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Purpose: Immune checkpoint inhibitors (ICIs) such as nivolumab and

ipilimumab (N/I) are important treatment options for advanced renal cell

carcinoma (RCC). The tumor microenvironment (TME) in these ICI-treated

patients is largely unknown.

Methods: Twenty-four patients treated with N/I between July 2015 and June

2020 were analyzed. Multiplexed immunohistochemistry (mIHC) was

conducted to define the TME, including various T cell subsets, B cells,

macrophages, and dendritic cells.

Results: The median age of the study patients was 61 years (range, 39–80) and

75.0% of these cases were men. The objective response rate with N/I was

50.0%. The densities of the CD8+ cytotoxic T cells (P=0.005), specifically

CD137+ CD8+ T cells (P=0.017), Foxp3- CD4+ helper T cells (P=0.003),

Foxp3+ CD4+ regulatory T cells (P=0.045), CD68+ CD206- M1

macrophages (P=0.008), and CD68+ CD206+ M2 macrophages (P=0.021)

were significantly higher in the treatment responders. At a median follow-up

duration of 24.7 months, the median progression-free survival (PFS) was 11.6

months. The high densities (≥median) of Foxp3- CD4+ helper T cells (P=0.016)

and CD68+ CD206- M1 macrophages (P=0.008) were significantly associated

with better PFS, and the density of CD137+ CD8+ cytotoxic T cells (P=0.079)
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wasmarginally associated with better PFS. After multivariate analysis, the higher

density of Foxp3- CD4+ helper T cells was independently associated with

better PFS (hazard ratio 0.19; P=0.016).

Conclusion: The properties and clinical implications of the TME properties in

RCC indicate that Foxp3- CD4+ helper T cells, M1 macrophages, and CD137+

CD8+ T cells are potential predictive biomarkers and treatment targets.
KEYWORDS

renal cell carcinoma, tumor microenvironment, immune checkpoint inhibitors,
response, survival
Introduction

The prognosis of advanced renal cell carcinoma (RCC) has

considerably improved in recent decades due to the introduction

of immune checkpoint inhibitors (ICIs), which block

programmed death (ligand) 1 (PD-L1) and cytotoxic T

lymphocyte antigen-4 (CTLA4) and combinations of ICI plus

vascular endothelial growth factor receptor tyrosine kinase

inhibitor. Following the phase III CheckMate-214 trial, a first-

line therapy with nivolumab (an anti-PD-1 inhibitor) plus

ipilimumab (an anti-CTLA4 inhibitor), compared to sunitinib

alone, was found to improve the objective response rate (ORR)

(42% vs. 27%, P<0.001) and overall survival (OS) (hazard ratio

[HR] 0.63, P<0.001) in intermediate- and poor-risk patients (1).

The long-term follow-up analysis of these trial subjects also

demonstrated durable efficacy benefits with nivolumab plus

ipilimumab compared with sunitinib (2, 3). However, only a

limited number of patients benefit from ICIs. The ORR was 42%

with nivolumab plus ipilimumab versus 27% with sunitinib

(P<0.001). Approximately 20% (83/425) of the intermediate-

and poor-risk patients from the CheckMate-214 trial (1)

experienced initial disease progression and had relatively short

progression-free survival (PFS).

There are currently no validated biomarkers for predicting

the ICI treatment response. The predictive and prognostic

significance of PD-L1 expression, genomic mutations, the

tumor mutation burden, and gene expression patterns have

previously been explored in ICI-treated patients (4–7). The

peripheral blood markers such as absolute neutrophil,

lymphocyte, monocyte, eosinophil, and immune cell counts

have been also investigated for the prediction of response to

ICI treatment (8–10). However, understanding the determinants

of these treatment responses is challenging. Given that the tumor

microenvironment (TME) can influence the response to ICIs, an

investigation of its heterogeneous characteristics is necessary to

predict this response, and a better understanding of the
02
underlying immunity in the patients could suggest novel

strategies to further improve clinical outcomes (11, 12).

Among various immune subsets in TME, T cell subsets such

as cytotoxic CD8+ T cells, helper CD4+ T cells, and regulatory

CD4+ T cells are recognized as key components in the anti-tumor

immune response (13–15). CD8+ T cells are activated through the

CD137 signaling, thereby enhancing T cell survival and

promoting their effector function (16). Macrophages, dendritic

cells, and B cells also participate in antigen presentation,

inflammation, and anti-tumor activity (17). Previous studies

have examined the prognostic value of various immune subsets

using conventional immunohistochemistry (IHC) in various

cancer (18, 19). However, conventional IHC has limitations in

that it is impossible to stain multiple markers at once on the same

specimen slide to evaluate immune subsets and cannot evaluate

immune cell counts. The multiplexed IHC (mIHC) is the

quantitative multispectral imaging method that can discriminate

immune subsets based on the expression of multiple markers. This

novel method has been validated to reflect conventional IHC-

based immune cell evaluation and is increasingly used to assess

the immune profiles of the TME (20, 21).

