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ABSTRACT

Renal cell carcinoma (RCC) is considered as an immunogenic cancer. Because not all patients respond to
current immunotherapies, we aimed to investigate the immunological heterogeneity of RCC tumors. We
analyzedthe immunophenotype of the circulating, tumor, and matching adjacent healthy kidney immune
cells from 52 nephrectomy patients with multi-parameter flow cytometry. Additionally, we studied the
transcriptomic and mutation profiles of 20 clear cell RCC (ccRCC) tumors with bulk RNA sequencing and
a customized pan-cancer gene panel. The tumor samples clustered into two distinct subgroups defined by
the abundance of intratumoral CD3+ T cells (CD3"9", 25/52) and NK cells (NK"9", 27/52). CD3"9" tumors
had an overall higher frequency of tumor infiltrating lymphocytes and PD-1 expression on the CD8+ T
cells compared to NK"" tumors. The tumor infiltrating T and NK cells had significantly elevated expres-
sion levels of LAG-3, PD-1, and HLA-DR compared to the circulating immune cells. Transcriptomic analysis
revealed increased immune signaling (IFN-y, TNF-a via NF-kB, and T cell receptor signaling) and kidney
metabolism pathways in the CD3™9" subgroup. Genomic analysis confirmed the typical ccRCC mutation
profile including VHL, PBRM1, and SETD2 mutations, and revealed PBRMT as a uniquely mutated gene in
the CD3"9" subgroup. Approximately half of the RCC tumors have a high infiltration of NK cells associated
with a lower number of tumor infiltrating lymphocytes, lower PD-1 expression, a distinct transcriptomic
and mutation profile, providing insights to the immunological heterogeneity of RCC which may impact
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treatment responses to immunological therapies.

Introduction

Renalcell carcinoma (RCC) is the most prevalent kidney cancer
that dominates approximately 90% of all kidney cancers and
accounts for one of the top ten most frequent cancer types
worldwide."” RCC employs multiple different subtypes, of which
the clear cell type (ccRCC) is the most common histopathological
form.>* The molecular and genetic characteristics of RCC are
distinct for each subtype, having their own histopathological fea-
tures, clinical outcomes, as well as responses to therapy."* Out of
the various genetic alterations in ccRCC, the most commonly
mutated genes are VHL, PBRMI, and SETD2.>>"® As a chemo-
resistant cancer, radical nephrectomy remains the treatment of
choice in non-metastatic cases and is considered as a potentially
curative therapy in localized disease.'” However, 20%-30% of
patients have a metastasized disease already at the time of diag-
nosis, and 40% of operated patients develop recurrencies.'® First-
line treatment options include vascular endothelial growth factor
(VEGF)-targeted therapies using tyrosine kinase inhibitors (TKIs)
such as pazopanib and sunitinib, as well as immune checkpoint
therapy combinations that target PD-1 and CTLA-4.'%"
Although current immune checkpoint inhibitor therapies have

shown encouraging results in RCC, only a fraction of patients
benefit from the treatment, and the majority still have progressive
disease."

Immune cells present in the tumor microenvironment
(TME) play a crucial role in the progression of cancer and
are attractive therapeutic targets. In solid tumors, the highest
level of lymphocytic infiltration has previously been observed
in ccRCC." Regarding the immunogenicity of RCC, previous
studies have shown that RCC employs a high frequency of
T cells,"*" but in contrast to other tumors, CD8+ T cells are
not associated with good prognosis.”'®'” Moreover, ccRCC
tumors have increased levels of angiogenesis, resulting in
a low number of tertiary lymphoid structures and high density
of immature dendritic cells that are known to recruit regula-
tory T cells (T,.g) associated with the presence of polyclonal,
poorly cytotoxic CD8+ T cells.'"®'® The activation of T cells
triggers an upregulation of the inhibitory PD-1 receptor as
a normal regulatory step to limit the effector function.
However, tumors utilize this pathway as a mechanism for
immune evasion by engaging with its major ligand PD-L1,
present on tumor and stromal cells, rendering the inhibition of
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Tefiector cell functions.”**! LAG-3 is expressed by activated

Thegs, and binds to the MHC class II HLAs with high affinity,
thus augmenting the production of pro-inflammatory cyto-
kines and negatively regulating T cell responses.””*>** The
role of NK cells mediating a strong, antigen independent, anti-
tumor immune response”*** is mostly an unexplored realm in
RCC, and few studies have associated them with improved
survival rates in patients with metastatic disease.’®*”*®
Because of the counterintuitive role of CD8+ T cells in RCC,
NK cell modulating therapies may represent an alternative
treatment option.

In this study, we performed a comprehensive immunopro-
filing of primary RCC tumor tissue samples and demonstrate
that they form two distinct subgroups: NK cell (NK™&") and
T cell (CD3"8") dominant cases. Our results provide insights
into the immunological heterogenicity of RCC tumors and
consideration of potential immunological biomarkers in pro-
spective clinical trials.

Materials and methods
Patients and study approval

The study included newly diagnosed RCC (n = 45) and non-
RCC (n = 7) patients that underwent radical nephrectomies
(Table 1). Primary tumor, peripheral blood (PB), and adjacent
healthy kidney tissue samples were obtained from the patients
during the surgical procedures within a four-year time frame.

The study was approved by the Helsinki University Hospital
ethical committee (Dnro 115/13/03/02/15) and was conducted
in accordance with the Declaration of Helsinki. All samples
were taken after a signed informed consent.

Sample preparation and processing

Peripheral blood mononuclear cells (PB MNCs) were sepa-
rated using Ficoll-Paque gradient centrifugation (GE
Healthcare, Buckingham, UK), and were stored in cryo vials
at —150°C.

Table 1. Sample cohort and patient characteristics.

