PD-L1 therapy to enhance

anti-tumor CTL responses, leading to improved tumor control.

RESULTS

IL-6 is associated with poor clinical activity of
atezolizumab (anti-PD-L1)
To identify potential drivers of anti-PD-L1 resistance, we evalu-

ated gene expression by RNA-seq in pre-treatment tumor

biopsies from IMmotion150, a randomized phase II trial of

previously untreated metastatic renal cell carcinoma (RCC)

comparing atezolizumab with or without bevacizumab versus

the tyrosine kinase inhibitor sunitinib.11 Clinical cohorts evalu-

ated in this study are described in Figure S1A and Tables S1–

S3. Among patients treated with atezolizumabmonotherapy, dif-

ferential expression analysis comparing those who developed

progressive disease (PD) versus those with evidence of disease

control revealed various inflammatory factors associated with

PD, including the cytokine IL6 (Figure 1A). Among other cyto-

kines and chemokines associated with PD, only CXCL5 and

CXCL8 were more highly ranked than IL6 (Figure 1B). Ingenuity
rts Medicine 4, 100878, January 17, 2023 ª 2022 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. IL6 expression associates with poor clinical outcome in atezolizumab-treated patients with metastatic RCC

(A–C) RNA-seq analysis of pre-treatment tumor samples from the atezolizumab monotherapy arm of IMmotion150. (A) Differential gene expression analysis

(Limma-voom), comparing PD (progressive disease) versus SD (stable disease), PR (partial response), or CR (complete response). Nominal p values are shown.

(B) Differentially expressed cytokine and chemokine genes. (C) Pearson correlation of IL6 with SOCS3 and STAT3. ****p < 0.0001.

(D) ISH analysis of IL6mRNA in RCC tumors from IMmotion150 (n = 59). Black arrows, epithelial cell expression; arrowheads, stromal cell expression. Scale bar, 50

mm.Pie chart: proportions of tumorswith IL6 expression (staining inR1%of cells) in epithelial cells only (yellow), stromal cells only (blue), or both epithelial and stromal

cells (red).

(E) Association of tumor IL6 mRNA with overall survival (OS) in IMmotion150.

(F) Association of tumor IL6mRNA with OS in patients with high intratumoral T cell signature expression (>median). In (E) and (F), HR (+/� 95% CI) and p values

were adjusted after multivariate analysis including the following co-variates: MSKCC (Memorial Sloan Kettering Cancer Center) prognostic risk score, previous

nephrectomy, and liver metastasis.
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Pathway Analysis identified IL-6 as a putative upstream regulator

of PD-associated genes (p = 3.16e�9), in addition to the IL-6 re-

ceptor (IL6R; p = 1.04e�11) and the IL-6-induced transcription

factor STAT3 (signal transducer and activator of transcription 3;

p = 1.45e�9). IL6 correlated strongly with STAT3 and the STAT3-

response geneSOCS3, consistent with active IL-6 signaling (Fig-

ure 1C). Tumor IL6mRNA (evaluated in n = 59 evaluable cases of

RCC using in situ hybridization [ISH]) was observed mainly in

epithelial and stromal cells (Figure 1D).

To confirm the association of IL-6 with poor atezolizumab effi-

cacy, we next evaluated long-term patient survival. After multi-
2 Cell Reports Medicine 4, 100878, January 17, 2023
variate correction, high tumor IL6 (>median) was associated

significantly with poor overall survival (OS) only in patients who

received atezolizumab monotherapy (hazard ratio [HR]: 2.72,

95% confidence interval [CI]: 1.30, 5.72, p = 0.008; Figure 1E),

including those with high expression of a CD8+ T cell signature

(HR: 4.30, 95% CI: 1.35, 13.71, p = 0.014; Figure 1F).11,12

IL-6 protein was significantly higher in pre-treatment plasma

samples from RCC (IMmotion150) patients compared with

healthy controls (Figure S1B) and correlated significantly with tu-

mor IL6 mRNA (r = 0.32, p < 0.0001; Figure S1C). High plasma

IL-6 (>10 pg/mL; Figures S1D and S1E) was associated with
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Figure 2. IL-6 inhibits anti-PD-L1 efficacy and anti-tumor CTL response

(A–H) Treatment of EMT6 tumor-bearingmice with antibodies targeting PD-L1 and/or IL6R. (A) Individual tumor growth curves (n = 10 per group) from one of three

independent studies. PD, progressive disease; PR, partial response; CR, complete response. (B) Progression-free survival (time to 5x increase in tumor volume)

(legend continued on next page)
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reduced OS in all treatment arms (Figure S1F). Similarly, in ate-

zolizumab-treated patients with metastatic triple-negative

breast cancer (TNBC) from the PCD4989g clinical trial,13 or

with metastatic urothelial bladder carcinoma (UC) from the IMvi-

gor210 and IMvigor211 trials,14–16 plasma IL-6 was elevated

compared with healthy controls (Figure S1B) and associated

with poor OS in multivariate survival analysis (Figures S1G–

S1I). The IL-6-driven acute phase response protein CRP (C-reac-

tive protein) was similarly associated with plasma IL-6 and poor

OS in all three cancer types (Figures S1J–S1M).

Dual blockade of IL6R and PD-L1 improves tumor
control and CTL function
To determine if IL-6 affects anti-PD-L1 activity, we first examined

the syngeneic EMT6 mouse model of TNBC (Figure S2A). EMT6

proliferation in vitro was unaffected by IL-6 (Figure S2B).

Compared with either anti-IL6R or anti-PD-L1 monotherapy,

combined blockade of IL6R andPD-L1 significantly improved tu-

mor control and progression-free survival (HR = 0.11, p < 0.0001;

Figures 2A and 2B). Analysis of fluorescence-activated cell

sorting (FACS)-purified tumor populations (EMT6 cells, T cells,

myeloid cells, and fibroblasts) identified inflammatory Ly6C+

cancer-associated fibroblasts as the main IL-6 producers

(Figures S2C–S2D), consistent with prior studies.17–19

We next characterized tumor-infiltrating leukocytes at a time

point prior to tumor regression (day 11). Combination therapy

increased CTL frequency and abundance compared with

anti-PD-L1 or anti-IL6R monotherapy, but it had little effect

on regulatory T cells (Tregs), conventional CD4+ T cells, or

myeloid cells (Figures 2C–2E, S2E), resulting in a significantly

increased CD8+ to CD4+ T cell ratio (Figure 2D). Combination

therapy also increased the frequency and abundance of poly-

functional (IFN-g+TNF+GzmB+) CTLs (Figures 2F and 2G),

with a comparatively modest effect on IFN-g+TNF+ (Th1)

CD4+ T cells (Figure 2H). Dysfunctional (IFN-g�TNF�GzmB�)
CTL abundance was unaffected (Figure 2H). While IL-6 can

promote development of IL-17-producing CD4+ (Th17) and

CD8+ (Tc17) T cells,2 these were rare in tumors and draining

lymph nodes, and their abundance was unaffected by any

treatment (Figures S2F–S2H). We next evaluated two additional

tumor models: CT26 (anti-PD-L1-resistant) and MC38 (partially

anti-PD-L1-responsive). Consistent with EMT6, combination

therapy in both models improved tumor control and enhanced

anti-tumor CTL responses compared with anti-PD-L1 alone

(Figures S2I–S2O).
of mice pooled from three independent studies, analyzed using log rank test. (C)

experiments. (D) Balance of CD4+ and CD8+ T cells (CTLs) among total TCRb+ tu

one of three studies. (E) Relative abundance (normalized to tumor weight) of CT

tumors, pooled from three experiments. Groups compared using one-way ANOVA

infiltrating CTLs after re-stimulation with PMA/ionomycin. (G) Frequencies of pol

abundance relative to isotype control (right panel). Data pooled from three exper

comparisons test. (H) Relative abundance (mean ± SEM) of polyfunctional CTLs a

g� TNF�GzmB�CD8+ T cells, or IFN-g� TNF�CD4+ T cells), from one of three exp

Holm-Sidak’s multiple comparisons test. *p = 0.0143, ***p = 0.0001, ****p < 0.00

(I–K) Single-cell RNA-seq analysis of pre-treatment peripheral blood CD8+ T cells f

expression analysis was performed on CD8+ T cells from patients with high (>10 p

identified as concordant in both cohorts (‘‘consensus genes’’) were evaluated for R

are shown for UC and RCC samples in (J) and (K), respectively.
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High IL-6 is associated with impaired CTL function in
cancer patients
To explore the relationship between IL-6 and CTL in cancer pa-

tients, we selected patients from the IMmotion150 (RCC) and

IMvigor210 (UC) trials with high (>10 pg/mL) or low plasma IL-6

and performed 10x single-cell RNA sequencing of their pre-

treatment peripheral blood mononuclear cells. CTLs were

identified from n = 8 RCC patients (n = 5 IL-6-high and n = 3

IL-6-low) and n = 10 UC patients (n = 5 IL-6-high and n = 5 IL-

6-low; Figures S3A and S3B). Differential expression analysis

comparing CTLs from IL-6-high versus IL-6-low patients identi-

fied numerous genes that were shared between the RCC and

UC datasets (Figures 2I–2K). Concordant genes associated

with high IL-6 were related to glucose metabolism and protein

synthesis pathways, the latter driven largely by ribosomal genes,

suggesting a transcriptionally quiescent state (Figure 2I). In

contrast, CTLs from IL-6-low patients showed high expression

of genes associated with activation and effector function

(including CD69, IL32, IFNG, and GZMK), as well as enrichment

of IFN signaling, the MHC-I pathway, and oxidative phosphory-

lation (OxPhos) (Figure 2I, Table S4).

Higher resolution clustering revealed several CTL subpopu-

lations that associated strongly with plasma IL-6 status

(Figures S3C–S3H). Clusters of polyfunctional effector cells ex-

pressing IFNG, GZMB, and various chemokines were identified

in both the RCC and UC datasets (C5 and C2, respectively),

and they occurred almost exclusively in IL-6-low patients. An

additional terminal effector-like population was associated with

low IL-6 in UC patients (C0), while IL-6-low RCC patients

harbored cells with high expression of GZMA, GZMK, and

TCF7, suggesting a state of early activation (C4). In contrast,

the majority of cells from IL-6-high patients appeared to be inac-

tive or functionally impaired, with low expression of IFNG and

GZMB (e.g., UC cluster C4; Figures S3C–S3H).

IL-6 inhibits CTL effector differentiation
We next performed a series of in vitro studies to explore the

mechanistic basis of reduced CTL function under IL-6-high con-

ditions. IL-6 can influence CTL metabolism and promote uncon-

ventional differentiation states (Tc17, Tc21, Tc22) under specific

conditions,20–24 but its impact on classical effector differentiation

is not well understood. Consistent with our findings in vivo, IL-6

inhibited expression of IFN-g, TNF, and GzmB by CTL from OT-I

TCR-transgenic mice after activation with SIINFEKL peptide

(Figure 3A). IL-6 also reduced the rate of cell division, but this
Cellular composition of CD45+ tumor-infiltrating leukocytes, from one of three

mor-infiltrating T cells. Data are concatenated from n = 5 mice per group, from

Ls, conventional CD4+ T cells, and regulatory (CD4+ Foxp3+) T cells in EMT6

with Holm-Sidak’smultiple comparisons test. (F) Effector phenotype of tumor-

yfunctional cells among tumor-infiltrating CTLs (left panel), and their absolute

iments. Groups compared using one-way ANOVA with Holm-Sidak’s multiple

nd IFN-g+TNF+ CD4+ T cells (multifunctional cells) vs. dysfunctional cells (IFN-

eriments with n = 3–5 per group. Groups compared using one-way ANOVAwith

01.

rom patients with RCC (from IMmotion150) or UC (from IMvigor210). Differential

g/mL) versus low plasma IL-6 (separate analyses for each cancer type). Genes

eactome pathway enrichment (I). Volcano plots of differential gene expression
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Figure 3. IL-6 blocks CTL effector differentiation

(A) Splenocytes from OT-I mice were stimulated with SIINFEKL peptide +/� IL-6 and analyzed by flow cytometry on day 7. Boolean analysis of IFN-g, TNF, and

GzmB expression in CTLs is shown. Groups (mean +/� SEM of n = 4 technical replicates) were compared by t test and represent one of three independent

experiments.