In our present study, we performed mIHC to investigate the

features of TME in patients with advanced RCC receiving

nivolumab plus ipilimumab and evaluated the prognostic

implications for the prediction of a treatment response.
Materials and methods

Patients

A total of 24 patients with advanced or metastatic RCC were

treated with nivolumab plus ipilimumab as first-line therapy at

Asan Medical Center, Seoul, Republic of Korea, between July

2015 and June 2020. mIHC was retrospectively performed to

investigate the characteristics of TME in these patients. This
frontiersin.org
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retrospective study was approved by the Institutional Review

Board of Asan Medical Center (study number: 2019-1712), and

it was conducted in accordance with the Declaration of Helsinki

and Good Clinical Practice.

Patients with International Metastatic RCC Database

(IMDC) (22) at intermediate- or poor-risk received

nivo lumab (3 mg/kg) and ip i l imumab (1 mg/kg)

intravenously as a first-line therapy every 3 weeks in four

doses, followed by nivolumab (3 mg/kg) every 2 weeks. The

tumor response was assessed using computed tomography

every 6 to 9 weeks for the first year and then every 9 to 12

weeks thereafter until disease progression or discontinuation of

ICI treatment, based on the response evaluation criteria in solid

tumors (RECIST) criteria v1.1 (23).
Multiplexed immunohistochemistry

Optimized fluorescent mIHC was performed by tyramide

signal amplification (TSA) using a Leica Bond Rx™ Automated

Stainer (Leica Biosystems, Newcastle, UK). Cells were stained

with antibodies against CD20 (ab9475; Abcam, Cambridge, UK),

CD4 (ab133616; Abcam), CD103 (ab129202; Abcam), Foxp3

(ab20034; Abcam), CD137 (ab197942; Abcam), CD8

(MCA1817; Bio-Rad, Hercules, CA, USA), CD206 (NBP1-

90020; Novus Biologicals, Littleton, CO, USA), CD68 (ab

192847; Abcam), CD11c (ab52632; Abcam), MHCII (ab 7856;

Abcam), and PD-L1 (13684S; Cell Signaling Technology,

Danvers, MA, USA). The fluorescence signals were captured

with the following fluorophores: Opal 480, Opal 520, Opal 570,

Opal 620, Opal 690, and Opal 780. Multiplex-stained slides were

obtained using the Vectra® Polaris Quantitative Pathology

Imaging System (PerkinElmer, Boston, MA, USA). The images

were analyzed using inForm 2.4.4 image analysis software

(PerkinElmer) and Spotfire™ software (TIBCO Software Inc.,

Palo Alto, CA, USA).
Frontiers in Oncology 03
Regions of interest (ROIs) representing each tissue specimen

were carefully chosen by pathologists, based on hematoxylin and

eosin slides, and approximately 7–11 ROIs were thereby selected

for each tissue specimen. We also subdivided the tumor into

center, margin, and stroma regions in the available tissues from

surgical specimens. The immune cell activity and its clinical value

may be different according to the spatial distribution.

Representative images are shown in Figure 1, and the

implications for each marker are explained in Table S1. CD8+

was used for indicating cytotoxic T cells; CD103+ CD8+ for

tissue-resident T cells and CD137+ CD8+ or CD137+ CD4+ for

costimulatory 4-1BB-expressing T cells, both used as activated T

cells; Foxp3- CD4+ for helper T cells; Foxp3+ CD4+ for regulatory

T cells; CD20+ for B cells; CD206- CD68+ for M1-polarized

macrophages; CD206+ CD68+ for M2-polarized macrophages;

CD11c+MHC class II+ for antigen-presenting dendritic cells; and

PD-L1+ for immune regulatory molecules. Cell densities are

measured as the mean/mm2 for each cell population.
Statistical analyses

Categorical and quantitative data were compared using the

chi-square test or Fisher’s exact test, and Mann–Whitney U tests.

The mean levels of the markers among the three groups were

compared using analysis of variance (ANOVA). Multiple

comparison tests were not performed. The PFS was calculated

from the date of ICI initiation to the date of disease progression or

death from any cause, whichever occurred first. The OS was

calculated from the date of ICI initiation to the date of death from

any cause. Survival was estimated using the Kaplan–Meier

method, and the log-rank test was used to compare the

differences between the curves. A two-sided P-value <0.05 was

considered significant, and all statistical analyses were performed

using the statistical package for the social sciences (SPSS) 25.0

software package (IBM SPSS Statistics, Chicago, IL, USA).
A B C

FIGURE 1

Representative examples of multiplexed immunohistochemical staining of advanced renal cell carcinoma tissue sections. (A) hematoxylin and
eosin staining. (B) CD20, CD4, CD103, Foxp3, CD137, and CD8. (C) CD206, CD68, CD11c, MHCII, and PDL1. Original magnification, x 200.
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Results

Patient characteristics

A total of 24 patients underwent mIHC analysis in this

study. The baseline patient characteristics are summarized in

Table 1. The median patient age was 61 years (range, 39–80

years), and 75.0% were men. The available tissues were obtained

prior to nivolumab plus ipilimumab treatment. Tissues were

obtained from surgery (n=16) or biopsy (n=8).