Patients All (n = 52)
Age in years: mean (range) 68 (23-85)
Gender: n (%)
Male 29 (55.8)
Female 23 (44.2)
Histology: n (%)
Clear cell 39 (75)
Chromophobe 3(5.7)
Oncocytoma 5(9.6)
Papillary 3(5.7)
Urothelial 1(1.9)
Angiomyolipoma 1(1.9)
WHO/ISUP 2016 tumor grade at diagnosis: n (%)
| 1(1.9)
] 24 (46.1)
1] 18 (34.6)
\% 4(7.7)
Unknown 5 (9.6)
Deaths due to metastasis: n (%)
Yes 3 (5.8)
No 49 (94.2)

Freshly excised tumor samples and their matching adjacent
healthy tissue were kept in MACS® tissue storage solution
(Miltenyi Biotec 130-100-008) at 4°C upon harvest and were
delivered to our facilities within minimal transportation time.
Both tissue samples were processed immediately upon delivery
and were cut into four fragments: one piece was cut into
smaller chunks and frozen as whole fragments in 10% FBS-
DMSO freezing medium. Another piece was dissociated using
Miltenyi’s Tumor Dissociation kit protocol (Miltenyi Biotec
130-095-929). A third piece was kept in 4% PFA solution in
PBS overnight and later processed into formalin-fixed, paraffin
embedded (FFPE) blocks. From a proportion of the samples
(n = 10), a fourth piece was separately dissociated in order to
independently phenotype the spatially different tumor frag-
ments. The freshly dissociated cells were used for flow cyto-
metry analysis using the FACS Verse (BD Biosciences) and the
remaining cells were viably frozen and kept at —150°C.

Tissue preservation and staining

A section of the fresh tumor and matching adjacent healthy
kidney tissue samples were cut, processed according to stan-
dard FFPE guidelines, and stained with hematoxylin and eosin
(HE) onto microscopy slides.

Multi-parameter flow cytometry and immunophenotyping

Freshly dissociated tumor and adjacent healthy kidney, as well
as fresh whole blood samples were used to examine the
immune cell numbers and immunophenotypes. The whole
blood or dissociated kidney samples were stained for 15 min
with a comprehensive antibody staining panel that included
markers for immune checkpoint molecules, chemotaxis, cyto-
toxicity, and cell migration. The full list of markers is found in
the supplementary data (Supplementary Table S1). 1 mL of red
blood cell lysis buffer was added to each tube and incubated for
10 minutes. The cells were washed twice with PBS before
phenotyping. Next, a total of 50 000 lymphocytes were
acquired with the FACS Verse (BD Biosciences) and analyzed
with FlowJo (Version 10.0.8rl, Treestar). All antibodies were
purchased from BD Biosciences (BD Biosciences, San Diego,
CA, USA) unless mentioned otherwise.

Clinical data

We assessed a total of 25 clinical parameters, including diag-
nostic-phase laboratory values, tumor size and weight, TNM
staging, presence of necrosis, perirenal and peripelvic fat infil-
tration, rhabdoid histology, date of relapse, and other medical
histories (Supplementary Table S2).

Bulk RNA sequencing

From the ccRCC samples, 20 tumors and 10 matching healthy
tissues were selected based on the CD3"&" and NK"'€" abun-
dance according to the heatmap clustering (Supplementary Fig.
S1). Details of the RNA isolation, sequencing and standard



workflow, data preprocessing and adjustments for possible
confounding factors are described in the supplemental
methods.

Pan-cancer gene panel

The selection of the samples (20 tumor samples and their
matching adjacent healthy kidney tissue) was chosen based
on the same samples that were used for the bulk RNA sequen-
cing. Details of the custom panel sequencing workflow, data
preprocessing and variant analysis are described in the supple-
mentary section.

Statistical analysis

Heatmap clustering was carried out by normalizing with the
median scale of the data and using Spearman’s rank correlation
as well as ward.D2 linkage methods. Non-parametric Mann-
Whitney U-test (unpaired, two-tailed) was used to compare
two groups; Kruskal-Wallis test using Dunn’s correction for
multiple comparisons with a family-wise alpha threshold and
confidence level of .05 was used for three or more groups of
continuous variables. Comparisons between the RCC PB and
healthy controls were made using the unpaired t test with
Welch’s correction. Pearson correlation was used to compare
T vs PB, and T vs H tissues. All scatter dot plots show the
median and range as horizontal lines. The statistical analyses
were computed using Prism 8 (GraphPad Software Inc.) and
RStudio version 4.0.2. For all graphs: ns, not significant, *p
< .05; **p < .01; **p < .001; ***p < .0001.

Multiplexed immunohistochemistry (mIHC) and imaging
of whole tissue slides

FFPE whole tissue from 11 tumors and 11 matching adja-
cent healthy renal tissue were cut into 4 mm thin slides and
stained for CD4+ and CD8+ T cells. Briefly, the FFPE
blocks were deparaffinized and stained with the following
antibodies: (panel 1) FOXP3, CD3, CD4, CD8, (panel 2)
CD45, Carbonic Anhydrase IX (CAIX), E-cadherin and
pan-cytokeratin. Further technical details are found in pre-
vious publications**'and the supplemental methods. The
quality of the scanned and processed images was visually
assessed.

To reduce autofluorescence, we merged multiple channels
(GFP, Cy3, Cy5) together. Then, we trained a pixel classifier
with the software Ilastik 1.3.2 to detect autofluorescence with
the following features: color/intensity (sigma .3, 1.0, 3.5, 10.0),
edge (sigma .7, 1.6, 5.0) and texture (sigma .3, 1.0, 3.5, 10.0).
We exported the detected autofluorescence mask as a binary
image. Then, we calculated the proportion of immune cells
with pixel calculation using Fiji 2.0.0.>" First, areas correspond-
ing to the autofluorescence mask were excluded. Then, images
were converted to binary format with the default thresholding
method based on the IsoData algorithm.** The area of marker-
positive cells (CD3, CD4, CD8) was calculated from the thre-
sholded images and compared to the area of DAPI-positive
cells.
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Results

RCC tumors are divided into two subgroups based on the
prevalence of T and NK cells