(B) Cytokine secretion (measured by Luminex multiplex assay) by FACS-purified CTLs activated with anti-CD3/CD28 +/� IL-6 for 3 days *p < 0.05 (t test; n = 3

technical replicates per condition).

(C) OT-I CTLs were activated as described in (A) and co-cultured with SIINFEKL-pulsed MC38.GFP cells at a 5:1 effector/target ratio. MC38 destruction was

quantified using Incucyte live-cell imaging. Groups compared using two-way ANOVA (n = 4 technical replicates per condition); data indicatemean ±SEM, and are

representative of three independent experiments.

(D–I) OT-I splenocytes activated with SIINFEKL peptide in the presence of IL-6, control IgG, or anti-IL6R antibody. CTLs were FACS-purified for RNA-seq analysis

after 2 and 7 days (n = 3 technical replicates per condition/time point). Principal components analysis (PCA) is shown in (D). (E) Differentially expressed genes (FDR

<0.05 and absolute fold change >1.5). (F) Heatmap of representative differentially expressed genes (day 7). (G) Boolean flow cytometry analysis of OT-I CTLs at

day 7. Groups (mean +/� SEM of n = 4 technical replicates) compared using t tests, from one of three independent experiments. (H) Reactome pathway analysis

of differentially expressed genes between IL-6- and anti-IL6R-treated cells at day 7. (I) Distribution of differentially expressed genes (day 7) among differentiation

modules from Best et al.25 *p = 0.0239, ****p < 0.0001 (Fisher’s exact test). Fold differences refer to IL-6 versus anti-IL6R treatment.

(J) Tumor RNA-seq analysis from IMmotion150. Gene modules (average Z scores) associated with effector or naive-like CTLs were used to calculate an effector/

naive-like (Eff/N) ratio. IL6 expression across Eff/N quartiles (mean +/� SEM, n = 65–66 per group) was compared using one-way ANOVA.
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effect was offset by improved cell viability (Figure S4A). We

confirmed these findings by activating splenic CTLs from

wild-type (WT) or IL6R.ko mice with anti-CD3/CD28 antibodies

in the presence or absence of IL-6 (classical signaling) or hy-

per-IL-6 (a complex of IL-6 and soluble IL6R that activates trans

signaling via direct engagement of gp130).3 As expected,

IL6R.ko T cells were unaffected by IL-6 but remained susceptible

to functional impairment by hyper-IL-6 (Figures S4B and S4C).

IL-6 inhibited secretion of IFN-g, GM-CSF, and IFN-responsive

chemokines (CXCL9 and CXCL10), while it induced production

of IL-10 and factors related to Th2/Th17 responses (IL-13 and

IL-17A; Figure 3B). IL-6 repressed effector functions of both

naive and memory CTLs (Figure S4D), and it had a similar effect

on naive human CTLs (Figure S4E). Importantly, IL-6-condi-

tioned OT-I CTLs were attenuated in their ability to kill

SIINFEKL-loaded MC38 cells (Figure 3C).

While IL-6 inhibited CTL activation in vitro (Figure 3), IL6R

blockade in vivo showed clear effects only in combination

with anti-PD-L1 (Figure 2). Optimized T cell activation in vitro

is likely more efficient than activation in vivo, which could influ-

ence the impact of IL-6. Indeed, PD-1 blockade in vivo was

recently shown to enhance TCR signal strength in CD4+

T cells.26 To explore this concept further, we identified a sub-

optimal SIINFEKL concentration (1 ng/mL) at which PD-L1

blockade enhanced OT-I CTL activation (Figure S4F). IL-6

had little effect on T cells activated with 1 ng/mL peptide alone

but prevented expansion of IFN-g+ CTLs driven by anti-PD-L1

(Figures S4G and S4H). Thus, the inhibitory effect of IL-6 is

most apparent when T cells are activated by strong TCR/co-

stimulatory signals.

IL-6 promotes naive/memory-like features in CTLs
To further characterize the effects of IL-6, we activated CTLs in

the presence of IL-6 or anti-IL6R antibody (to block endoge-

nous signaling) and analyzed them by RNA-seq after 2 and

7 days (Figures 3D–3F). IL-6 suppressed expression of effector

genes (e.g., Ifng, Gzmb, Prf1, Klrg1), chemokines, and tran-

scription factors necessary for effector differentiation including

Tbx21 and Eomes (Figures 3E and 3F).27–29 Conversely, IL-6

promoted expression of transcription factors that oppose

effector differentiation, including Foxo1 and Bach2,30,31 and

genes associated with naive or central memory (CM) cells

such as Sell, Ccr7, and Il7r (Figures 3E and 3F). We confirmed

by flow cytometry that IL-6 suppressed expression of Tbet,

Eomes, and KLRG1, but it promoted retention of CD62L (Fig-

ure 3G). Reactome pathway analysis suggested that IL-6 sup-

pressed processes related to immune signaling, cell division,

metabolism, and RNA processing (Figure 3H, Table S5). Map-

ping IL-6-regulated genes onto transcriptional modules associ-

ated with different stages of CTL differentiation (Best et al.)25

confirmed that IL-6 suppressed genes related to CTL activation

and cell cycle engagement (modules 2/3), while it promoted

genes related to naive, memory precursor, and late memory

states (modules 4/7/8; Figure 3I). We next used tumor RNA-

seq data from IMmotion150 to evaluate gene expression asso-

ciated with effector (Eff) versus naive-like (N) CTLs. Intriguingly,

IL6 was associated inversely with the Eff/N expression ratio

(p < 0.0001; Figure 3J).
6 Cell Reports Medicine 4, 100878, January 17, 2023
IL-6 controls expression of diverse T cell regulators
To address whether IL-6 effects are reversible, we activated

CTLs and stimulated them with IL-6 or hyper-IL-6 for the first

2 days only, or during days 3–7. IL-6/hyper-IL-6 signaling on

days 0–2 attenuated effector function at day 7, whereas expo-

sure after day 2 had no effect (Figure S4I). CTL downregulated

Il6r expression (and to a lesser extent Il6st/gp130) after TCR

stimulation, suggesting that T cells may lose sensitivity to IL-6 af-

ter priming (Figure S4J). However, primed cells remained

capable of activating STAT3 in response to IL-6 or hyper-IL-6

(Figure S4K). Similarly, effector memory CTLs displayed lower

IL6R and gp130 levels than naive or CM cells (Figure S4L)

but remained capable of activating STAT3 in response to IL-6

(Figure S4M).

To determine if IL-6 pre-conditioning affects CTL differentia-

tion upon subsequent TCR stimulation, we treated CTLs with

IL-6 for 1 day; then we withdrew IL-6 and stimulated with anti-

CD3/CD28. IL-6 pre-treatment suppressed effector function at

day 3 (Figure S4N), suggesting that IL-6 alters expression of

downstream regulators that providedurable control of T cell func-

tion, regardless of ongoing IL-6 signaling. To identify candidate

regulators, we performed RNA-seq analysis of naive CTLs stim-

ulatedwith IL-6alone, orwith IL-6andanti-CD3/CD28 for 4h (Fig-

ure 4A). Intriguingly, Ifng was induced by IL-6 at 4 h, confirming

that proximal IL-6 signaling does not block effector function

directly (Figure S4O). IL-6 suppressed expression of numerous

genes with known importance for CTL activation, including co-

stimulatory receptors (Cd28, Cd226) and mediators of dendritic

cell cross-talk (Cd40lg, Xcl1), while it induced expression of co-

inhibitory receptors (Ctla4, Tigit), repressors of inflammatory

signaling (Il10 and SOCS-family members), and diverse tran-

scription factors (Batf, Foxo1, Hif1a, Tox2; Figures 4B and 4C).

To identify mediators of IL-6-driven CTL dysfunction, we first

confirmed a requirement for STAT3, the primary transcription

factor activated by IL-6.3 As expected, IFN-g production by

STAT3-deficient CTLs was unaffected by IL-6 (Figure 4D).

Among additional IL-6-regulated factors (Figures 4A–4C), we

were intrigued by BATF (basic leucine zipper transcription factor,

ATF-like), which restricts expression of CTL effector genes

(including IFN-g and perforin)32 and can be induced by

IL-6.23,33 Indeed, IL-6 triggered rapid STAT3-dependent BATF

expression in CTLs (Figures 4E and 4F), and knockout of Batf us-

ing CRISPR-Cas9 abrogated the effect of IL-6 on CTL effector

differentiation (Figures 4G and S4P). Thus, IL-6 may impair

CTL function through STAT3-dependent induction of BATF.

CTL-intrinsic IL-6 signaling inhibits anti-PD-L1 efficacy
To evaluate the impact of CTL-intrinsic IL-6 signaling in vivo, we

adoptively transferred naive CTLs from CD90.1+ OT-I mice that

were Il6rwt/wt or Il6r�/� to WT CD90.2+ recipients bearing oval-

bumin-expressing EG.7 tumors. Combined with ovalbumin im-

munization (Figures S5A and S5B), PD-L1 blockade increased

the polyfunctional anti-tumor CTL response inmice that received

Il6r�/� OT-I cells, but not Il6rwt/wt cells (Figures S5C and S5D).

We next crossed E8i.Cd8a.Cre and Il6r.loxP mice to

generate animals with CTL-restricted IL6R deficiency (CD8DIL6R;

Figures 5A and S5E). CTLs from CD8DIL6R mice were unrespon-

sive to classical IL-6 signaling, whereas CD4+ T cells showed
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Figure 4. IL-6 regulates CTLs via STAT3-dependent BATF induction

(A–C) RNA-seq analysis of WT naive CTLs stimulated with IL-6 +/� anti-CD3/CD28 antibodies for 4 h. (A) Differentially expressed genes (FDR <0.05 and absolute

fold change >2).

(B) IL-6-regulated genes with potential roles in CTL differentiation, and their functional categorization (C).

(D) IFN-g expression in WT or STAT3.ko CTLs (from CD4-Cre x Il6rloxP/loxP mice) activated with anti-CD3/CD28 +/� IL-6 or hyper-IL-6 for 3 days. Groups

(mean ± SEM of n = 4 technical replicates) compared by t test; data representative of three independent experiments.

(E) Batf mRNA expression (qRT-PCR) in WT or STAT3.ko CTLs activated +/� IL-6. **p < 0.01, ***p < 0.001 (WT vs. STAT3.ko; t tests). Data points indicate

mean +/� SEM of n = 4 technical replicates, from one of two independent experiments.

(F) Western blot of BATF and p-STAT3 (Y705) in activated WT or STAT3.ko CTLs. Data represent one of two independent experiments.