Table 1 summarizes the efficacy of the ICI treatments. The

ORR and disease control rate (DCR) were 50.0% and 70.8%,

respectively. At a median follow-up duration of 24.7 months

(95% confidence interval [CI], 21.5–28.0), 14 patients (58.3%)

experienced disease progression and the median PFS was 11.6

(95% CI, 5.2–17.9) months. The median OS was not reached

because only five (20.8%) patients had died at the time of

the analysis.
Frontiers in Oncology 04
Association of tumor microenvironment
immune cells with responses to
nivolumab plus ipilimumab

The densities of the T cell subsets, B cells, macrophages,

dendritic cells, and PD-L1-expressing immune cells were

compared between responders (complete response [CR] +

partial response [PR]) and non-responders. The density of

immune cells in the TME of the advanced RCC lesions is

listed according to the response in Table 2. The density of

CD8+ cytotoxic T cells (P=0.005), Foxp3- CD4+ helper T cells

(P=0.003), and Foxp3+ CD4+ regulatory T cells (P=0.045) was

significantly higher in responders than in non-responders.

Specifically, CD137+ CD8+ T cells (P=0.017) was highly

infiltrated in the responders. A high infiltration of CD68+

CD206- M1 macrophages or CD68+ CD206+ M2

macrophages was significantly associated with achieving a

response to nivolumab plus ipilimumab (P=0.008 and

P=0.021). Otherwise, there were no significant differences in

the density of CD11c+ MHC class II+ dendritic cells or PD-L1-

expressing immune cells between the responders and

non-responders.
Association of tumor microenvironment
immune cells with progression-
free survival

Each TME marker was classified into high (≥median) and

low (<median) groups. The high density of Foxp3- CD4+

helper T ce l l s (P=0.016) and CD68+ CD206- M1

macrophages (P=0.008) was significantly associated with

better PFS (Figures 2A, B). The high density of CD137+

CD8+ cytotoxic T cells (P=0.079), CD137+ CD4+ cytotoxic

T cells (P=0.126), and CD20+ B cells (P=0.185) was

marginally associated with better PFS (Figures 2C–E).

Multivariate analysis revealed that the higher density of

Foxp3- CD4+ helper T cells was independently associated

with better PFS (hazard ratio 0.19, 95% CI 0.05-0.73;

P=0.016) (Table 3). There were no significant differences in

the PFS according to the densities of CD11c+ MHC class II+

dendritic cells or PD-L1-expressing immune cells.
Spatial distribution of tumor
microenvironment immune cells

To quantify the infiltration of immune cell subsets,

associated with the efficacy with nivolumab plus ipilimumab,

according to their spatial distribution, the tumor regions were

subdivided into a center, margin, and stroma in the available

tissues (n=14). The density of FoxP3- CD4+ helper T cells,

CD137+ CD8+ cytotoxic T cells, and CD137+ CD4+ T cells
TABLE 1 Baseline characteristics of the study patients and clinical
outcomes with nivolumab plus ipilimumab.

Total patients
(n=24, %)

Median age, years (range) 61 (39–80)

Sex

male 18 (75.0)

female 6 (25.0)

IMDC risk group

Intermediate 14 (58.3)

Poor 10 (41.7)

Histology type

Clear cell* 23 (95.8)

Presence of sarcomatoid component 8 (33.3)

Site of metastasis

Lymph node 10 (41.7)

Lung 19 (79.2)

Liver 3 (12.5)

Bone 10 (41.7)

Previous nephrectomy 17 (70.8)

Response and survival with nivolumab plus ipilimumab

Complete response 3 (12.5)

Partial response 9 (37.5)

Stable disease 5 (20.8)

Progressive disease 7 (29.2)

Objective response rate 12 (50.0)

Disease control rate 17 (70.8)

Median progression-free survival 11.6 (95% CI 5.2–17.9) months

Median overall survival Not reached
IMDC; International Metastatic RCC Database Consortium, CI; confidence interval
*One patient had a sarcomatoid renal cell carcinoma.
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seemed to be numerically higher in the tumor margin than in the

stroma or center (Figure S1).
Association of tumor microenvironment
immune cells with treatment-related
adverse event to nivolumab
plus ipilimumab

Treatment-related adverse event (TRAE) occurred in 16

(66.7%) (Table S2). The most common TRAE of any grade

was rash (n=8, 33.3%) and there were grade 3 hyperglycemia

(n=4, 16.7%). Common TRAE (>10%) of any grade included

ALT elevation (n=7, 29.2%), AST elevation (n=5, 20.8%),

anorexia (n=5, 20.8%), diarrhea (n=4, 16.7%), pruritus (n=4,

16.7%), and fatigue (n=3, 12.5%). Most of them were in grade 1.

There were no significant differences in immune cell densities

between patients with any grade of TRAE and those without any

TRAE (Table S3), and patients with grade 3 hyperglyceima and

those without grade ≥ 3 TRAE (Table S4).
Discussion

The current study showed a significant association between

the TME in RCC patients and the response and PFS to

nivolumab plus ipilimumab treatment through mIHC analysis.