To first assess the immunological landscape of all the tumors,
we performed extensive flow cytometric immunophenotyping
of the freshly homogenized tumor samples. In total, our cohort
included 52 cases out of which 39 (75%) were ccRCC (Table 1).
Five patients (9.6%) were benign oncocytoma cases confirmed
by histopathological analysis; the rest of the cases were diag-
nosed with chromophobe, papillary, urothelial or angiomyoli-
poma histologies. The main lymphocyte subpopulations (T
and NK cells) were gated based on the CD45+ lymphocytes
on CD3 and CD56 expressions, and heatmap analysis was
carried out based on the frequency of the cells in the tumor.
We observed that the tumors divided into two distinct clusters
based on their T and NK cell abundance and were classified as
CD3"&" and NK"&" subgroups, respectively (Figure 1a). The
cutoffs for the subgroups were based on the Spearman’s corre-
lation distance and ward.D2 hierarchical clustering methods.
Similar clustering to NK™&" and CD3™¢" phenotypes were also
noted when only the patients with the most common ¢cRCC
subtype were included (Supplementary Fig. S1A). Additionally,
to observe the spatial distribution and infiltration of the T cells,
we carried out mIHC from 11 whole tissue slide samples
(CD3M&" (n = 5) and NK"8" (n = 6) subgroups)
(Supplementary Fig. S2A-C). Although no statistical differ-
ences were observed, increased median levels of expressions
for the CD3+, CD4+, CD8+ and FOXP3+ markers were
detected in the CD3"€" group compared to the NK"&" sub-
group, in line with the results from our flow cytometry heat-
map analysis (Supplementary Fig. S1C).

From the heatmap, we also noticed that the benign oncocy-
toma cases (n = 5) clustered to the NK"& subgroup
(Figure 1a). When the differences in the immune cell subtypes
between the benign oncocytoma and malignant RCC (clear
cell, chromophobe, papillary) cases (n = 45) were analyzed,
we found that the oncocytoma cases had a lower percentage of
CD3+ (p = .0082 median 34% vs 64.5%) and CD4+ (p = .038
median 23.3% vs 36.4%) T cells. Oncocytomas seem to have
a higher percentage of NK cells than the malignant tumors, but
due to small number of cases, no statistical significance was
reached (p = .17 median 25% vs 14.1%) (Supplementary
Fig. S1B).

To guarantee a more homogenous patient population and
consistency of results, only ccRCC patients were included in
the follow-up analyses. Comparing the total lymphocyte infil-
tration in the tumors, we noted that the CD3"&" group had
a significantly higher percentage of lymphocytes (p = .0096,
median 3.7% vs 1.2%) (Figure 1b). Gating strategies of two
representative cases (lymphocyte-rich and -poor), as well as
marker expressions for each immune cell subset are found in
the Supplementary Fig. S3A-E. In the NK"'8" group, all patients
had less than 10% of tumor infiltrating lymphocytes, and the
median percentage of NK cells in this subgroup was 24.4%
compared to 8.7% in the CD3"8" group (Figure 1b). In one
ccRCC case, the NK cell percentage was notably high, 50.5%
(Figure 1b,c). The proportion of CD3+ T cells from the lym-
phocytes was higher in the CD3"&" group (p < .0001, median
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Figure 1. Heatmap of the RCC cohort and analysis of the lymphocyte subsets according to the CD3"9" and NK"'9" subgroup clusters. (a) Heatmap showing RCC cohort
(all subtypes included) according to the intratumoral CD3+ T cell and NK cell abundance using Spearman correlation and ward.D2 clustering methods. The bottom
histograms show the percentage of CD3+ T and NK cells from the lymphocyte population. Patient characteristics including gender, age, presence of necrosis, TNM
staging, WHO/ISUP 2016 tumor grading, relapse state and tumor sample diameter are shown as color keys above the heatmap. Benign oncocytoma cases are clustered
to the NK"'9" subgroup. A heatmap showing only the ccRCC cases is found in Supplementary Fig. S1A. (b) Statistical analysis (Mann-Whitney U test) comparing the
intratumoral CD3™9" and NK™9" subgroups according to the abundance of the lymphocyte subsets. The CD3"" subgroup encompassed a larger percentage of
lymphocytes, CD3+, CD4+, and CD8+ T cells compared to the NKPigh subgroup. The NK"igh subgroup constituted an increased abundance of NK and NKT cells. ns, not
significant, *p < .05; **p <.01; ***p <.001; ****p < .0001. (c) Proportion of CD4+, CD8+ T cells, NK and NKT cells from the intratumoral lymphocyte population. The x-axis
shows patients categorized into the CD3"9" and NKhioh subgroups. The pie chart represents the mean proportion of CD4+ and CD8+ T cells from both subgroups.

74.1% vs 50%) as expected, but T cells were also present in the
NK"€" group, constituting approximately 50% of the lympho-
cytes. The proportion of CD4+ (p = .02 median 43.7% vs
32.7%) and CD8+ (p < .0001 median 30.2% vs 14.8%) T cells
was higher in the CD3"" than in the NK™¢" subgroup, respec-
tively. Additionally, the proportion of NKT cells was higher in
the NK"€" group (p = .0033, median 13.7% vs 6.4%)
(Figure 1b). The proportion of CD4+ and CD8+ T cells from
both subgroups combined was 60.9% and 39.1%, respectively
(Figure 1c).

Clinical parameters such as gender, presence of necrosis,
TNM staging, WHO ISUP 2016 tumor grade, relapse status
and tumor diameter (Supplementary Table S2) did not

significantly differ between the subgroups (Figure Ia,
Supplementary Fig. S4A, B). However, ccRCC patients in the
NK"€" group were slightly older than patients in the CD3""
group (p = .028, median years 73.5% vs 70%) (Supplementary
Fig. S4A).

NK cell dominant tumors have a unique immune profile

To further study the differences between the CD3"#" and

NK"&" tumors, we analyzed different immunological markers
with an extensive panel that included activation, immune
checkpoint, migration, and memory markers: CX3CRI,
CD16, CD3, CD4, TCR GammaDelta, CD45, CD8, CD56,
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Figure 2. Comparison of marker expressions between the CD3"9" and NK"'9"
subgroups. (a) The proportion of PD-1 positive CD4+, CD8+ T and NK cells in the
subgroups. (b) The proportion of LAG-3 positive CD4+, CD8+ T and NK cells in the
subgroups. (c) The proportion of CXCR4 positive CD4+, CD8+ T and NK cells in the
subgroups. (d) The proportion of CD57 positive CD4+, CD8+ T and NK cells in the
subgroups. (e) The proportion of DNAM positive CD4+, CD8+ T and NK cells in the
subgroups. (a)-(e). All statistical analyses were done using Mann-Whitney U test:
ns, not significant, **p < .01.