(G) BATF CRISPR-ko or control CTLs were activated +/� IL-6 and analyzed on day 3 (groups compared by t test; mean ± SEM of n = 4 technical replicates). Data

representative of two independent experiments.
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normal IL-6 responsiveness (Figures S5F and S5G).MC38 tumors

grew slowly in CD8DIL6R mice (Figure S5H); thus, only CD8DIL6R

mice with relatively large tumors (comparable in size to those of

WT mice) were selected for therapeutic studies. Compared with

WT littermates, CD8DIL6Rmice showed greater tumor control (Fig-

ure 5B) and stronger induction of anti-tumor CTL responses dur-

ing PD-L1 blockade (Figures 5C–5F and S5I). This phenotypewas

not due to obvious baseline differences in T cell development or

function (Figure S5J).

RNA-seq analysis of intratumoral CD8DIL6R versus WT CTLs

revealed substantial differences in gene expression (Figure 5G).

Anti-PD-L1 treatment induced genes related to IL-2, TGFb, and

VEGF signaling in WT CTLs, whereas it drove genes associated

with IFN response andOxPhos in IL6R-deficient CTLs (Figure 5H,

Table S5). We next evaluated genotype-dependent expression

in CTLs from mice treated with anti-PD-L1. No differences

were observed in co-inhibitorymolecule expression (Figure S5K).

IL6R-deficient CTLs expressed high amounts of genes related to

IFN response, OxPhos, mitochondrial biogenesis, cell cycle,
DNA repair, and mRNA processing (Figure 5I) and low amounts

of naive-associated factors (Figure S5L). Genes associated with

CD8DIL6R CTL were found predominantly in modules 2 and 3

(early activation and cell division) from Best et al.,25 whereas

WT-associated genes were related to modules 7 and 8 (naive

andmemory precursor; Figure S5M). Overall, these findings sug-

gest that during PD-L1 blockade, IL-6 acts on CTLs to restrain

their effector differentiation and impair therapeutic efficacy.

DISCUSSION

Our clinical observations corroborate the recently described

prognostic association between plasma IL-6/CRP and poor sur-

vival of ICI-treated melanoma patients,6,34 and they identify high

tumor IL6 expression as a predictor of poor atezolizumab mono-

therapy outcome in RCC. This relationship may be causal based

on our experimental data, which demonstrate that IL-6 can

impair anti-PD-L1 efficacy via direct functional inhibition of

CTLs. Consistent with the association between plasma IL-6
Cell Reports Medicine 4, 100878, January 17, 2023 7
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Figure 5. CTL-intrinsic IL-6 signaling impairs anti-PD-L1 efficacy

(A) IL6R expression on lymph node T cells from CD8DIL6R mice or WT littermate controls (n = 5 mice per group).

(B) Tumor growth (mean +/� SEM) in CD8DIL6R mice and WT littermates treated with anti-PD-L1 or control antibodies, pooled from two independent studies and

compared using two-way ANOVA.

(C–F) Cytokine expression in tumor-infiltrating CTLs after 1 week of treatment. Representative staining and Boolean analysis are shown in (C) and (D),

respectively. Frequencies of IFN-g+ TNF+ cells among tumor-infiltrating CTLs (E), and their absolute number (F), compared using one-way ANOVA with Holm-

Sidak’s multiple comparisons test (n = 9–12 mice per group). Data pooled from two independent studies.

(G–I) RNA-seq analysis of FACS-purified tumor-infiltrating CTLs from CD8DIL6R mice or WT littermates. Mice with established MC38 tumors (�150 mm3) were

treated with anti-PD-L1 or control antibodies for 7 days (n = 4–5 mice per group). (G) Differentially expressed genes between WT and CD8DIL6R CTLs. Separate

comparisons were made based on treatment. (H) Reactome pathway analysis of anti-PD-L1-driven protein-coding genes (p < 0.05) in WT and CD8DIL6R CTLs. (I)

Reactome pathway analysis of the top 500 protein-coding genes (ranked by p value) that were significantly associated with CD8DIL6R CTLs during anti-PD-L1

treatment.
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and CTL dysfunction in patients with COVID-19,35–38 we identi-

fied polyfunctional effector CTLs almost exclusively in cancer

patients with low plasma IL-6.

IL-6 was reported recently to also inhibit anti-CTLA4 efficacy

in mouse tumor models.39 Notably, while IL-6 blockade pro-

moted anti-tumor immunity in combination with anti-CTLA4, it
8 Cell Reports Medicine 4, 100878, January 17, 2023
ameliorated pathology driven by autoreactive Th17 responses,39

suggesting that IL-6/IL6R blockade may have the added benefit

of attenuating immune-related adverse events.

IL-6 can potentially influence anti-PD-L1 efficacy through

severalmechanisms, including support of cancer cell fitness,2,4 in-

hibition of Th1 responses,5,8,10 promotion of immunosuppressive
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myeloid cells,7,9,40–42 or disruption of conventional dendritic cells

(cDCs).43 Inour studies, IL6Rblockadehad little impactonmyeloid

populations, and anti-IL6R/PD-L1 combination therapy did not

affect Th1 responses reproducibly. In contrast, combination

therapy enhanced CTL responses in several tumor models,

consistent with the inhibitory effect of IL-6 on CTLs in vitro. While

this could be related to impaired cDC1s,43 we observed only

modest changes in cDCs during combination therapy, and CTL-

restricted IL6R deficiency enhanced anti-PD-L1 efficacy. Thus,

although IL-6 can potentially influence several cell types to impair

ICI activity, direct effects on CTLs may also be important for this

process.

IL-6-mediated CTL inhibition required STAT3-dependent

expression of BATF, consistent with prior observations impli-

cating STAT3 and BATF as regulators of CTL function.22,32,44–46

However, the complete mechanism in vivo is likely complex

and context dependent, since IL-6 controls expression of

numerous T cell regulators, including the immunotherapy targets

CTLA4 and TIGIT. IL-6 also promoted expression of factors

necessary for memory formation, including Foxo1, IL-10, and

Bach2,30,31,44,47–49 consistent with its role in promoting CD4+

T cell memory.50 Although CTLs with progenitor-like properties

are important for sustained anti-tumor immunity,51 successful

immunotherapy requires their differentiation into cytotoxic

effector cells.52–55 Thus, by promoting progenitor/memory-like

properties, IL-6 may support the longevity of anti-tumor CTLs

but nevertheless limit ICI efficacy by impairing their development

into effector cells.

Direct inhibition of CTLs by IL-6 ismechanistically distinct from

other cytokine-dependent processes that can potentially inhibit

ICI efficacy, including recruitment of inhibitory myeloid cells by

VEGF,56 IL-1b,57 IL-8,58,59 or LIF,60 suppression of tumor CTL

infiltration by TGFb,61 and support of Treg function by IL-

23.62,63 Importantly, therapies targeting IL-6 and IL6R are

approved for several conditions including rheumatoid arthritis,

cytokine release syndrome, giant cell arteritis, and multicentric

Castleman disease.64 Given the extensive clinical experience

with IL-6 inhibitors, and the pressing need to improve upon exist-

ing immunotherapies, combination of ICIs with approved anti-IL-

6/IL6R agents warrants investigation in cancer patients.

Limitations of the study
Interpretation of our clinical data is limited by their retrospective

nature, and prospective studies are necessary to fully evaluate

the association of IL-6 with immunotherapy efficacy. IL-6 can

potentially influence anti-PD-L1 response through many cell

types, and our study does not provide a comprehensive assess-

ment of its cell-intrinsic effects in non-CTLs. Further experiments

with lineage-specific deletion of IL6R, combined with analyses

such as single-cell RNA-seq, could provide additional mecha-

nistic information. Finally, clinical studies of IL-6 pathway inhibi-

tors in combination with ICIs will be necessary to fully evaluate

the therapeutic translatability of our findings.
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K.W., Pérez-Melgosa, M., Sweetser, M.T., Schlissel, M.S., Nguyen, S.,

et al. (2001). A critical role for Dnmt1 and DNA methylation in T cell devel-

opment, function, and survival. Immunity 15, 763–774. https://doi.org/10.

1016/s1074-7613(01)00227-8.

68. McFarland-Mancini, M.M., Funk, H.M., Paluch, A.M., Zhou, M., Giridhar,

P.V., Mercer, C.A., Kozma, S.C., and Drew, A.F. (2010). Differences in

wound healing in mice with deficiency of IL-6 versus IL-6 receptor.

J. Immunol. 184, 7219–7228. https://doi.org/10.4049/jimmunol.0901929.

69. Maekawa, Y., Minato, Y., Ishifune, C., Kurihara, T., Kitamura, A., Kojima,

H., Yagita, H., Sakata-Yanagimoto, M., Saito, T., Taniuchi, I., et al.

(2008). Notch2 integrates signaling by the transcription factors RBP-J

and CREB1 to promote T cell cytotoxicity. Nat. Immunol. 9, 1140–1147.

https://doi.org/10.1038/ni.1649.

70. Gupta, V., Davancaze, T., Good, J., Kalia, N., Anderson, M., Wallin, J.J.,

Brady, A., Song, A., and Xu,W. (2016). Bioanalytical qualification of clinical

biomarker assays in plasma using a novel multi-analyte Simple PlexTM

platform. Bioanalysis 8, 2415–2428. https://doi.org/10.4155/bio-

2016-0196.

71. Jassal, B., Matthews, L., Viteri, G., Gong, C., Lorente, P., Fabregat, A., Si-

diropoulos, K., Cook, J., Gillespie, M., Haw, R., et al. (2020). The reactome

pathway knowledgebase. Nucleic Acids Res. 48, D498–D503. https://doi.

org/10.1093/nar/gkz1031.

72. Oh, S.A., Seki, A., and Rutz, S. (2019). Ribonucleoprotein transfection for

CRISPR/Cas9-Mediated gene knockout in primary T cells. Curr. Protoc.

Immunol. 124, e69. https://doi.org/10.1002/cpim.69.

73. Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth,

G.K. (2015). Limma powers differential expression analyses for RNA-

sequencing and microarray studies. Nucleic Acids Res. 43, e47. https://

doi.org/10.1093/nar/gkv007.

https://doi.org/10.1016/j.immuni.2018.03.015
https://doi.org/10.1016/j.immuni.2018.03.015
https://doi.org/10.7554/eLife.01949
https://doi.org/10.1038/s41577-019-0223-7
https://doi.org/10.1038/s41586-019-1836-5
https://doi.org/10.1038/s41586-019-1836-5
https://doi.org/10.1016/j.immuni.2018.11.014
https://doi.org/10.1016/j.immuni.2018.11.014
https://doi.org/10.1016/j.immuni.2018.12.021
https://doi.org/10.1126/science.abb9847
https://doi.org/10.1126/science.abb9847
https://doi.org/10.1016/j.semcancer.2017.12.002
https://doi.org/10.1016/j.semcancer.2017.12.002
https://doi.org/10.1073/pnas.1812266115
https://doi.org/10.1158/1078-0432.CCR-15-2463
https://doi.org/10.1158/1078-0432.CCR-15-2463
https://doi.org/10.1172/jci.insight.94296
https://doi.org/10.1038/s41467-019-10369-9
https://doi.org/10.1038/s41467-019-10369-9
https://doi.org/10.1038/nature25501
https://doi.org/10.1016/j.ccr.2008.12.018
https://doi.org/10.1073/pnas.2200757119
https://doi.org/10.1038/nrd.2018.45
https://doi.org/10.1016/0092-8674(94)90169-4
https://doi.org/10.1016/0092-8674(94)90169-4
https://doi.org/10.1038/labinvest.3700630
https://doi.org/10.1038/labinvest.3700630
https://doi.org/10.1016/s1074-7613(01)00227-8
https://doi.org/10.1016/s1074-7613(01)00227-8
https://doi.org/10.4049/jimmunol.0901929
https://doi.org/10.1038/ni.1649
https://doi.org/10.4155/bio-2016-0196
https://doi.org/10.4155/bio-2016-0196
https://doi.org/10.1093/nar/gkz1031
https://doi.org/10.1093/nar/gkz1031
https://doi.org/10.1002/cpim.69
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007