Notably, the higher density of Foxp3- CD4+ helper T cells and

CD68+ CD206- M1 macrophages was significantly associated

with both the treatment response and better PFS, respectively.

The density of Foxp3- CD4+ helper T cells remained a

significant factor in terms of the PFS after multivariate analysis.
Frontiers in Oncology 05
There is growing interest in unraveling the role of TME in

identifying biomarkers but exploring its heterogeneity is a

complex task in highly immune-infiltrated RCC (11, 12). A

simple measurement of CD8+ T cells is unlikely to be predictive

of an ICI response (11), and a defective T cell function in RCC

has been reported in several studies (24–26). Emerging evidence

has suggested that CD4+ T cells may also play a critical role in

immune responses. Foxp3- CD4+ helper T cells have been

shown to promote the priming of tumor-specific CD8+ T cells

and help elicit durable T cell responses by interacting with

dendritic cells in an MHCII-dependent manner (14). CD68+

CD206- M1 macrophages participate in antigen presentation,

inflammation, and anti-tumor activity (27). We found also in

our current analyses that CD137+ CD8+ T cells, as a population

of activated T lymphocytes, had a significantly higher level of

infiltration in the responders compared with the non-

responders, and that this higher density was marginally

associated with better PFS. It is well known that signaling

through CD137 induces the activation of CD8+ T cells,

thereby enhancing T cell survival, promoting their effector

function, and favoring memory differentiation (28). Regarding

the Foxp3+ CD4+ regulatory T cells known to have opposing

roles in antitumor immunity (14), we found in our present

analyses that the density of Foxp3+ CD4+ regulatory T cells was

inversely higher in responders than in non-responders. This may

be explained by the fact that the antitumor activity of anti-

CTLA4 inhibitors is dependent on the depletion of CTLA4-

expressing regulatory T cells in the TME through antibody-

dependent cellular cytotoxicity (29). Hence, patients with a

higher density of Foxp3+ CD4+ regulatory T cells can be more

susceptible to anti-CTLA4 inhibitors. It has been reported in this

regard that a higher Foxp3+ CD4+ regulatory T cell level at
TABLE 2 Immune cell infiltration densities between the treatment responders and non-responders.

Nivolumab plus ipilimumab (n=24, %)

Responders (n=12),
median (IQR 25%-75%)

Non-responders (n=12),
median (IQR 25%-75%)

P-value

CD8+ cytotoxic T cells 394.2 (157.7-670.4) 98.1 (50.4-279.3) 0.005

CD103+ CD8+ tissue-resident T cells 18.2 (2.5-33.1) 8.3 (3.7-15.5) 0.148

CD137+ CD8+ T cells 5.6 (1.9-45.7) 0.9 (0.0-8.3) 0.017

Foxp3- CD4+ helper T cells 349.1 (251.2-799.6) 58.2 (25.3-147.2) 0.003

Foxp3+ CD4+ regulatory T cells 15.8 (2.3-22.6) 0.7 (0.2-3.1) 0.045

CD137+ CD4+ T cells 7.0 (2.2-120.9) 3.3 (0.0-33.5) 0.090

CD20+ B cells 21.1 (5.8-40.7) 3.3 (0.7-31.5) 0.134

CD68+ CD206- M1 macrophages 643.67 (408.95-1148.24) 126.50 (71.59-575.16) 0.008

CD68+ CD206+ M2 macrophages 3.67 (1.10-12.46) 0.63 (0.0-2.42) 0.021

CD11c+ MHC class II+ dendritic cells 0 (0-1.4) 0 (0-0) 0.557

PD-L1+ cells 770.6 (506.9-1417.7) 388.3 (92.4-1143.2) 0.223
front
IQR, interquartile.
Cell densities are measured as the mean/mm2 for each cell population.
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baseline is significantly associated with favorable outcomes with

ipilimumab therapy in patients with melanoma (30).

Exploratory biomarker studies (4–7) using pivotal trials,

including CheckMate-214 (1) and CheckMate-025 (31, 32),

have been conducted to predict ICI treatment responses. In

the CheckMate-214 trial, PD-L1 IHC, whole exome sequencing

and RNA sequencing were performed to evaluate PD-L1

positivity, tumor mutation burden, indel burden, human

leucine antigen class I zygosity, the PBRM1 mutation status,

and gene signature scores (4). Although the tumor mutation

burden and genomic instability can serve as robust predictors of

an ICI response in various cancers, these expected factors, as well

as PD-L1 positivity, were not found previously to be associated

with the clinical benefits of a nivolumab plus ipilimumab

combination (4). Besides the PD-1/PD-L1 axis and CTLA-4

for these checkpoint inhibitors, there are several other

checkpoints such as PD-L2, T cell immunoglobulin and mucin

domain containing 3 (TIM3), and lymphocyte activating 3

(LAG3), which may be associated with immune response (33–

35). In the CheckMate-025, -010, and -009 trials, the tumor

mutation burden and CD8+ T cell infiltration level were not

predictive of second-line nivolumab monotherapy in patients

previously treated with tyrosine kinase inhibitor (5–7). However,

these predictive values may vary depend on treatment settings

and types of ICIs. In this study, the combination of nivolumab
Frontiers in Oncology 06
with ipilimumab was administered as first-line, and different

from nivolumab monotherapy, limited the determination of its

predictive values. Unlike previous studies, we here directly

examined various immune cells in RCC tissue samples that are

the major players in the TME associated with antitumor activity.