PD-1, LAG-3, ICOS, CTLA-4, HLA-DR, CD27, CD25, CD11b,
NKG2C, CD161, NKG2D, NKG2A, DNAM, CD57, NKp46,
NKp30, CXCR3, CCR-7, CD45RO, CXCR4, PD-L1, and PD-
L2. Full details of the panel are found in the supplementary
material (Supplementary Table S1).

Higher PD-1 expression was observed in the CD3"¢" CD8
+ T cells compared to the NK"&" group (p = .0049, median
71.4% vs 37.9%), whereas no differences were identified for the
expression of PD-1 in CD4+ T and NK cells between both
subgroups (Figure 2a). In contrast, LAG-3 expressions
remained similar across all the studied lymphocytes (CD4+,
CD8+ T and NK cells) in the CD3"8" and NK"&" groups

ONCOIMMUNOLOGY €1993042-5

(Figure 2b). Elevated CXCR4+ expression in the NK cells was
observed in CD3"#" tumors compared to the NK cell rich
tumors (p = .0049, median 66.8% vs 40.8%) (Figure 2c). The
NK"€" tumors also showed higher prevalence of CD57 expres-
sing CD4+ T cells (p = .0450, median 30.6% vs 18.2%)
(Figure 2d), as well as DNAM+ CD8+ T cells (p = .0084,
median 53.0% vs 14.4%) (Figure 2e). No differences in expres-
sions were observed for all other markers (Figure 2b-e).

Comparison between tumor and matching adjacent
healthy kidney tissue reveals immunological differences

Initially, patient tumor (T) and matching adjacent healthy
renal tissue (H) samples were collected upon surgical nephrect-
omy, histologically confirmed by the corresponding patholo-
gist, fixed and HE stained. Two representative cases (Figure 3a)
show varying degrees of cancerous tumor cells (40%-90%)
occupying the tumor tissue, as well as the regions of lympho-
cyte-poor or -rich infiltration respectively, whereas the match-
ing healthy tissue histologically mirror the normal cortical
tissue of the kidney.

Next, we compared different immune subsets (CD3, CD4+,
CD8+ T cells, and NK cells) between the tumor and adjacent
healthy kidney tissue (Figure 3b, Supplementary Fig. S5). From
the various lymphocyte subclasses, only the CD8+ T cell abun-
dance correlated relatively well between the matched tissue
samples (R = .49, p = .026; CD3"&" subgroup R = .67,
p = .05) (Figure 3biv and Supplementary Fig S5Avii, respec-
tively). Overall, tumors contained a greater proportion of lym-
phocytes compared to the matching healthy tissue (p = .021,
median 1.9% vs .5%) (Figure 3c). When the subgroups were
analyzed separately, the higher lymphocyte proportion was
only observed in the CD3™&" subgroup (p = .0003, median
3.6% vs .3%) (Figure 3d). In the CD3hish subgroup, the total
proportion of tumor infiltrating lymphocytes also correlated
well between the tumor and healthy tissues (R = .96, p <.0001)
(Supplementary Fig S5A1i). The proportion of CD3+ T cells was
also higher in the tumor tissue for the CD3"&" group when
compared to the adjacent healthy tissue (p < .0001, median
74.0% vs 51.1%), and a similar observation was made for NK
cells in the NK™&" group (p < .0001, median 24.4% vs 12.2%)
(Figure 3d). The CD3high subgroup also had increases in the
CD4+ (p = .026, median 43.7% vs 30.2%) and CD8+ T cells
(p = .017, median 30.3% vs 15.2%) compared to their healthy
tissue counterparts (Figure 3d).

When further comparing the clinically relevant markers
LAG-3 and PD-1, the intratumoral immune cells in the
CD3™&" subgroup showed a higher expression of CD4
+ LAG-3 (p = .01, median 2.8% vs .2%), CD8+ LAG-3
(p = .02 median 6.4% vs .9%), CD4+ PD-1 (p = .02, median
50.6% vs 18.1%) and CD8+ PD-1 (p = .008, median 71.4% vs
25.5%), whereas no difference was found in the NK"&" group
between the tumor and the healthy tissue (Figure 3e,f and
Supplementary Fig. S5B, respectively).

The tumor infiltrating CD4+ and CD8+ T cells also had
a mature immunophenotype, as they were more often
CD57 positive and CD27 negative, as well as expressing
the chemokine receptor, CXCR4 (Supplementary Fig. S6A-
C). The only difference observed in the NK cells was the
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Figure 3. Immunological changes between the tumor and matching adjacent healthy tissue. (a) Examples of renal tissue histology in the hematoxylin and eosin (HE)
stained microscopy slides. Varying degrees of cancerous tumor cells (Patient A 40% and Patient B Tumor 100%) occupying the tumor tissue, as well as the regions of
lymphocyte-poor or -rich infiltration respectively. The matching adjacent healthy kidney tissue mirror the normal cortical tissue of the kidney (Patient A and Patient

B Healthy). (b) Comparison between the different immune subsets (CD3+, CD4+,

tissue. Statistical analysis was performed using Kruskal-Wallis non-parametric test:

CD8+ T cells, and NK cells) between the tumor (T) and adjacent healthy (H) kidney
ns, not significant; *p< .05; **p < .01; ***p <.001; ****p < .0001. (c) The proportion of

different lymphocyte subsets in the paired tumor (T) and healthy (H) tissue samples. Mann-Whitney U test: ns, not significant; *p< .05. (d) Comparison of the different
immune subsets (CD3+, CD4+, CD8+ T and NK cells) between the tumor (T) and adjacent healthy (H) kidney tissue in the CD3M9M and NKM9" subgroups. Kruskal-Wallis
test: ns, not significant; *p < .05; **p < .01; ***p < .001; ****p < .0001. (e) The proportion of LAG-3 positive CD4+, CD8+ T and NK cells between the tumor and healthy

tissue samples. Mann-Whitney U test: *p < .05; **p < .01. (f) The proportion of PD-
Mann-Whitney U test: ns, not significant; **p < .01.

activating receptor NKG2D+ expression, which was higher
in the tumor compared to the matching healthy tissue
(p .0029, median 31.2% vs 17.3%) (Supplementary
Fig. S6D).