Report
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-PD-L1 (mouse IgG2A, clone 6E11) Genentech N/A

Anti-IL6R (mouse IgG2A, clone MR16-1) Genentech N/A

Mouse IgG2A isotype control (anti-gp120) Genentech N/A

Anti-mouse-DEC205-ovalbumin Genentech N/A

Anti-mouse-CD40 (clone FGK4.5) Genentech N/A

Rabbit anti-phospho-STAT3 (Y705; clone D3A7) Cell Signaling Technology Cat#9145; RRID:AB_2491009

Rabbit anti-STAT3 (clone D1B2J) Cell Signaling Technology Cat#30835; RRID:AB_2798995

Mouse anti-b-actin-HRP (clone AC-15) Sigma-Aldrich Cat#A3854; RRID:AB_262011

Rabbit anti-BATF (clone D7C5) Cell Signaling Technology Cat#8638; RRID:AB_11141425

Hamster anti-mouse CD3e (clone 145-2C11) BD Biosciences Cat#550275; RRID:AB_393572

Hamster anti-mouse CD28 (clone 37.51) BD Biosciences Cat#553295; RRID:AB_394764

Rat anti-mouse CD16/32 (clone 2.4G2) BD Biosciences Cat#553142; RRID:AB_394657

Anti-mouse CD45-BV510 (clone 30-F11) BD Biosciences Cat#563891; RRID:AB_2734134

Anti-mouse Thy1.2-efluor450 (clone 53-2.1) eBioscience Cat#48-0902-82; RRID:AB_1272200

Anti-mouse Thy1.2-alexafluor700 (clone 53-2.1) Biolegend Cat#140324; RRID:AB_2566740

Anti-mouse Thy1.1-alexafluor488 (clone OX-7) Biolegend Cat#202506; RRID:AB_492882

Anti-mouse CD3ε-PE/Cy5.5 (clone 145-2C11) Biolegend Cat#100310; RRID:AB_312675

Anti-mouse CD4-BUV395 (clone GK1.5) BD Biosciences Cat#563790; RRID:AB_2738426

Anti-mouse CD4-BV785 (clone GK1.5) Biolegend Cat#100453; RRID:AB_2565843

Anti-mouse CD8a-BB515 (clone 53-6.7) BD Biosciences Cat#564422; RRID:AB_2738801

Anti-mouse CD8a-PE (clone 53-6.7) Biolegend Cat#100708; RRID:AB_312747

Anti-mouse CD8a-BUV737 (clone 53-6.7) BD Biosciences Cat#612759; RRID:AB_2870090

Anti-mouse CD11b-alexafluor700 (clone M1/70) Biolegend Cat#101222; RRID:AB_493705

Anti-mouse Gr1-PE-Cy5.5 (clone RB6-8C5) eBioscience Cat#35-5931-82; RRID:AB_469740

Anti-mouse CD11c-PE/Dazzle594 (clone N418) Biolegend Cat#117348; RRID:AB_2563655

Anti-mouse MHCII (I-A/I-E)-FITC (clone M5/114.15.2) eBioscience Cat#11-5321-85; RRID:AB_465233

Anti-mouse CD64-PE/Cy7 (clone X54-5/7.1) Biolegend Cat#139314; RRID:AB_2563904

Anti-mouse CD169-PE/Cy7 (clone 3D6.112) Biolegend Cat#142412; RRID:AB_2563911

Anti-mouse B220-BUV737 (clone RA3-6B2) BD Biosciences Cat#612838; RRID:AB_2870160

Anti-mouse IL6R-PE (clone D7715A7) Biolegend Cat#115806; RRID:AB_313677

Anti-mouse gp130-PE (clone 4H1B35) Biolegend Cat#149403; RRID:AB_2566644

Anti-mouse Foxp3-efluor450 (clone FJK-16s) eBioscience Cat#48-5773-82; RRID:AB_1518812

Anti-mouse/human GzmB-Pacific blue (clone GB11) Biolegend Cat#515408; RRID:AB_2562196

Anti-mouse TNF-PE (clone MP6-XT22) Biolegend Cat#506306; RRID:AB_315427

Anti-mouse IFNg-PE/Dazzle594 (clone XMG1.2) Biolegend Cat#505846; RRID:AB_2563980

Anti-mouse IL-17A-BV785 (clone C11-18H10) Biolegend Cat#506928; RRID:AB_2629787

Anti-human CD8a-BUV395 (clone RPA-T8) BD Biosciences Cat#563796

Anti-human TNF-alexafluor488 (clone MAb11) Biolegend Cat#502917; RRID:AB_493122

Anti-human IFNg-APC (clone B27) Biolegend Cat#506510; RRID:AB_315443

Anti-human CD3 (clone OKT3) eBioscience Cat#16-0037-85; RRID:AB_468855

Anti-human CD28 (clone CD28.2) BD Biosciences Cat#555725; RRID:AB_396068

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Pre-treatment PBMC from Atezolizumab trials

(IMmotion150 and IMvigor210)

Genentech N/A

Healthy donor PBMC Genentech N/A

Renal cell cancer tissue blocks from IMmotion150 Genentech N/A

Chemicals, peptides, and recombinant proteins

TrueCut Cas9 Protein v2 Thermo Fisher Scientific Cat#A36499

Recombinant mouse IL-6 R&D Systems Cat#406-ML

Recombinant mouse hyper-IL-6 R&D Systems Cat#

9038-SR-025/CF

Recombinant human IL-6 R&D Systems Cat#206-IL

Recombinant human IL-2 R&D Systems Cat#202-IL

SIINFEKL (OVA 257-264) peptide AnaSpec Cat#AS-60193-1

Fixable Viability Dye eFluorTM 780 Invitrogen Cat#65-0865-14

Cell Stimulation Cocktail plus protein transport

inhibitors (500X)

Invitrogen Cat#00-4975-03

Brefeldin A (1000X) eBioscience Cat#00-4506-51

Critical commercial assays

Foxp3/Transcription Factor Staining Buffer Set eBioscience Cat#00-5523-00

EasySep Mouse CD8+ T cell Isolation Kit StemCell Technologies Cat#19853

EasySep Mouse Naive CD8+ T cell Isolation Kit StemCell Technologies Cat#19858

EasySep Human Naive CD8+ T cell Isolation Kit StemCell Technologies Cat#19258

RNEasy Mini Kit Qiagen Cat#74104

iScript cDNA synthesis kit Biorad Cat#1708891

Deposited data

Raw and analyzed bulk RNAseq data (mouse) This paper GEO: GSE199048

Tumor expression data (IMmotion150) EGA EGA: EGAS00001004387

Human PBMC single-cell RNAseq count data EGA EGA: EGAS00001004451, EGAS00001004458

Experimental models: Cell lines

EMT6 Genentech N/A

MC38 Genentech N/A

MC38-GFP Genentech N/A

CT26 Genentech N/A

EG7.OVA Genentech N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Mouse: BALB/c Charles River Model# 028

Mouse: B6; SJL-Il6ratm1.1Drew/J The Jackson Laboratory JAX: 012944

Mouse: Rosa26-Cre.ki (C57BL/6NTac-

Gt(ROSA)26Sortm16(cre)Arte)

Taconic Model# 12524

Mouse: IL6R�/� (B6; SJL-Il6ratm1.1Drew/

J x C57BL/6NTac-Gt(ROSA)26Sortm16(cre)Arte

This paper N/A

Mouse OT-I: C57BL/6Tg(TcraTcrb)1100Mjb/J The Jackson Laboratory JAX: 003831

Mouse: IL6R�/� OT-1 (C57BL/6Tg(TcraTcrb)1100Mjb/J x

C57BL/6Il6r�/�)
This paper N/A

Mouse: Cd4-Cre (B6.Cg-Tg(CD4-cre)1Cwi N9) Taconic Model# 4196

Mouse: Stat3flox (B6.129S1-Stat3tm1Xyfu/J) The Jackson Laboratory JAX: 016923

Mouse: CD4DSTAT3 (B6.Cg-Tg(CD4-cre)1Cwi

N9 x B6.129S1-Stat3tm1Xyfu/J)

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Cd8a-Cre (C57BL/6-Tg(Cd8a-cre)1Itan/J) The Jackson Laboratory JAX: 008766

Mouse: CD8DIL6R (C57BL/6-Tg(Cd8a-cre)1Itan/

J x B6; SJL-Il6ratm1.1Drew/J)

This paper N/A

Oligonucleotides

Rpl19 (Mm02601633_g1) Life Technologies Cat#4331182

Il6ra (Mm01211445_m1) Life Technologies Cat#4331182

Il6st (Mm00439665_m1) Life Technologies Cat#4331182

Batf (Mm00479410_m1) Life Technologies Cat#4331182

Guide targeting exon 1 of Batf

50 GGGGGTACCTGTTTGCCAG-30
IDT N/A

Alt-R CRISPR-Cas9 tracrRNA IDT Cat#1072534

Alt-R CRISPR-Cas9 negative control crRNA IDT Cat#1072544

IL6 in situ hybridization probe Advanced Cell Diagnostics Cat#2-1082

Software and algorithms

FlowJo FlowJo https://www.flowjo.com/

Prism 9 GraphPad https://www.graphpad.com/

R The R Project for Statistical

Computing

https://www.r-project.org/

Microsoft Excel for Mac Microsoft https://products.office.com/en-us/excel
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nathaniel

West (west.nathaniel@gene.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Qualified researchers may request access to individual patient-level data through the clinical study data request platform

(http://www.clinicalstudydatarequest.com). Further details on Roche’s criteria for eligible studies are available here (https://

clinicalstudydatarequest.com/Study-Sponsors/Study-Sponsors-Roche.aspx). For further details on Roche’s Global Policy

on the Sharing of Clinical Information and how to request access to related clinical study documents, see here (http://www.

roche.com/research_and_development/who_we_are_how_we_work/clinical_trials/our_commitment_to_data_sharing.htm).

d Human tumor gene expression data for IMmotion150 are publicly available at the European Genome-Phenome Archive (EGA)

under accession number EGA: EGAS00001004387 (Yuen et al., Nature Medicine, 2020).

d Raw counts of human PBMC scRNA-seq data analyzed in this study have been submitted to the EGA with accession numbers

EGA: EGAS00001004451, EGAS00001004458.

d Raw and processed count matrix data from RNA-seq analysis of mouse T cells have been submitted to Gene Expression

Omnibus as Super-Series GEO: GSE199048.

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 SUBJECT DETAILS

In vivo animal studies
C57BL/6J (JAX stock #000664), BALB/c (Charles River), C57BL/6.OT-I (JAX stock #003831),65 C57BL/6.Stat3flox (JAX stock

#016923),66 C57BL/6.CD4-cre (Taconic stock #4196),67 C57BL/6J.Il6raflox (JAX stock #012944),68 and C57BL/6.E8i.Cd8a-cre

(JAX stock #008766)69micewere bred and housed at Genentech under specific pathogen free (SPF) conditions.Whole-body IL6R.ko

mice were generated by crossing C57BL/6J.Il6raflox and Rosa26-Cre.ki mice. Female mice were used for all studies and were
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8–10 weeks old at the start of experiments. Experimental animals were housed at Genentech in standard rodent microisolator cages.