Moreover, our mIHC approach enhanced the quality of the TME

analysis, considering that the difference between certain T cell

subsets is not detectable by conventional IHC.

It has been proposed that with the investigation of specific

TME components and their recognized impact on the treatment

responses, combination strategies that target distinct immune

cell subsets may help overcome treatment resistance (11).

Repolarizing macrophages toward an M1 phenotype could

promote an immune response and engender synergistic effects

with ICIs. Inhibitors of PI3Kg or mTOR as well as agonists of

CD40, TLR4, -7, -8, or -9 can repolarize macrophages towards a

proinflammatory phenotype promoting tumor suppression in

preclinical studies (36). Considering that the indolamine 2,3

dioxygenase 1 (IDO1) overexpressed by M2 macrophages

depletes the essential metabolite tryptophan, which hampers T

cell proliferation (37), the combination of epacadostat (IDO1

inhibitor) and pembrolizumab has showed promising results,

with an ORR of 47% in 19 patients with advanced RCC

previously treated with antiangiogenic agents, irrespective of

their risk groups (38). The combination of epacadostat and
A B

D

E

C

FIGURE 2

Progression-free survival with nivolumab plus ipilimumab according to the densities of certain T cell subsets, CD20+ B cells, and M1
macrophages at the tumor margin. (A) Foxp3- CD4+ helper T cells, (B) CD68+ CD206- M1 macrophages, (C) CD137+ CD8+ cytotoxic T cells, (D)
CD137+ CD4+ T cells, (E) CD20+ B cells.
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ipilimumab has also shown a promising ORR of 23% in

immunotherapy-naïve melanoma patients (39). The efficacy of

the combination of epacadostat with ICIs needs to be further

investigated, focusing only on intermediate- or high-risk RCC

patients. Moreover, along with the prognostic value of CD137,

the efficacy and safety of CD137 agonists alone or in

combination with ICIs have been investigated in several

studies (40–42). Novel therapeutic strategies targeting the

upregulation of CD137 expression or enhancement of CD137

signaling for synergistic effects with ICIs need to be further

studied in advanced RCC.

Despite our subgroup analysis with further small samples,

significant numbers of immune cells had a trend of higher

infiltration in the tumor margin than in the tumor center and

stroma. The clinical value of the spatial distribution of immune

cells has been reported for other cancer types. The density of

Foxp3- CD4+ helper T cells in the tumor margin rather than the

tumor center and stroma has previously shown the best capacity

for predicting the treatment response in biliary tract cancer

patients, and the tumor margin may be the main site of the

immune response in these cases (43).

The present study had some limitations of note. First, only

a small number of patients treated with nivolumab plus

ipilimumab were included. This regimen was of limited use

because it is not covered yet by the National Health Insurance

Service of Korea when this study was designed. Further, larger-

scale studies are needed to confirm the value of significant

TME biomarkers. Second, only approximately one in five
Frontiers in Oncology 07
patients in our cohort died at the time of the analysis and OS

data could not therefore be analyzed. Long-term follow-up is

necessary because PFS cannot always guarantee a long-term

response. Third, TME analysis using mIHC may not represent

the entire tissue specimen because it is limited to ROIs. There

are particular concerns in this regard when using biopsy

specimens rather than surgical specimens. It may be

necessary to investigate a wider area of tumor tissues to

properly assess any possible clinical applicability of these

findings, as well as to validate TME biomarkers associated

with an ICI treatment response.

In conclusion, several immune cells in the TME are fully

associated with the response to ICIs, particularly Foxp3- CD4+

helper T cells and M1 macrophages. These are new predictive

biomarkers and possible future therapeutic targets that could

help to further improve survival.
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Previous nephrectomy (yes vs. no) 0.75 (0.23-2.48) 0.642

CD8+ cytotoxic T cells (high vs. low) 0.74 (0.25-2.22) 0.596
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et al. Nivolumab plus ipilimumab versus sunitinib for first-line treatment of advanced
renal cell carcinoma: Extended 4-year follow-up of the phase III CheckMate 214 trial.
ESMO Open (2020) 5:e001079. doi: 10.1136/esmoopen-2020-001079

3. Motzer RJ, McDermott DF, Escudier B, Burotto M, Choueiri TK, Hammers
HJ, et al. Conditional survival and long-term efficacy with nivolumab plus
ipilimumab versus sunitinib in patients with advanced renal cell carcinoma.
Cancer (2022) 128:2085–97. doi: 10.1002/cncr.34180