In order to investigate the spatial heterogeneity of the
tumors, we independently phenotyped two alternate regions
(t1, t2) of the tumor sample (Supplementary Fig S7). We
observed strong correlations between the immune cell abun-
dancies of the distinct regions: lymphocytes R = .88 (p = 6.2x10-
7), CD3+ R = .84 (p = .00018), CD4+ R = .92 (p = 2.8x107°),
CD8+ R =.57 (p =.032), NK R =.55 (p = .043), and NKT cells
R = .55 (p = .043) (Supplementary Fig. S7A-F).

1 positive CD4+, CD8+ T and NK cells between the tumor and healthy tissue samples.

Circulating lymphocyte profiles differ from tumor
phenotypes

Similar to the tumor and healthy tissue comparisons, the
immune subsets were initially compared between the matching
tumor (T) and peripheral blood (PB) samples (Supplementary
Fig. S8A, B). LAG-3 and PD-1 were expressed more in the
tumor infiltrating than circulating immune cells: LAG-3+ CD4
+ (p< .0001, median 2.80% vs .21%; CD3"€" p = 0001, median
2.8% vs .2%; NK™&" p = 0005, median 3.3% vs .4%), LAG-3
+CD8+ T (p < .0001, median 5.26% vs .09%; CD3™€" p <0001,
median 6.4% vs .1%; NK™&" p = 0004, median 4.0% vs .1%),
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Figure 3. (Continued).

LAG-3+ NK cells (p < .0001, median 4.77% vs .62%; CD3"s"
p = .02, median 4.0% vs .9%; NK™¢" p = 0019, median 7.3% vs
.6%), PD-1+ CD4+ (p < .0001, median 41.40% vs 11.50%;
CD3"&" p < 0001, median 50.6% vs 11.5%; NK™ " p = 01,
median 36.8% vs 11.7%), PD-1+ CD8+ T (p < .0001, median
62.1% vs 12.4%; CD3"€" p < 0001, median 71.4% vs 12.4%;
NK"€" p = 03, median 37.9% vs 12.1%) and PD-1+ NK cells
(p = .0006, median 4.70% vs 1.52%; NK"&" p = .02, median
4.1% vs 1.1%) (Figure 4a,b, Supplementary Fig. S8C, D).

We next explored other marker expressions between the
tumor-PB pairs (Table 2) and found higher CD57+ expres-
sion in the tumor CD4+ T cells, whereas in the NK cells,
higher expression was observed in the PB samples.
Consequentially, DNAM+ expression levels were lower in
the intratumoral NK cells, CD4+, and CD8+ T cells,

suggesting a less functional phenotype of T and NK cells
in the tumor microenvironment, as DNAM expression is
related to better IFN-y production.’”> Also, CX3CRI
+ expression levels in the CD8+ T cells and NK cells
were higher in the PB samples compared to the tumor
cells. The expression levels of chemokine receptor CXCR3
typically expressed in activated T and NK cells were also
higher in the PB CD4+, and CD8+ T cells, but no differ-
ences were observed in the NK cell cells. Similarly, CD25
+ levels were higher in the PB CD4+ and CD8+ T cells.
Elevated CD45RO+ expression in the intratumoral CD4+,
CD8+ T and NK cells, and lower CD27+ expression in the
same cell subtypes were observed; suggesting again a more
mature immune cell phenotype in the tumors compared to
the PB samples. In addition, increased HLA-DR+
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expression in the tumoral CD4+, CD8+ T and NK cells was
found compared to the PB samples. A complete list of the
median, range and p-values are found in Table 2.

We further compared the immune cell subsets from the
tumor and the matching PB samples in the CD3"€" and
NK"8" subgroups separately. An increase in the circulating PB
lymphocytes was found for both CD3"¢" (p = .012, median
19.2% vs 3.6%) and NK™&" (p < .0001, median 13.4% vs 1.1%)
subgroups, whereas the proportion of intratumoral CD3+
(p = .0002, median 74.1% vs 58.0%) and CD8+ (p = .002, median
30.2% vs 15.4%) T cells was higher in the CD3"€" and not in the
NK"&" subgroup (Figure 4c). A full list of the different immune
cell subsets as well as marker expressions between the tumor, PB
and matching healthy tissues are found in the Supplementary
Table S3.

Transcriptional profiling reveals differences in tumor
tissue profiles and gene expression signatures

In order to gain further insights on our findings of the distinct
tumor subgroups, we performed bulk RNA sequencing from
11 CD3"8" and 6 NK™#" ccRCC cases with the availability of
sample material. First, using principal component analysis
(PCA), we found that CD3"8" and NK"#" tumors did not
cluster apart from each other based on the full transcriptomic
profile (Figure 5a). Next, we analyzed the differentially
expressed genes (DEGs) between the CD3"eh and NK"#" sub-
groups. After adjusting for possible confounding factors, we
identified 314 DEGs between the CD3"8" and NK™#" sub-
groups (nominal p < .05, absolute logFC > 2) (Figure 5b).
Among the most upregulated genes in the CD3™" subgroup
were the solute carrier genes (SLC5A12, SLC22A7) belonging
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Figure 4. Differences in the circulating and tumor lymphocyte phenotypes. (a) The proportion of LAG-3 positive CD4+ and CD8+ T and NK cells between tumor and
peripheral blood (PB) samples. Mann-Whitney U test: ****p < .0001. (b) The proportion of PD-1 positive CD4+ and CD8+ T and NK cells between tumor and peripheral
blood (PB) samples. Mann-Whitney U test: ***p < .001; ****p < .,0001. (c) The proportion of lymphocytes from live cells, CD3+, CD4+, CD8+ T cells, and NK cells from
lymphocytes in the tumor (T) and peripheral blood (PB) samples between the CD3M9" and NKM9" subgroups. Kruskal-Wallis test: ns, not significant; *p < .05; **p < .01;

***p <.001; ****p < ,0001.
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Table 2. Changes in the lymphocyte subsets and marker expressions between the CD3"9" and NK"S" tumor-PB pairs.