Specific animal genotypes are indicated in figures or figure legends. For studies of transgenic mice, littermate controls were used

where appropriate. All animal studies were approved by the Genentech Institutional Animal Care and Use Committee.

Human clinical studies
Patient demographics for the clinical trials analyzed in this study are provided in Tables S1, S2, and S3. All patients gave informed

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

designs, see original publications for IMmotion150,11 PCD4989g,13 IMvigor210,14,15 and IMvigor211.16

Cell lines and primary cultures
The EMT6 murine mammary carcinoma (BALB/c), CT26 murine colon carcinoma (BALB/c), MC38 murine colon carcinoma (C57BL/

6), and E.G7-OVA murine lymphoma (C57BL/6) cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium plus

2 mM L-glutamine with 10% fetal bovine serum (FBS; Hyclone, Waltham, MA). Cell lines used in this study were negative for myco-

plasma (based on LonzaMycoalert and StratageneMycosensor assays) and authenticated by RNA-seq analysis. Sources of primary

T cells used in ex vivo activation assays are specified in figure legends.

METHOD DETAILS

Clinical sample collection
Plasma samples from TNBC patients were collected from PCD4989g (NCT01375842), a single-arm Phase I study that evaluated the

clinical activity of atezolizumab in patients with locally advanced ormetastatic malignancies, including TNBC. Bladder cancer plasma

samples were collected in IMvigor210, a single-arm Phase 2 study investigating atezolizumab in UC patients (NCT02951767,

NCT02108652) and in the Phase 3 UC trial IMvigor211 (NCT02302807) in which patients were treated with either chemotherapy

(taxane or vinflunine) or atezolizumab as a second-line or higher treatment. RCC plasma and tumor samples were collected from

IMmotion150 (NCT01984242), a phase II multicenter, randomized, open-label study investigating activity of atezolizumab and ate-

zolizumab + bevacizumab versus sunitinib in metastatic clear cell renal carcinoma. Specimens from RCC patients were acquired

<12 months before study treatment.

RNAseq profiling of tumor tissue
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. The remaining reads were aligned to the human reference genome (NCBI

Build 38) using GSNAP version 2013-10-10 (Wu et al., 2016), allowing a maximum of twomismatches per 75 base sequence (param-

eters: ‘-M 2 -n 10 -B 2 -i 1 -N 1 -w 200000 -E 1-pairmax-rna = 200000 –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. The CD8+ T cell gene expression signature (GES) was defined in a previous publication for RCC.11

Plasma IL-6 assay
EDTA plasma samples were collected from patients and stored at �80�C. Plasma IL-6 was evaluated by previously qualified immu-

noassays on the multi-analyte platform Simple Plex Ella.70 The samples were diluted twofold in sample diluent and loaded onto the

cartridge for data acquisition.

PBMC isolation and scRNAseq analysis
PBMC from UC and RCC patients were isolated using 50mL LeucosepTM tubes (Greiner Bio-One International, Germany) and Ficoll-

PaqueTM PLUS (GE Healthcare, Sweden). Whole blood drawn into sodium heparin blood collection tubes was diluted 3x with phos-

phate-buffered saline (PBS) without calcium or magnesium (Lonza,Walkersville, Maryland). Diluted cell suspensions were layered on

Leucosep tubes and centrifuged for 15 min at 800 x g at room temperature (RT). Interphases containing PBMCs were harvested,

washed with PBS, and centrifuged for 10min at 250 g at RT before further processing. PBMCwere processed for scRNAseq analysis

using the 10x Genomics platform (10x Genomics, Pleasanton, CA). Sample processing for single-cell RNA-seq was done using

Chromium Single Cell 3’ Library and Gel bead kit v2 (PN-120237) following manufacturer’s user guide (CG00052, 10x Genomics,

Pleasanton, CA). cDNA and libraries were prepared following manufacturer’s user guide (10x Genomics). cDNA amplification and

indexed libraries were prepared using 12 and 14 cycles of PCR, respectively. Libraries were profiled, quantified, and sequenced

as described above (50 single-cell gene expression libraries).

Seurat (version 3.0) was used to perform basic quality control on the raw 50 GEX matrices output from Cell Ranger 2.2.0. The Cell

Ranger Single Cell Software Suite v.2.2.1 was used to perform sample de-multiplexing, alignment, filtering, and UMI (i.e., universal

molecular identifier) counting (https://support.10xgenomics.com/single-cell-gene expression/software/pipelines/latest/what-

-is-cell-ranger). The data for each respective subpopulation were aggregated for direct comparison of single cell transcriptomes.

Then, gene dispersion analysis implemented in Seurat was used to select highly variable genes, preserving genes with logarithmic

mean expression between 0.0 and 3.0 and with logarithmic dispersion less than 0.5. Seurat (version 3.0) was used to analyze the
e4 Cell Reports Medicine 4, 100878, January 17, 2023
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PBMCGEX data. Genes with detected expression in at least five cells, and cells with at least ten genes detected were used. The first

20 principal components were used for clustering (resolution = 0.6) and for UMAP visualization. Clusters were identified based on

genes that are enriched in a specific cluster. Immunophenotyping of PBMCs was inferred from the annotation of cluster-specific

genes; Total T cells (CD3D, CD3E), CD8+ T cells (CD3E, CD8A, CD8B), B cells (CD79A), CD14 monocytes (CD14), and NK cells

(NKG7-positive and CD3E-negative).

Differential gene expression analysis of CD8+ T cells from IL-6-high (plasma IL-6 >10 pg/mL) versus IL-6-low patients used raw

counts of the samples and was performed by edgeR in R (version 2.13.0) using the generalized linear model workflow described

in the edgeR manual. First, the sequencing reads for duplicate sequencing libraries were combined to produce a single set of

sequencing reads for each sample, and the raw read counts for each gene were used to produce a DGEList object in edgeR. Genes

were only included if they were represented by at least one read in all of the samples. The calcNormFactors() function was used to

account for differences in the library size for each sample, and an experimental design model consisting of the batch and HS status

was established. The functions estimateCommonDisp() and estimateTagwiseDisp() were used to estimate dispersion. Following this,

differential expression was tested using the exact test based on qCMLmethods. The Benjamini-Hochberg correction was used with

a false discovery cut-off of 0.05. Reactome pathway enrichment analysis was used to identify processes associatedwith differentially

expressed genes.71

Software versions related to clinical data analysis
Computational analysis was performed using Cell Ranger software (10x Genomics, Pleasanton, CA) version 2.2.0, Perl version

5.18.4, R version 3.6.0, and the following packages and versions in R for analysis: Seurat, 3.0.0; edgeR, 3.26.0; cluster, 2.0.8; dynam-

icTreeCut, 1.63-1; UMAP, WGCNA, 1.66; and survival, 2.42-6. Figures and tables were generated using the following packages and

versions in R: RColorBrewer, 1.1-2; ggplot2, 3.1.1; gridExtra, 2.3; ComplexHeatmap, 2.0.0; superheat, 1.0.0; colorspace, 1.3-2;

dplyr, 0.7.8; and data for external datasets were obtained using GenomicDataCommons, 1.4.3; GEOquery, 2.48.0. The above R

packages depended secondarily on the following support packages: Matrix, 1.2-17; Biobase, 2.40.0; BiocGenerics, 0.26.0; cowplot,

0.9.3; DDRTree, 0.1.5; edgeR, 2.13.0; irlba, 2.3.2; limma, 3.38.2; magrittr, 1.5; Matrix, 1.2-15; ranger, 0.10.1; and VGAM, 1.0-6.

IL6 in situ hybridization
For the detection of IL6mRNA expression in RCC tumors, in situ hybridization was performed on 4mm thick formalin-fixed, paraffin-

embedded tissue sections mounted on glass slides. The process was automated on the Leica BOND Rx platform (Buffalo Grove, IL).

A 20 base-pair probe to the target region of IL6 (2-1082) was used (Advanced Cell Diagnostics, Inc., Newark, CA). Tissue sections

were pre-treated with heat and protease before hybridization with oligonucleotide probes. Detection and amplification were per-

formedwith the RNAscope 2.5 LSx Reagent Kit in Red (Advanced Cell Diagnostics, Inc., Newark, CA). Tumor sections were analyzed

by a qualified pathologist and considered IL6 positive if at least 1% of either tumor cell area or stromal area showed IL6 stain.

Epithelial and stromal cells were distinguished based on a combination of features and also evaluation of an adjacent, hematoxy-

lin/eosin-stained section. Tumor cells in Figure 1D are characterized by larger nuclei with variable shape and outline and a more

"open" chromatin pattern. Stromal cells show smaller and condensed nuclei. Tumor cells also have more abundant cytoplasm

compared to stromal cells and show a more cohesive growth pattern of trabecular or acinar shapes.

In vivo tumor studies
Tumor cell lines in log-phase growth were centrifuged, washed with Hank’s balanced salt solution (HBSS), counted, and resus-

pended in 50% HBSS and 50% Matrigel (BD Biosciences; San Jose, CA). EMT6 cells were inoculated in the left #5 mammary fat

pad (1 3 105 cells in 100 mL of HBSS/Matrigel mixture). Mice were inoculated subcutaneously in the right flank with 1 3 105 CT26

cells, 1 3 106 MC38 cells, or 2 3 106 E.G7-OVA cells in 100 mL of HBSS/Matrigel mixture. When tumors reached a volume of

130–230 mm3 (approximately 8 days after inoculation), animals were distributed into treatment groups such that variance in tumor

sizes between treatment groups was minimized. Mice were treated with isotype control antibodies, anti-PD-L1 (mouse IgG1 clone

6E11, 10 mg/kg first dose followed by 5 mg/kg thereafter), anti-IL6R (mouse IgG2a clone MR16-1, 15 mg/kg), or a combination of

anti-PD-L1 and anti-IL6R. Anti-PD-L1, anti-IL6R, and isotype control antibodies were produced in-house and were free of endotoxin

contamination. For EMT6, CT26, and MC38 studies, mice were euthanized after 10–11 days (after 3 doses of treatment) and tumors

collected for flow cytometry analysis. For E.G7-OVA studies, tumors were evaluated one week after adoptive transfer of 13 106 OT-I

CD8+ T cells. For therapeutic efficacy studies, antibodies were administered 2 times per week for 3 weeks (intravenously for the first

dose and intraperitoneally thereafter). Tumors were measured 2 times per week using digital calipers, and tumor volumes calculated

using the modified ellipsoid formula, 1/2 x (length x width2). When tumor volumes fell below 32 mm3 (lower limit of detection) they

were considered a complete response (CR; 100% tumor growth inhibition). Tumors that regressed to less than 50% of starting

volume but eventually recurred were considered partial responders (PR), and tumors that never regressed were considered to be

progressive disease (PD). Disease progression was defined as a 5x increase in tumor volume. Mice were euthanized if tumors ulcer-

ated or volumes exceeded 2000 mm3. Early euthanasia of some mice due to tumor ulceration contributed to some variability in final

sample sizes of immune pharmacodynamic studies. No mice met criteria for euthanasia due to body weight loss or adverse clinical

signs.
Cell Reports Medicine 4, 100878, January 17, 2023 e5
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DEC-OVA immunization
Naive OT-I T cells were isolated from spleens and lymph nodes of OT-I or OT-I.IL6R.ko mice (both CD90.1+) by first mashing through

70 mmpore filters using the sterile blunt end of a plunger froma 1mL syringe. Naive CD8+ T cells were then isolated using the EasySep

Mouse Naive CD8+ T cell Isolation Kit (STEMCELL Technologies, Cambridge, MA). Cells were resuspended at 1 3 107 cells/mL in

sterile HBSS and 13 106 cells (0.1 mL) were injected intravenously via the lateral tail vein into wild type C57BL/6J (CD90.2) recipient

mice bearing EG.7-OVA tumors. The next day mice were injected intravenously with a mixture of 50 mg/kg DEC-OVA (ovalbumin

fused to anti-DEC205 antibody; produced in-house) and 2.5 mg/kg anti-CD40 antibody (produced in-house; clone FGK4.5).