4. Motzer RJ, Choueiri TK, McDermott DF, Powles T, Yao J, Ammar R, et al.
Biomarker analyses from the phase III CheckMate 214 trial of nivolumab plus
ipilimumab (N+I) or sunitinib (S) in advanced renal cell carcinoma (aRCC). J Clin
Oncol (2020) 38:5009. doi: 10.1200/JCO.2020.38.15_suppl.5009

5. Braun DA, Hou Y, Bakouny Z, Ficial M, Sant' Angelo M, Forman J, et al.
Interplay of somatic alterations and immune infiltration modulates response to
PD-1 blockade in advanced clear cell renal cell carcinoma. Nat Med (2020) 26:909–
18. doi: 10.1038/s41591-020-0839-y

6. Miao D, Margolis CA, Gao W, Voss MH, Li W, Martini DJ, et al. Genomic
correlates of response to immune checkpoint therapies in clear cell renal cell
carcinoma. Science (2018) 359:801–6. doi: 10.1126/science.aan5951

7. Braun DA, Ishii Y, Walsh AM, Van Allen EM, Wu CJ, Shukla SA, et al.
Clinical validation of PBRM1 alterations as a marker of immune checkpoint
inhibitor response in renal cell carcinoma. JAMA Oncol (2019) 5:1631–3.
doi: 10.1001/jamaoncol.2019.3158

8. Giommoni E, Giorgione R, Paderi A, Pellegrini E, Gambale E, Marini A, et al.
Eosinophil count as predictive biomarker of immune-related adverse events
(irAEs) in immune checkpoint inhibitors (ICIs) therapies in oncological patients.
Immuno (2021) 1:253–63. doi: 10.3390/immuno1030017

9. Herrmann T, Ginzac A, Molnar I, Bailly S, Durando X, Mahammedi H.
Eosinophil counts as a relevant prognostic marker for response to nivolumab in the
management of renal cell carcinoma: A retrospective study. Cancer Med (2021)
10:6705–13. doi: 10.1002/cam4.4208

10. Gibney GT, Weiner LM, Atkins MB. Predictive biomarkers for checkpoint
inhibitor-based immunotherapy. Lancet Oncol (2016) 17:e542–e51. doi: 10.1016/
s1470-2045(16)30406-5

11. Vuong L, Kotecha RR, Voss MH, Hakimi AA. Tumor microenvironment
dynamics in clear-cell renal cell carcinoma. Cancer Discov (2019) 9:1349–57.
doi: 10.1158/2159-8290.CD-19-0499

12. Hakimi AA, Voss MH, Kuo F, Sanchez A, Liu M, Nixon BG, et al.
Transcriptomic profiling of the tumor microenvironment reveals distinct
subgroups of clear cell renal cell cancer: Data from a randomized phase III trial.
Cancer Discov (2019) 9:510–25. doi: 10.1158/2159-8290.CD-18-0957

13. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy:
From T cell basic science to clinical practice. Nat Rev Immunol (2020) 20:651–68.
doi: 10.1038/s41577-020-0306-5

14. Borst J, Ahrends T, Bab̨ała N, Melief CJM, Kastenmüller W. CD4(+) T cell
help in cancer immunology and immunotherapy. Nat Rev Immunol (2018) 18:635–
47. doi: 10.1038/s41577-018-0044-0

15. Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer
immunosuppression - implications for anticancer therapy. Nat Rev Clin Oncol
(2019) 16:356–71. doi: 10.1038/s41571-019-0175-7

16. Ugolini A, Nuti M. CD137+ T-cells: Protagonists of the immunotherapy
revolution. Cancers (2021) 13:456. doi: 10.3390/cancers13030456
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2022.969569/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.969569/full#supplementary-material
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1136/esmoopen-2020-001079
https://doi.org/10.1002/cncr.34180
https://doi.org/10.1200/JCO.2020.38.15_suppl.5009
https://doi.org/10.1038/s41591-020-0839-y
https://doi.org/10.1126/science.aan5951
https://doi.org/10.1001/jamaoncol.2019.3158
https://doi.org/10.3390/immuno1030017
https://doi.org/10.1002/cam4.4208
https://doi.org/10.1016/s1470-2045(16)30406-5
https://doi.org/10.1016/s1470-2045(16)30406-5
https://doi.org/10.1158/2159-8290.CD-19-0499
https://doi.org/10.1158/2159-8290.CD-18-0957
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.3390/cancers13030456
https://doi.org/10.3389/fonc.2022.969569
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Kim et al. 10.3389/fonc.2022.969569
17. Chevrier S, Levine JH, Zanotelli VRT, Silina K, Schulz D, Bacac M, et al. An
immune atlas of clear cell renal cell carcinoma. Cell (2017) 169:736–49.e18. doi:
10.1016/j.cell.2017.04.016

18. Shen H, Liu J, Chen S, Ma X, Ying Y, Li J, et al. Prognostic value of tumor-
associated macrophages in clear cell renal cell carcinoma: A systematic review and
meta-analysis. Front Oncol (2021) 11:1278. doi: 10.3389/fonc.2021.657318