Median Range p (Mann-Whitney)
Subsets T PB T PB Tvs PB
Lymphocytes 1.90 15.80 0.17-41.90 0.06-65.10 <.0001
CD3+ 64.70 58.00 17.80-86.80 32.10-75.70 24
CD4+ 37.30 32.50 9.08-59.90 13.50-61-30 >.99
CD8+ 19.50 15.90 .00-50.00 6.12-42.80 .53
NK 14.50 14.70 .94-50.50 3.92-45.70 >.99
NKT 8.51 9.40 1.05-47.40 3.16-25-70 >.99
Markers
CD57 CD4CD57 2245 6.10 .00-99.20 .00-27.70 <.0001
CD8CD57 43,55 34.40 .00-78.00 .00-69.40 15
NKCD57 26.90 49.85 .10-71.50 .17-88.40 .0050
DNAM CD4DNAM 75.40 84.95 .64-92.10 28.80-95.70 .0075
CD8DNAM 48.10 75.10 .22-98.40 13.00-96.60 <.0001
NKDNAM 30.15 80.30 .35-93.90 3.57-97.90 <.0001
CX3CR1 CD4CX3CR1 5.69 499 .11-29.00 .29-49.10 >.99
CD8CX3CR1 7.63 44.85 .83-21.60 5.44-81.70 .0001
NKCX3CR1 37.10 93.95 4.91-88.80 38.60-100.00 <.0001
CXCR3 CD4CXCR3 5.55 35.65 .00-94.70 .72-63.70 .0001
CD8CXCR3 744 58.00 .00-99.20 .00-93.80 <.0001
NKCXCR3 9.90 10.50 .00-97.40 1.06-38.50 >.99
CD25 CD4CD25 313 43.85 1.01-11.50 9.20-99.30 <.0001
CD8CD25 1.63 10.55 .17-5.99 .65-100.00 .0001
NKCD25 4.70 1.39 .21-15.00 .22-66.40 43
CD45R0O CD4CD45R0O 94.35 80.25 .07-99.30 35.80-97.80 .0018
CD8CD45R0O 85.15 64.60 .88-98.70 23.00-97.10 .015
NKCD45R0 24.80 5.84 .22-53.30 .50-34.10 .0006
cD27 CD4CD27 3.31 89.05 .10-17.90 56.00-97.00 <.0001
CD8CD27 450 62.10 .28-20.90 34.80-96.00 <.0001
NKCD27 1.51 4,92 26-6.11 .78-18.20 .0003
HLA-DR CD4HLADR 55.00 9.27 24,00-91.00 2.62-22.80 <.0001
CD8HLADR 59.15 16.45 42.70-96.20 1.95-79.50 <.0001
NKHLADR 48.65 6.90 12.80-86.50 1.77-25.50 <.0001

Percentage expression of each marker (%) for each immune cell subset and relevant markers showing the median and range percentage values. All median and range
values for the immune subset population (CD3, CD4, CD8, NK, NKT) other than the lymphocytes (from total “live cell” population) have been calculated from the
lymphocyte population. T = tumor, PB = peripheral blood, H = adjacent healthy renal tissue.

to the family of renal-specific transporter proteins involved in
metabolic pathways, genes involved in fatty acid metabolic
pathways (HMGCS2, PLA2G12B) and a transcriptional target
of p53 (PRAPI) (Figure 5b,c). Interferon and inflammatory-
related genes belonging to the complement pathway (LY6E,
HHLA2, CFB, C6 and CCL20) were also increased in the
CD3"&" subgroup (Figure 5b). The CD3"&" subgroup was
also associated with a decreased expression of CD274 (PD-
L1), the ligand that binds with the PD-1 receptor and acts to
block T cell activation. Chemokine receptor genes related to
immune surveillance (CXCR12, ACKR2), antigen recognition
(IGLV1-51), MHC 1 antigen processing and presentation
(CD300LG) were overexpressed in the NK"&" compared to
the CD3hish subgroup (Figure 5b). We further carried out
heatmap analysis of the six significant DEGs (p-adjusted < .05,
absolute logFC > 2) together with the corresponding clinical
parameters, which confirmed the upregulation of SLC5A12 and
HMGCS2 in the CD3™¢" subgroup (Figure 5¢). Next, gene set
enrichment analysis (GSEA) was carried out using the MSigDB
2020 Hallmark and Biocarta 2016 gene sets as references
known to encompass various biological and biochemical path-
ways. Our GSEA analysis further confirmed the findings, and
the IFN-y, TNF-a, MAPK, as well as T cell receptor signaling
pathways were among the top ten upregulated pathways in the
CD3"" subgroup (Figure 5d,e), whereas the Wnt-@ catenin,
IL-6 mediated JAK-STAT3, PI3K-AKT/mTOR, caspase and
NF-kB signaling pathways were among the most downregu-
lated pathways (Supplementary Tables S4, S5).

Pan-cancer gene panel reveals differences in mutational
signatures between CD3"9" and NK"'9" subgroups

To further understand the somatic landscape and spectrum of
the two subgroups, we analyzed 34 ccRCC samples (17 tumors:
9 CD3"¢" 8 NK™&" cases and 17 paired healthy adjacent renal
tissue) using a custom-designed targeted sequencing panel
covering 986 cancer associated genes and additional intronic
cancer hotspots.