EMT6 cell proliferation in vitro

EMT6 cell responsiveness to IL-6 (10 ng/mL) and hyper-IL-6 (20 ng/mL) was quantified using a p-STAT3 (Y705) electrochemilumi-

nescence assay after 15 min of stimulation (Meso Scale Diagnostics, Rockville, MD). Cell proliferation in the presence or absence

of hyper-IL-6 (20 ng/mL) or anti-IL6R antibody (40 mg/mL) was determined by seeding cells into flat-bottom 96-well plates and

tracking confluence over time using IncuCyte live-cell imaging (Essen BioScience, Ann Arbor, MI).

Tissue preparation and flow cytometry
Tumors were weighed, minced, and enzymatically digested using a cocktail of dispase (Life Technologies, Carlsbad, CA), collage-

nase P, and DNaseI (Roche, Penzberg, Germany) for 45min at 37�C to obtain a single-cell suspension. Cells were counted using a Vi-

CELL XR (Beckman Coulter, Brea, CA). Cell suspensions were passed through 100 mm pore filters to remove clumps and debris. For

analysis of cytokine expression, cells were re-stimulated ex vivo for 3 h at 37�C in T cell stimulationmedia composed as follows: RPMI

1640mediumwith 10% FBS (Hyclone, Waltham, MA), 100 U/mL penicillin/100 mg/mL streptomycin (Gibco, Thermo Fisher Scientific,

Waltham, MA), 55 mM b-mercaptoethanol (Gibco, Thermo Fisher Scientific, Waltham, MA), 2 mM L-glutamine (Gibco, Thermo Fisher

Scientific, Waltham, MA), 1 mM sodium pyruvate (Gibco, Thermo Fisher Scientific, Waltham, MA), 0.1 mM non-essential amino acids

(Gibco, Thermo Fisher Scientific, Waltham, MA), 10 mM HEPES (Gibco, Thermo Fisher Scientific, Waltham, MA), and 1x Cell Stim-

ulation Cocktail with protein transport inhibitors (containing phorbol 12-myristate 13-acetate (PMA), ionomycin, brefeldin A, andmon-

ensin; eBioscience, Thermo Fisher Scientific, Waltham, MA). For cell staining, cells were first incubated with anti-CD16/CD32 Fc

block (5 mg/mL; BDBiosciences, San Jose, CA; clone 2.4G2) and LIVE/DEAD Fixable dead cell stain (efluor780; Invitrogen, Carlsbad,

CA) in PBS for 20 min at 4–8�C. Cells were then washed and stained with combinations of the following antibodies: CD45-BV510

(2 mg/mL; BD Biosciences, San Jose, CA; clone 30-F11), Thy1.2-efluor450 (2 mg/mL; eBioscience, Thermo Fisher Scientific,

Waltham, MA; clone 53-2.1), Thy1.2-alexafluor700 (5 mg/mL; BioLegend, San Diego, CA; clone 53-2.1), Thy1.1-alexafluor488

(2.5 mg/mL; BioLegend, San Diego, CA; clone OX-7), CD3ε-PE/Cy5.5 (2 mg/mL; eBioscience, Thermo Fisher Scientific, Waltham,

MA; clone 145-2C11), CD4-BUV395 (2 mg/mL; BD Biosciences, San Jose, CA, clone GK1.5), CD4-BV785 (2 mg/mL; BioLegend,

San Diego, CA; clone GK1.5), CD8a-BB515 (2 mg/mL; BD Biosciences, San Jose, CA, clone 53-6.7), CD8a-PE (2 mg/mL;

BioLegend, San Diego, CA; clone 53-6.7), CD8a-BUV737 (2 mg/mL; BD Biosciences, San Jose, CA; clone 53-6.7), CD11b-

alexafluor700 (5 mg/mL; BioLegend, San Diego, CA; clone M1/70), Gr1-PE-Cy5.5 (1 mg/mL; eBioscience, Thermo Fisher Scientific,

Waltham, MA; clone RB6-8C5), CD11c-PE/Dazzle594 (2 mg/mL; BioLegend, San Diego, CA; clone N418), MHCII (I-A/I-E)-FITC

(2.5 mg/mL; eBioscience, Thermo Fisher Scientific, Waltham, MA; clone M5/114.15.2), CD64-PE/Cy7 (2 mg/mL; BioLegend, San

Diego, CA; clone X54-5/7.1), CD169-PE/Cy7 (2 mg/mL; BioLegend, San Diego, CA; clone 3D6.112), B220-BUV737 (2 mg/mL; BD

Biosciences, San Jose, CA; clone RA3-6B2), IL6R-PE (2 mg/mL; BioLegend, San Diego, CA; clone D7715A7), and gp130-PE

(2 mg/mL; BioLegend, San Diego, CA). Cells were stained for 20 min at 4–8�C.
Staining patterns used to define cell subsets were as follows: CD8+ T cells, Thy1+ CD3ε+ CD8a+ CD4�CD11b�; CD4+ Tconv cells,

Thy1+ CD3ε+ CD8a�CD4+ Foxp3�CD11b�; Treg, Thy1+ CD3ε+ CD8a�CD4+ Foxp3+ CD11b�; macrophages, CD11b+ CD64+ Gr1�;
monocytes/Mo-MDSC, CD11b+ Gr1int CD64int; neutrophils/Gr-MDSC, CD11b+ Gr1high CD64�; B cells, Thy1� CD11b� B220+

MHCII+ CD4�; plasmacytoid DC, Thy1� CD11b� B220+ MHCIIint CD4+ CD11c+; classical DC1, Thy1� B220� CD64/CD169�

CD11c+ MHCII+ CD11b� CD8a+; classical DC2, Thy1� B220� CD64/CD169� CD11c+ MHCII+ CD11b+ CD8a�.
For analysis of intracellular proteins, surface-stained cells were fixed and permeabilized with the eBioscience Foxp3/Transcription

Factor staining buffer set (Thermo Fisher Scientific, Waltham, MA). Cells were then stained for 30–60min at 4–8�Cwith combinations

of the following antibodies in 1x permeabilization buffer: Foxp3-efluor450 (2 mg/mL; eBioscience, Thermo Fisher Scientific, Waltham,

MA; clone FJK-16s), GzmB-Pacific Blue (1 mg/mL; BioLegend, San Diego, CA; clone GB11), TNF-PE (1 mg/mL; BioLegend, San

Diego, CA; clone MP6-XT22), IFNg-PE/Dazzle594 (0.67 mg/mL; BioLegend, San Diego, CA; clone XMG1.2), and IL-17A-BV785

(1 mg/mL; BioLegend, San Diego, CA; clone TC11-18H10).

Flow cytometry data were collected with a BD LSRFortessa or BD FACSymphony analyzer (BD Biosciences, San Jose, CA) and

analyzed using FlowJo software (Version 10.5, FlowJo LLC, Ashland, OR). Cell sorting was performed on a BD Fusion/S6 (BD Bio-

sciences, San Jose, CA).

T cell activation ex vivo

Mouse spleens and/or lymph nodes were isolated and mashed through 70 mm pore filters. For standard peptide activation of OT-I

CD8+ T cells, 0.2 million splenocytes were seeded in Falcon flat bottom 96 well plates (Corning Life Sciences, Corning, NY) and

pulsed with 100 ng/mL SIINFEKL peptide (AnaSpec, Fremont, CA), allowing splenic antigen-presenting cells to present both peptide
e6 Cell Reports Medicine 4, 100878, January 17, 2023
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and PD-L1 to T cells. After 2 days, cells were analyzed or transitioned to T cell media (without SIINFEKL) containing 10 ng/mL recom-

binant human IL-2 and incubated for 3–4 days before use in cytotoxicity assays or re-stimulation with anti-CD3/CD28 antibodies. For

flow cytometry analysis of cytokine expression, Brefeldin A (eBioscience, Thermo Fisher Scientific, Waltham, MA) was added 4 h

before staining.

For polyclonal T cell activation, bulk splenocytes or CD8+ T cells isolated using the EasySep CD8+ T cell Isolation Kit (STEMCELL

Technologies, Cambridge, MA) were plated in T cell media containing 10 ng/mL human IL-2 at 0.2 million cells per well in Falcon flat

bottom 96 well plates (Corning Life Sciences, Corning, NY) coated overnight with 5 mg/mL anti-CD3 antibody (BD Biosciences, San

Jose, CA, clone 145-2C11) and 2.5 mg/mL anti-CD28 antibody (BD Biosciences, San Jose, CA, clone 37.51). Cells were labeled in

some experiments with Cell Trace Violet-421 (Molecular Probes, Thermo Fisher Scientific, Waltham, MA). In some assays, T cells

were activated in the presence of recombinant mouse IL-6 (10 ng/mL; R&D Systems, Minneapolis, MN), mouse hyper-IL-6

(20 ng/mL; R&D Systems, Minneapolis, MN), isotype control mouse IgG2a antibody (5 mg/mL), mouse IgG2a anti-IL6R antibody

(5 mg/mL; clone MR16-1), or mouse IgG1 anti-PD-L1 (5 mg/mL; clone 6E11). CRISPR/Cas9-mediated deletion of Batf in primary

T cells was performed according to a previously published protocol72 using the following gRNA targeting exon 1

(GGGGGTACCTGTTTGCCAG; IDT, San Diego, CA). BATF was detected in western blots using anti-BATF clone D7C5 (Cell Signaling

Technology, Danvers, MA).

For human T cell activation, naive human CD8+ T cells were isolated from buffy coats using the EasySep Human Naive CD8+ T cell

Isolation Kit (STEMCELL Technologies, Cambridge, MA), and plated on 96-well flat-bottom plates pre-coated with 10 mg/mL anti-

CD3 (clone OKT3, Thermo Fisher Scientific, Waltham, MA) in T cell medium containing 1 mg/mL soluble anti-CD28 (clone CD28.2,

BD Biosciences, San Jose, CA) and 10 ng/mL recombinant human IL-2 (R&D Systems, Minneapolis, MN). Recombinant human

IL-6 (R&D Systems, Minneapolis, MN) was added to some wells at 10 ng/mL. Cells were re-stimulated with PMA/ionomycin before

analysis.

T cell cytotoxicity assays
OT-I CD8+ T cells were activated with SIINFEKL peptide (AnaSpec, Fremont, CA) as described above in the presence or absence of

recombinant mouse IL-6 (10 ng/mL) or hyper-IL-6 (20 ng/mL) for 5–6 days. MC38-GFP cells (plated at 5,000 cells per well in 96-well

flat-bottom plates) were pulsed with 10 ng/mL SIINFEKL peptide for 1 h at 37�C and washed with PBS, at which time T cells were

added in complete T cell medium.MC38 cell deathwas quantified over time using IncuCyte Live Cell Analysis (Essen Bioscience, Ann

Arbor, MI).