19. Kitano Y, Okabe H, Yamashita YI, Nakagawa S, Saito Y, Umezaki N, et al.
Tumour-infiltrating inflammatory and immune cells in patients with extrahepatic
cholangiocarcinoma. Br J Cancer (2018) 118:171–80. doi: 10.1038/bjc.2017.401

20. Soh JS, Jo SI, Lee H, Do EJ, Hwang SW, Park SH, et al. Immunoprofiling of
colitis-associated and sporadic colorectal cancer and its clinical significance. Sci Rep
(2019) 9:6833. doi: 10.1038/s41598-019-42986-1

21. Hofman P, Badoual C, Henderson F, Berland L, Hamila M, Long-Mira E,
et al. Multiplexed immunohistochemistry for molecular and immune profiling in
lung cancer-just about ready for prime-time? Cancers (Basel) (2019) 11(3):283.
doi: 10.3390/cancers11030283

22. Heng DY, Xie W, Regan MM, Warren MA, Golshayan AR, Sahi C, et al.
Prognostic factors for overall survival in patients with metastatic renal cell
carcinoma treated with vascular endothelial growth factor-targeted agents:
results from a large, multicenter study. J Clin Oncol (2009) 27:5794–9.
doi: 10.1200/jco.2008.21.4809

23. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R,
et al. New response evaluation criteria in solid tumours: revised RECIST guideline
(version 1.1). Eur J Cancer (2009) 45:228–47. doi: 10.1016/j.ejca.2008.10.026

24. Wang QJ, Hanada K, Robbins PF, Li YF, Yang JC. Distinctive features of the
differentiated phenotype and infiltration of tumor-reactive lymphocytes in clear
cell renal cell carcinoma. Cancer Res (2012) 72:6119–29. doi: 10.1158/0008-
5472.CAN-12-0588

25. Chevrier S, Levine JH, Zanotelli VRT, Silina K, Schulz D, Bacac M, et al. An
immune atlas of clear cell renal cell carcinoma. Cell (2017) 169:736–49.e18.
doi: 10.1016/j.cell.2017.04.016

26. Ricketts CJ, De Cubas AA, Fan H, Smith CC, Lang M, Reznik E, et al. The
cancer genome atlas comprehensive molecular characterization of renal cell
carcinoma. Cell Rep (2018) 23:313–26.e5. doi: 10.1016/j.celrep.2018.03.075

27. Shen H, Liu J, Chen S, Ma X, Ying Y, Li J, et al. Prognostic value of tumor-
associated macrophages in clear cell renal cell carcinoma: A systematic review and
meta-analysis. Front Oncol (2021) 11:657318. doi: 10.3389/fonc.2021.657318

28. Perez-Ruiz E, Etxeberria I, Rodriguez-Ruiz ME, Melero I. Anti-CD137 and
PD-1/PD-L1 antibodies en route toward clinical synergy. Clin Cancer Res (2017)
23:5326–8. doi: 10.1158/1078-0432.CCR-17-1799

29. Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F,
et al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines the
efficacy of anti-CTLA-4 therapy against melanoma. J Exp Med (2013) 210:1695–
710. doi: 10.1084/jem.20130579

30. Martens A, Wistuba-Hamprecht K, Geukes Foppen M, Yuan J, Postow MA,
Wong P, et al. Baseline peripheral blood biomarkers associated with clinical
outcome of advanced melanoma patients treated with ipilimumab. Clin Cancer
Res (2016) 22:2908–18. doi: 10.1158/1078-0432.CCR-15-2412
Frontiers in Oncology 09
31. Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S,
et al. Nivolumab versus everolimus in advanced renal-cell carcinoma. N Engl J Med
(2015) 373:1803–13. doi: 10.1056/NEJMoa1510665

32. Motzer RJ, Escudier B, George S, Hammers HJ, Srinivas S, Tykodi SS, et al.
Nivolumab versus everolimus in patients with advanced renal cell carcinoma:
Updated results with long-term follow-up of the randomized, open-label, phase 3
CheckMate 025 trial. Cancer (2020) 126:4156–67. doi: 10.1002/cncr.33033

33. Yearley JH, Gibson C, Yu N, Moon C, Murphy E, Juco J, et al. PD-L2
expression in human tumors: Relevance to anti-PD-1 therapy in cancer. Clin
Cancer Res (2017) 23:3158–67. doi: 10.1158/1078-0432.Ccr-16-1761

34. Kato R, Jinnouchi N, Tuyukubo T, Ikarashi D, Matsuura T, Maekawa S,
et al. TIM3 expression on tumor cells predicts response to anti-PD-1 therapy
for renal cancer. Transl Oncol (2021) 14:100918. doi: 10.1016/j.tranon.
2020.100918

35. Klümper N, Ralser DJ, Bawden EG, Landsberg J, Zarbl R, Kristiansen G,
et al. LAG3 (LAG-3, CD223) DNA methylation correlates with LAG3 expression
by tumor and immune cells, immune cell infiltration, and overall survival in clear
cell renal cell carcinoma. J Immunother Cancer (2020) 8(1):e000552. doi: 10.1136/
jitc-2020-000552