As a result, we identified 80 potentially relevant variants
from 70 genes recurrently mutated in more than one sample.
The VHL gene was the most commonly mutated (5 out of 17
cases, 29%), as expected from previous literature">’
(Figure 6a). The mutated genes were organized and sorted by
their mutational frequencies and annotated according to the
CD3"¢" (orange) or NK™€" groups (yellow) (Figure 6a, middle
bar). The majority of the variants in both subgroups harbored
missense mutations, particularly small nucleotide polymorph-
isms (SNPs). Out of 43 mutations in the CD3"8" subgroup
(n = 9): 33 were missense mutations, 4 nonsense mutations, 5
frameshift deletions, and 1 frameshift insertion (Figure 6b).
The NK™&" subgroup (n = 8) harbored a total of 37 mutations:
28 missense mutations, 5 frameshift deletions, 3 nonsense
mutations, and 1 frameshift insertion (Figure 6c). In the
CD3"" subgroup, the VHL (33%) and PBRM1 (33%) genes
were the most frequently mutated, whereas in the NK"" sub-
group, CSMDI (25%) together with VHL (25%) were the top
mutated genes (Figure 6b,c). We further analyzed the differen-
tially expressed mutated genes shared between the two
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Figure 5. Bulk RNA sequencing reveals transcrlptlonal differences and gene expression signatures in the tumor tissue. (a) Principal component analysis (PCA) from 11
CD3"9" and 6 NK"9" ccRCC cases. CD3"9" and NK™9" tumors did not cluster apart from each other based on the full transcriptomic profile. (b) Differential gene expression
(DEG) analysis between CD3"" and NK"9" subgroups (nominal p < .05, absolute logFC > 2). (c) Heatmap showing significant DEGs (p-adjusted < .05, absolute logFC > 2)
and clinical parameters in ccRCC tumors. The fading blue color indicates downregulation of the gene and red indicates upregulation relative to the mean expression of the
genes across all samples. Clinical annotations have been added as colored keys at the top of the heatmap, tnm_staging = TNM classification of malignant tumors, who =
WHO ISUP 2016 tumor grading, necrosis = presence of necrosis (y = yes, n = no), gender, dominance = CD3"9" and NK"9" subgroups. (d and e) Gene set enrichment analysis
(GSEA) using the MSigDB 2020 Hallmark and Biocarta 2016 signatures, showing IFN-y, TNF-a, MAPK and T cell receptor signaling pathways among the top ten upregulated
pathways in the CD3™9" subgroup. Wnt-B catenin, IL-6 mediated JAK-STAT3, PI3K-AKT/mTOR, caspase and NF-kB signaling pathways were among the most downregulated
pathways. The full list of pathways from MSigDB 2020 Hallmark and Biocarta 2016 signatures are found in Supplmentary Table S4 and S5, respectively.

subgroups and found that PBRMI, AFDN, and AR were
uniquely mutated in the CD3"¢" subgroup, whereas CSMD],
ROSI and APC were distinct to the NK"8" cases (Figure 6d).

Discussion

Several clinical, genomic, and molecular studies have shown that
RCC is a lymphocyte-rich, immunogenic tumor.>'***** In other
solid tumors such as melanoma, head and neck, breast, bladder,
and ovarian cancer, CD8+ T cell infiltration is a marker of good
prognosis and better overall survival.>>*® On the contrary, the
infiltration of CD8+ T cells has been associated with poor clinical
outcome in RCC.'>'®** Our results suggest that RCC tumors
have two distinct immune phenotypes, whereupon T cell rich
(CD3"&") tumors are associated with higher lymphocytic infil-
tration and expression of PD-1, while NK cell dominant (NK"igh)
tumors have a lower abundance of intratumoral lymphocytes.
The immune profile of RCC tumors has also been analyzed in
previous studies using flow cytometry, mass cytometry, and
immunohistochemistry.*'>'**” In accordance with these

studies, our results show that T cells are the dominant immune
cell type in ccRCC; however, in approximately half of the
tumors, NK cells are also abundant, consisting ~20% of the
lymphocytes.'>*”***” Although the median lymphocyte count
was lower in NK"&" tumors, some cases had a high lymphocyte
count and co-infiltration of CD3+ T cells. Thus, it is the milieu
in the lymphocyte compartment that make up the CD3"#" and
NK"&" subgroups in our study, not the absolute lymphocyte
count. Furthermore, all oncocytoma cases clustered to the
NK"8" group, in accordance with earlier findings showing
a greater abundance of NK cells in benign tumors (oncocytoma)
than in ccRCC.*”*® The higher percentage of tumor infiltrating
NK cells has also been related to better survival in RCC.”” As we
acquired a prospective collection of RCC tumors, the clinical
follow-up was not long enough to determine possible differences
in the survival between patients with CD3"%#" and NKMeh
tumors, and it should be noted that all our cases were treatment-
naive nephrectomy operated patients. Baseline clinical variables
such as tumor grade, TNM staging, and WHO classification did
not differ between the two subgroups.
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Figure 5. (Continued).

Overall, the expression of PD-1 was lower in NK cells
compared to T cells, in line with recent findings from ex vivo
human and mouse models showing minimal PD-1 expression
in active NK cells.”® NK cell regulation and signaling occur
from multiple pathways as opposed to a competitive, antigen-
triggered pathway of costimulatory and inhibitory receptors in
T cells, and several clinical trials utilizing other (non-PD-1
based) therapies aimed at enhancing the function of NK cells
are underway.”*

The asset in our study are the matched samples including
the tumor, adjacent healthy kidney tissue, and peripheral blood
(PB). In the PB samples, we did not find a similar dichotomy as
in the tumors (CD3""/NK"&" subgroups), and the propor-
tions of the PB T and NK cells did not correlate with the tumor
tissue. Overall, our findings suggest that immune phenotypes
within the tumor and those in circulation greatly differ;
furthermore, tumor infiltrating T and NK cells have a more
mature and potentially less functional immune phenotype.
Typically, LAG-3 and PD-1 expressions were greater in the
tumor, while CX3CR1, CXCR3, and CD27 expressions were
lower compared to the PB levels (Supplementary Table S3).
Recent studies by Julia and colleagues have explored the
changes in blood immune cell subsets after anti-PD-1 therapy
and found that an increased frequency of central memory CD4
+ T cells and leukocyte count was associated with response,

4 5 6

whereas increases in PD-L1+ NK cells and naive CD4+ T cells
were associated with a lack of response,*” fueling the need for
improved biomarker studies that provide further insight to the
circulating lymphocytes in RCC.