Bulk RNA-seq analysis of mouse T cells
OT-I CD8+ T cells were activatedwith SIINFEKL peptide as described above. Viable CD8+ T cells were sorted to >99%purity on day 7

using a BD FACS Aria Fusion cell sorter (BD Biosciences, San Jose, CA). RNA was extracted using the RNEasy mini kit (Qiagen, Ger-

mantown, MD). 0.1 mg of total RNA was used for library preparation using TruSeq Stranded Total RNA Library Prep Kit (Illumina, San

Diego, CA). Libraries were multiplexed and sequenced on Illumina HiSeq4000 (Illumina, San Diego, CA) to generate 30 million

single-end 50 base pair reads. Data were analyzed using HTSeqGenie in BioConductor as follows: first, reads with low nucleotide

qualities (70%of baseswith quality <23) or rRNA and adapter contamination were removed. The reads that passedwere then aligned

to the reference genome GRCh38.p10 using GSNAP (Wu et al., 2016). Alignments of the reads that were reported by GSNAP as

‘‘uniquely mapping’’ were used for subsequent analysis. Gene expression levels were quantified as Reads Per Kilobase of exon

model per Million mapped reads normalized by size factor (nRPKM), defined as number of reads aligning to a gene in a sample/(total

number of uniquelymapped reads for that sample x gene length x size factor). Principal components analysis (PCA) and generation of

differential expression heatmaps were performed using Partek Flow version 8.0.19.0710. Differential gene expression analysis was

performed using voom from the limma R package.73

RNA extraction and qRT-PCR
Cells were lysed in RLT buffer and homogenized by pipetting. RNA was isolated using RNEasy Mini or Micro kits (Qiagen, German-

town, MD) followed by reverse transcription using the iScript cDNA synthesis kit (Biorad, Hercules, CA). Quantitative RT�qPCR was

performed using Taqman assays (Life Technologies, Carlsbad, CA) according tomanufacturer instructions and a ViiA7 384-well real-

time PCR detection system (Applied Biosystems, Waltham, MA). All expression levels were normalized to an internal housekeeping

gene (Rpl19) and calculated as 2^�(CTHK�CTgene).

Western blotting
Cell pellets were lysed in RIPA buffer with protease and phosphatase inhibitors (Roche, Penzberg, Germany) at 4�C for 20 min.

Supernatants were obtained after high-speed centrifugation and protein concentration measured using the BCA assay (Thermo

Fisher Scientific, Waltham, MA). Lysates were denatured with reducing sample buffer and dithiothreitol (Invitrogen, Waltham, MA)

at 95�C for 10 min. Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis in a NuPAGE

4–12% gradient Bis-Tris gel and analyzed by western blotting with antibodies against phospho-STAT3 (clone D3A7, Cell Signaling

Technology, Danvers, MA), total STAT3 (clone D1B2J, Cell Signaling Technology), BATF (clone D7C5, Cell Signaling Technology),

and b-actin-HRP (Sigma-Aldrich, St Louis, MO).
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QUANTIFICATION AND STATISTICAL ANALYSIS

The Kaplan-Meier method was used to estimate the probability of OS. For OS analysis, surviving patients were censored at the time

of the last contact. The hazard ratios and 95% confidence intervals for OS were estimated by a Cox regression model. Cox propor-

tional hazards and linear regression model was performed to conduct multivariate analysis (co-variates are specified in figure

legends).

Statistical calculations were performed using GraphPad software or R. Statistical details for specific experiments including the

tests used and value/definition of n are provided in figure legends. Box-and-whisker plots represent median, quartiles, and

maximum/minimum values. Bar charts and error bars indicate means and SEM. In vitro assays were performed with 3–4 technical

replicates per condition. Sample sizes for in vivo mouse studies were based on the number of mice routinely needed to establish

statistical significance based on variability within study arms. Each data point represents either a technical replicate (in the case

of in vitro studies) or a biological replicate (individual mouse from in vivo studies). p-values and FDR values < 0.05 were considered

in all analyses to be statistically significant.

ADDITIONAL RESOURCES

Clinical trial information for IMmotion150 (NCT01984242): https://clinicaltrials.gov/ct2/show/NCT01984242.

Clinical trial information for PCD4989g (NCT01375842): https://www.clinicaltrials.gov/ct2/show/NCT01375842.

Clinical trial information for IMvigor210 (NCT02951767 and NCT02108652): https://clinicaltrials.gov/ct2/show/NCT02951767 and

https://clinicaltrials.gov/ct2/show/NCT02108652.

Clinical trial information for IMvigor211 (NCT02302807): https://clinicaltrials.gov/ct2/show/NCT02302807.
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 2 

Supplementary Figure 1. Plasma IL-6 and CRP associate with poor response to atezolizumab (anti-PD-L1) in 
multiple human cancers (related to Figure 1). 

(A) Flowchart showing number of intent-to-treat patients in PCD4989g (TNBC cohort), IMvigor210, IMvigor211, 
and IMmotion150, as well as the numbers of patients whose plasma, bulk tumor RNAseq, or PBMC single-cell 
RNAseq samples were included for analysis. 

(B) Plasma IL-6 concentrations in healthy individuals compared to patients with TNBC (P=1.87x10−6), RCC 
(P=4.93x10−7), or UC (P=1.35x10−7), compared using two-sided Mann-Whitney U-tests with Benjamini-Hochberg 
correction. 

(C) Pearson correlation of patient-matched tumor IL6 mRNA expression (derived from RNAseq) and plasma IL-6 
protein concentration in patients from IMmotion150. 

(D) Distribution of plasma IL-6 in healthy adults and patients with the indicated cancer types. 

(E) Plasma IL-6 concentrations were transformed into normality using Box-Cox transformation, and values were 
derived at the stated standard deviations and confidence intervals relative to the plasma IL-6 distribution of healthy 
adults. A concentration of ≥10 pg/ml (>4 standard deviations from the healthy control mean) was chosen for 
downstream analyses as the definition of high plasma IL-6. 

(F–I) Association of high plasma IL-6 with poor OS in IMmotion150 (F), the TNBC cohort of PCD4989g (G), 
IMvigor210 (H) and IMvigor211 (I).  

(J) Pearson correlation of plasma IL-6 and plasma CRP in patients with TNBC, UC, or RCC. 

(K–M) Association of high plasma CRP (>3 mg/L) with poor OS in the TNBC cohort of PCD4989g (K), 
IMvigor210 (L), and IMmotion150 (M). 

In all survival analyses, HR (+/− 95% CI) and P-values were corrected in multivariate analysis using the following 
co-variates: ECOG (Eastern Cooperative Oncology Group) performance status, liver metastasis, and line of therapy 
for TNBC; ECOG performance status and presence of liver metastasis for UC; and MSKCC (Memorial Sloan 
Kettering Cancer Centre) prognostic risk score, previous nephrectomy, and liver metastasis for RCC. 
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Supplementary Figure 2. IL-6 inhibits anti-PD-L1 efficacy and effector differentiation of CD8+ T cells 
(related to Figure 2).  

(A) Blockade of IL6R and PD-L1 in the orthotopic EMT6 mammary tumor model. Tumors reached 150 mm3 before 
randomization to treatment groups. Mice were treated with anti-IL6R and/or anti-PD-L1 antibodies twice weekly for 
3 weeks for long-term tumor control studies, and for 10–11 days for analysis of tumor immune infiltrates. 

(B) In vitro proliferation of EMT6 cells in the presence of hyper-IL-6 or anti-IL6R antibody, measured by Incucyte 
confluence assay (n=4 technical replicates ± s.e.m. per condition). EMT6 cells do not respond to IL-6 due to lack of 
IL6R expression, but are sensitive to hyper-IL-6 (a fusion protein of IL-6 and the soluble form of IL6R). 

(C) FACS-sorting strategy to isolate major cell populations from EMT6 tumors. 

(D) RT-qPCR analysis of IL6 mRNA expression in cells isolated from untreated EMT6 tumors (from n=3 mice) as 
indicated in panel C (n=3 biological replicates). Blue bars indicate relative IL6 expression (normalized to Hprt) in 
each cell type, while salmon bars indicate the relative abundance of each cell population as determined by flow 
cytometry (with the rarest cell type, iCAFs, set at 1). IL6 expression and relative cell abundance were combined to 
estimate the percentage of overall IL6 expression attributable to each cell type in the tumor, displayed as a stacked 
bar chart.  

(E) Relative abundance of leukocyte populations in EMT6 tumors after treatment. Heatmap indicates mean fold 
change relative to isotype control, from n=16–17 mice pooled from three studies. Combination treatment caused a 
significant (P=0.0003) increase in CD8+ T cells relative anti-PD-L1 alone, but no significant changes were observed 
for other cell types. 

(F–H) Analysis of Th17 (IL-17A+ CD4+ T cells) and Tc17 (IL-17A+ CD8+ T cells) cells in EMT6 tumor tissue and 
draining lymph nodes (n=5–6 mice per group). Representative flow cytometry plots are shown in panel F. IL-17A+ 
cell frequencies are provided for tumor and lymph nodes in panels G and H, respectively. Data are representative of 
three independent experiments. 

(I–K) Anti-PD-L1 and/or anti-IL6R treatment of established (150 mm3) subcutaneous MC38 tumors.  

(I) MC38 tumor growth after treatment randomization. Anti-PD-L1 and combination treatment groups compared 
using two-way ANOVA (P-value reported for treatment effect). Rates of CR (complete tumor regression), PR 
(tumor regression of >50% followed by re-growth), and PD (persistent growth or regression <50%) are provided in 
the accompanying table (containing data pooled from two studies). 

(J) Frequency of IFN-γ+ CD8+ T cells among tumor-infiltrating CD45+ cells isolated from MC38 tumors after 10 
days of treatment. Biological replicates are pooled from two studies. Groups compared using one-way ANOVA with 
Holm-Sidak’s multiple comparisons test. 

(K) Ratio of IFN-γ+ CD8+ T cells to Foxp3+ CD4+ Treg cells in MC38 tumors after 10 days of treatment. Biological 
replicates are pooled from two studies. Groups compared using one-way ANOVA with Holm-Sidak’s multiple 
comparisons test. 

(L–O) Anti-PD-L1 and/or anti-IL6R treatment of established (150 mm3) subcutaneous CT26 tumors.  

(L) CT26 tumor growth after treatment randomization (n=5–6 mice per group). Anti-PD-L1 and combination 
treatment groups compared using two-way ANOVA (P-value reported for treatment effect). Unlike MC38, complete 
tumor regression was not observed in this tumor model. 

(M) Time-to-progression Kaplan-Meier analysis (5x increase in tumor volume) of CT26 tumors, starting from time 
of treatment. Anti-PD-L1 and combination groups compared using log-rank test. Biological replicates are pooled 
from three studies. 

(N) Frequency of polyfunctional CD8+ T cells among tumor-infiltrating CD45+ cells isolated from CT26 tumors 
after 10 days of treatment. Data are pooled from two studies. Groups compared using one-way ANOVA with Holm-
Sidak’s multiple comparisons test. 

(O) Ratio of effector CD8+ T cells to Foxp3+ CD4+ Treg cells in CT26 tumors after 10 days of treatment. Data are 
pooled from two studies. Groups compared using one-way ANOVA with Holm-Sidak’s multiple comparisons test. 
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Supplementary Figure 3. Single-cell RNA-seq analysis of CD8+ T cells from patients with high or low plasma 
IL-6 (related to Figure 2I–K). 

(A, B) For samples from both UC and RCC cohorts, PBMC were clustered using UMAP analysis to identify total T 
cells (A), which were then sub-clustered to identify CD8+ T cells (B) based on co-expression of markers such as 
CD8A, GZMB, NKG7, and PRF1. 