36. Pathria P, Louis TL, Varner JA. Targeting tumor-associated macrophages in
cancer. Trends Immunol (2019) 40:310–27. doi: 10.1016/j.it.2019.02.003

37. Ceci C, Atzori MG, Lacal PM, Graziani G. Targeting tumor-associated
macrophages to increase the efficacy of immune checkpoint inhibitors: A glimpse
into novel therapeutic approaches for metastatic melanoma. Cancers (Basel) (2020)
12:3401. doi: 10.3390/cancers12113401

38. Lara P, Bauer TM, Hamid O, Smith DC, Gajewski T, Gangadhar TC, et al.
Epacadostat plus pembrolizumab in patients with advanced RCC: Preliminary
phase I/II results from ECHO-202/KEYNOTE-037. J Clin Oncol (2017) 35:4515.
doi: 10.1200/JCO.2017.35.15_suppl.4515

39. Gibney GT, Hamid O, Lutzky J, Olszanski AJ, Mitchell TC, Gajewski TF,
et al. Phase 1/2 study of epacadostat in combination with ipilimumab in patients
with unresectable or metastatic melanoma. J Immunother Cancer (2019) 7:80.
doi: 10.1186/s40425-019-0562-8

40. Tolcher AW, Sznol M, Hu-Lieskovan S, Papadopoulos KP, Patnaik A, Rasco
DW, et al. Phase ib study of utomilumab (PF-05082566), a 4-1BB/CD137 agonist,
in combination with pembrolizumab (MK-3475) in patients with advanced solid
tumors. Clin Cancer Res (2017) 23:5349–57. doi: 10.1158/1078-0432.CCR-17-1243

41. Tolcher AW, Sznol M, Hu-Lieskovan S, Papadopoulos KP, Patnaik A, Rasco
DW, et al. Phase ib study of PF-05082566 in combination with pembrolizumab in
patients with advanced solid tumors. J Clin Oncol (2016) 34:3002. doi: 10.1200/
JCO.2016.34.15_suppl.3002

42. Segal NH, He AR, Doi T, Levy R, Bhatia S, Pishvaian MJ, et al. Phase I study
of single-agent utomilumab (PF-05082566), a 4-1BB/CD137 agonist, in patients
with advanced cancer. Clin Cancer Res (2018) 24:1816–23. doi: 10.1158/1078-
0432.CCR-17-1922

43. Kim HD, Kim JH, Ryu YM, Kim D, Lee S, Shin J, et al. Spatial distribution
and prognostic implications of tumor-infiltrating FoxP3- CD4+ T cells in biliary
tract cancer. Cancer Res Treat (2021) 53:162–71. doi: 10.4143/crt.2020.704
frontiersin.org

https://doi.org/10.1016/j.cell.2017.04.016
https://doi.org/10.3389/fonc.2021.657318
https://doi.org/10.1038/bjc.2017.401
https://doi.org/10.1038/s41598-019-42986-1
https://doi.org/10.3390/cancers11030283
https://doi.org/10.1200/jco.2008.21.4809
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1158/0008-5472.CAN-12-0588
https://doi.org/10.1158/0008-5472.CAN-12-0588
https://doi.org/10.1016/j.cell.2017.04.016
https://doi.org/10.1016/j.celrep.2018.03.075
https://doi.org/10.3389/fonc.2021.657318
https://doi.org/10.1158/1078-0432.CCR-17-1799
https://doi.org/10.1084/jem.20130579
https://doi.org/10.1158/1078-0432.CCR-15-2412
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1002/cncr.33033
https://doi.org/10.1158/1078-0432.Ccr-16-1761
https://doi.org/10.1016/j.tranon.2020.100918
https://doi.org/10.1016/j.tranon.2020.100918
https://doi.org/10.1136/jitc-2020-000552
https://doi.org/10.1136/jitc-2020-000552
https://doi.org/10.1016/j.it.2019.02.003
https://doi.org/10.3390/cancers12113401
https://doi.org/10.1200/JCO.2017.35.15_suppl.4515
https://doi.org/10.1186/s40425-019-0562-8
https://doi.org/10.1158/1078-0432.CCR-17-1243
https://doi.org/10.1200/JCO.2016.34.15_suppl.3002
https://doi.org/10.1200/JCO.2016.34.15_suppl.3002
https://doi.org/10.1158/1078-0432.CCR-17-1922
https://doi.org/10.1158/1078-0432.CCR-17-1922
https://doi.org/10.4143/crt.2020.704
https://doi.org/10.3389/fonc.2022.969569
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Clinical implications of the tumor microenvironment using multiplexed immunohistochemistry in patients with advanced or metastatic renal cell carcinoma treated with nivolumab plus ipilimumab
	Introduction
	Materials and methods
	Patients
	Multiplexed immunohistochemistry
	Statistical analyses

	Results
	Patient characteristics
	Association of tumor microenvironment immune cells with responses to nivolumab plus ipilimumab
	Association of tumor microenvironment immune cells with progression-free survival
	Spatial distribution of tumor microenvironment immune cells
	Association of tumor microenvironment immune cells with treatment-related adverse event to nivolumab plus ipilimumab

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