(C, E) CD8+ T cells from UC (C) and RCC (E) samples were further UMAP-clustered to identify transcriptionally 
distinct subpopulations. 5 subclusters were identified for UC-derived samples, and 6 subclusters for RCC-derived 
samples. Proposed cluster identities are indicated as follows: Eff.poly, polyfunctional effectors; Eff.early, early 
differentiated effectors; Eff.dysf, dysfunctional effectors; Naïve/stem, naive/central memory/stem-like cells; Quiesc., 
quiescent with high expression of ribosomal genes and low expression of effector markers; Tpex, T progenitor 
exhausted. 

(D, F) Frequency distributions of CD8+ T cell subclusters among cells derived from UC (D) or RCC (F) patients 
with high or low plasma IL-6. Cluster distributions were compared using Chi-square analysis. 

(G, H) Dot plots representing expression of key genes associated with effector function, naïve/memory-like states, 
or exhaustion among CD8+ T cell subclusters from UC (G) and RCC (H) samples. UC cluster 2 and RCC cluster 5 
are defined as polyfunctional effector cells based on co-expression of multiple effector markers, including IFNG and 
GZMB. 
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Supplementary Figure 4. Inhibition of CD8+ T cell function by IL-6 (related to Figures 3–4). 

(A) Proliferation of OT-I CD8+ T cells following stimulation of bulk splenocytes with SIINFEKL peptide and IL-6 
or anti-IL6R antibody. Mean % viable cells and fold expansion values (± s.e.m.) are provided for day 3, based on 
n=4 technical replicates per group. Data are representative of three experiments. 
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(B) Boolean analysis (represented as SPICE plots) of IFN-γ, TNF, and GzmB expression in polyclonally activated 
CD8+ T cells. Splenocytes from IL6R.ko mice or WT littermates were cultured with plate-bound anti-CD3/CD28 
antibodies in the presence of isotype control antibody, anti-IL6R antibody, IL-6, or hyper-IL-6. CD8+ T cells were 
analyzed after 3 days. Data represent 3 independent experiments. Colored arcs represent the proportion of cells 
expressing the indicated factor. Overlapping arcs indicate factor co-expression. Pie segments are colored uniquely to 
highlight different co-expression phenotypes (e.g. red = IFN-γ+ GzmB+ TNF+; yellow = IFN-γ+ GzmB+ TNF−; gray 
= IFN-γ− GzmB− TNF−, etc). 

(C) IFN-γ+ frequencies among CD8+ T cells from panel B. Groups compared using one-way ANOVA with Tukey’s 
multiple comparisons test. 

(D) Boolean analysis of IFN-γ, TNF, and GzmB expression in FACS-sorted naïve or memory CD8+ T cells from 
WT C57BL/6J mice, activated for 3 days with anti-CD3/CD28 antibodies +/− IL-6. Data are representative of two 
independent experiments. 

(E) Activation of human naïve CD8+ T cells isolated from PBMC of n=4 healthy donors. T cells were activated with 
plate-bound anti-CD3 and soluble anti-CD28 antibody, with or without 10 ng/ml recombinant human IL-6. Cells 
were restimulated on day 5 with PMA/ionomycin and analyzed by flow cytometry for expression of IFN-γ and TNF. 
Groups compared using paired t-test. 

(F–H) Inhibition of anti-PD-L1 effects by IL-6 in an ex vivo OT-I T cell activation assay based on peptide-
stimulation of bulk splenocytes. CD8+ T cell expansion and phenotype was assessed by flow cytometry. Data points 
represent technical replicates. 

(F) SIINFEKL peptide was titrated in 10-fold dilutions to optimize detection of anti-PD-L1-driven enhancement of 
CD8+ T cell activation. Groups compared by t-test; **P<0.01. 

(G) Flow cytometry analysis of IFN-γ expression after activation with 1 ng/ml SIINFEKL in the presence of isotype 
control antibody, anti-PD-L1 antibody, IL-6, or combined anti-PD-L1 and IL-6. 

(H) Relative expansion of IFN-γ+ OT-I CD8+ T cells activated as described in panel G. Groups compared by t-test; 
data represent two independent experiments. 

(I) OT-I splenocytes were cultured with SIINFEKL peptide in the presence or absence of IL-6 or hyper-IL-6 for 2 
days, at which time IL-6 was removed and cells were maintained in medium supplemented with IL-2 for 4 days. 
Cells were restimulated with anti-CD3/CD28 for 1 day and CD8+ T cells were analyzed by flow cytometry on day 7. 
Alternatively, cells were activated for the first 2 days with peptide only, and IL-6 or hyper-IL-6 was added from 
days 3-7. Representative contour plots of IFN-γ and TNF expression are shown, in addition to summarized 
frequencies of polyfunctional cells among CD8+ T cells. Groups compared using one-way ANOVA with Holm-
Sidak’s multiple comparisons test. Data are representative of two experiments. 

(J) Naïve CD8+ T cells from WT C57BL/6J mice were activated with anti-CD3/CD28 antibodies and cells were 
collected daily for analysis of Il6ra and Il6st (gp130) expression by qRT-PCR (normalized to Rpl19). Data points 
indicate mean (± s.e.m.) of technical triplicates. 

(K) Naïve CD8+ T cells from WT C57BL/6J mice were stimulated with IL-6 or hyper-IL-6 for 15 minutes, either at 
resting state or after 3 days of anti-CD3/CD28 stimulation, and cells were harvested for analysis of STAT3 
phosphorylation (Y705) by western blot. 

(L) Flow cytometry analysis of IL6R and gp130 expression on naïve, CM, and EM CD8+ T cells from healthy 
C57BL/6J mice. Representative histograms are shown in the center panel, and quantification of protein expression 
(relative to isotype control) in the right panel. Data points indicate biological replicates. 

(M) Naïve, CM, or EM CD8+ T cells from WT C57BL/6J mice were isolated by FACS, rested in culture for 1 hour 
without TCR or cytokine stimulation, and then treated with IL-6 or hyper-IL-6 for 15 minutes. Cells were lysed and 
analyzed for STAT3 phosphorylation (Y705) by western blot. 

(N) WT CD8+ T cells (C57BL/6J) were activated in one of the following 3 ways: standard anti-CD3/CD28 
stimulation after culture with IL-2 for 1 day; culture with IL-6 + IL-2 for 1 day prior to anti-CD3/CD28 stimulation, 
at which time IL-6 was withdrawn; or culture with IL-6 + IL-2 for 1 day prior to anti-CD3/CD28, with continuous 
IL-6 stimulation for the duration of the experiment. IFN-γ and TNF expression was assessed by flow cytometry on 
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day 3 following anti-CD3/CD28 stimulation. Groups of n=4 technical replicates were compared using one-way 
ANOVA with Tukey’s multiple comparisons test; data represent two independent experiments. 

(O) Ifng mRNA expression in CD8+ T cells with or without IL-6 stimulation at 4h, 2d, or 7d following TCR 
stimulation. Bars indicate mean (± s.e.m.) of n=3 technical replicates. Associated with Fig. 4A. 

(P) Generation of BATF CRISPR-ko cells from primary CD8+ T cells using electroporation of Cas9-gRNA 
complexes. Cells were electroporated two days prior to anti-CD3/CD28 stimulation and maintained in medium 
containing 5 ng/ml recombinant IL-7. BATF deletion was assessed by western blot 2 days after anti-CD3/CD28 
stimulation +/− IL-6. Out of 4 BATF-targeting gRNA sequences tested, gRNA-1 was selected for downstream 
functional studies. Associated with Fig. 4G. 
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Supplementary Figure 5. Suppression of anti-PD-L1 response via CD8+ T cell-intrinsic IL-6 signaling (related 
to Figure 5). 

(A) Adoptive transfer and in vivo activation of WT or IL6R.ko OT-I CD8+ T cells in mice bearing established EG7 
tumors. All treatments were initiated on the same day. Isotype/anti-PD-L1 treatments were administered again 4 
days later. 

(B) Impact of DEC-OVA (ovalbumin fused to anti-DEC205 antibody) + anti-CD40 immunization on activation of 
CD90.1 (Thy1.1)+ OT-I cells in EG7 tumor-bearing mice. OT-I cells are primed ineffectively toward EG7 tumors in 
the absence of additional immunization with ovalbumin. Cells are gated on total tumor-infiltrating CD45+ cells. 
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(C, D) Abundance of polyfunctional (IFN-γ+ GzmB+ TNF+) OT-I CD8+ T cells normalized to tumor weight (C), and 
tumor masses (D) after one week of treatment. Data are from n=9–10 mice per group, compared using one-way 
ANOVA with Holm-Sidak’s multiple comparisons test. Data are representative of three experiments. 

(E) IL6R expression on lymph node-derived cDC1 (CD11b− CD8a+ CD11c+ MHC-II+) and cDC2 (CD11b+ CD8a− 
CD11c+ MHC-II+) from CD8ΔIL6R mice or WT littermates.  

(F, G) Western blot analysis of STAT3 activation in splenic CD8+ T cells (F) or CD4+ T cells (G) from healthy 
CD8ΔIL6R mice or WT littermates. Cells were stimulated ex vivo for 20 minutes with 10 ng/ml IL-6 or 20 ng/ml 
hyper-IL-6. 

(H) MC38 tumor volumes after one week of growth in untreated CD8ΔIL6R mice or WT littermate controls. Groups 
compared by Mann-Whitney U-test.  

(I) Total CD8+ T cell abundance (normalized to tumor weight) in MC38 tumors of CD8ΔIL6R mice or WT littermates 
after one week of anti-PD-L1 or isotype control treatment. Data are from n=6–9 mice per group from one of two 
independent experiments; groups compared using one-way ANOVA with Holm-Sidak’s multiple comparisons tests. 

(J) Lymph node-derived CD8+ T cell frequency and phenotype in CD8ΔIL6R mice versus WT littermates. For 
cytokine analysis, cells were restimulated ex vivo with PMA/ionomycin for 2 hours. Plots are representative of 3 
healthy female mice per genotype. 

(K) RNAseq analysis of exhaustion-related markers in CD8+ T cells sorted from MC38 tumors in CD8ΔIL6R mice or 
WT littermates treated with anti-PD-L1. 

(L) Expression of selected genes associated with naïve T cells, STAT3 response, and IFN response in CD8+ T cells 
sorted from MC38 tumors in CD8ΔIL6R mice or WT littermates treated with anti-PD-L1 or isotype control antibodies. 

(M) Distribution of differentially expressed genes from RNAseq analysis of tumor-infiltrating CD8+ T cells from 
anti-PD-L1-treated CD8ΔIL6R mice or WT littermates among CD8+ T cell differentiation modules 1–10 from Best et 
al (Nat Immunol, 2013; OT-I cells activated in vivo by infection with Listeria-OVA). *P<0.05, >0.01; **P<0.01, 
>0.001; ***P<0.001, >0.0001; ****P<0.0001 (Fisher’s exact test). 
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Supplementary Table 1 (related to Figure 1). Demographic characteristics of RCC (renal cell carcinoma) patients 
in the IMmotion150 study. IL-6 status refers to plasma IL-6 (high, >10 pg/ml). 
 
 
 
 
 
 
 

 

Supplementary Table 2 (related to Figure 1). Demographic characteristics of UC (urothelial bladder cancer) 
patients in the IMvigor210 and IMvigor211 studies. IL-6 status refers to plasma IL-6 (high, >10 pg/ml). 
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Supplementary Table 3 (related to Figure 1). Demographic characteristics of TNBC (triple-negative breast 
cancer) patients in the PCD4989g study. IL-6 status refers to plasma IL-6 (high, >10 pg/ml). 
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