Also, when comparing the tumors with the matching
healthy renal tissues, we noticed that immune checkpoint
receptors (LAG-3 and PD-1) were highly expressed in the
tumor compared to the healthy kidney. The total amount of
lymphocytes within the tumor was increased only in the
CD3"&" tumors whereas in NK™&" tumors, the proportion of
lymphocytes was similar to those in the matching healthy
kidney tissues. Although tumor samples are considered as
quite heterogenous tissues, we noticed that immune cell abun-
dancies and phenotypes were strongly matched in the two
independent regions of the tumor. However, it should be
taken into account that this study includes tumor samples
only taken from the tumor core and enzymatically dissociated
(thus excluding the peritumoral regions), which in part
explains the similarities in immunophenotypes from the inde-
pendent tissue regions. Further spatial immunoprofiling stu-
dies that reflect the intact tumor, and its environment are
needed to fully understand the immunological heterogeneities,
such as in the recent work by Briick et al,*' whereby immuno-
profiling was carried out together with image analysis in meta-
static RCC.
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Figure 6. CD3"9" and NK"9" subgroups reveal differences in mutational signa-
tures. (a) 17 tumors (9 CD3"9" and 8 NK"9") and 17 paired healthy adjacent renal
tissues were analyzed using a custom-designed targeted sequencing panel cover-
ing 986 cancer associated genes and additional intronic cancer hotspots. 80
variants from 70 genes recurrently mutated in more than one sample were
identified. The oncoplot shows the overall summary of the mutational distribution
in the top 50 mutated genes. The middle color key represents the Cp3hish
(Orange) and NK"9" (yellow) subgroups. The bottom stacked barplot shows the
distributions of SNVs (six transition and transversion categories) for each sample.
Side bar plots (top, right) display the log10 transformed Q-values estimated by
MutSigCV. Details of the targeted sequencing panel are found in the
Supplemental section. (b) Out of 43 mutations in the CD3"9" subgroup (n = 9),
33 were missense mutations, 4 nonsense mutations, 5 frameshift deletions, and 1
frameshift insertion. The most frequently mutated genes were VHL (33%) and
PBRM1 (33%). (c) The NKM9h subgroup (n = 8) harbored a total of 37 mutations: 28
missense mutations, 5 frameshift deletions, 3 nonsense mutations, and 1 frame-
shift insertion, with CSMD1 (25%) and VHL (25%) as the top mutated genes.(d)
Differentially expressed mutated genes shared between the CD3"9" and NK"9"
subgroups. Fisher’s exact test was used to find the genes mutated in a minimum
of two samples in at least one of the subgroups for the analysis.
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Figure 6. (Continued).

The somatic mutation landscape of ccRCC has been
well characterized, and VHL, PBRM1, SETD2, and BAPI
are the most commonly mutated genes.”** The mutation
profile observed in our patients was well in line with
previous findings, and VHL and PBRMI were among the
most commonly mutated genes. When the CD3"€" and
NK"&" subgroups were independently analyzed, we
observed a difference in the mutation profiles. In both
cases, VHL was mutated in approximately one third of
the cases (CD3"8" 38% and NK"&" 25%) (Figure 6b,c),
but PBRM1 mutations were only observed in the CD3"8"
group (33% of the cases) (Figure 6b). Recent studies have
suggested that in ccRCC, PBRM1 mutations are associated
with better responses to anti-PD1 therapy.*>** The
increased lymphocyte infiltration and higher PD-1



expression in the CD3™&" subgroup of our cohort fits well

with these observations. Similarly, as shown before with
PBRM1 mutated tumors, the transcriptomic profile of
CD3"&" group was characterized with increased immune
signaling pathways (IFN-y, TNF-a via NF-xB, and T cell
receptor signaling) and kidney metabolism (fatty acid
metabolism, oxidative phosphorylation). Although a low
expression of CD274 (PD-L1) was observed in the CD3hish
subgroup, the monophasic marker is deemed unfavorable
for clinical use in RCC and urothelial cancers.*> Further
understanding of the role of PD-L1 and the mechanisms
involved in the inhibition of T cell immune responses are
needed as the treatment failures are still poorly
understood.'” In addition, the solute carrier family of
genes (SLC5A12, SLC22A7) were among the most differ-
entially expressed genes between the CD3"&" and NK"s"
subgroups.'>*> Recent studies have proposed that the dys-
regulation of solute carrier family of genes play diagnostic
and prognostic roles in ccRCC, where among increased
SLC22A7 expression was associated with predicting
improved overall and disease-free survival in c¢cRCC
patients.*>*” Further studies focusing on the interplay of
the immune, metabolic and tumor-specific signaling path-
ways will add to our understanding of the transcriptional
changes in ccRCC.

In summary, our study demonstrates substantial differ-
ences in the immune phenotype of RCC tumors from
paired healthy kidney tissues and peripheral blood sam-
ples, as well as underlines the valuable use of tumor
samples in biomarker studies. Furthermore, immunopro-
filing revealed two distinct subtypes of ccRCC tumors:
CD3™8" and NK"¢" groups. The CD3™&" subgroup was
associated with increased PD-1 expression and a unique
mutation profile, which possibly define those patients that
may benefit from current anti-PD1 therapies. Further stu-
dies are needed to clarify whether the NK"&" subgroup
will benefit from alternative treatment options targeting
the NK cells.

Acknowledgments

We would like to thank the members of Hematology Research Unit
Helsinki (Tiina Kasanen, Jay Klievink, Hanna Lihteenmiki, Minna
Pajuportti and Saara Vaalas) for their advice and technical support. The
pan-cancer gene panel sequencing was performed by the Sequencing
laboratory (Pekka Ellonen and Maija Lepistd) at the Institute for
Molecular Medicine Finland (FIMM) Technology Center, University of
Helsinki, Finland. Bulk RNA sequencing was carried out from Novogene
Europe Sequencing Center Co., Ltd, United Kingdom. We thank the
FIMM Digital Microscopy and Molecular Pathology Unit (Annabrita
Schoonenberg and Teijo Pellinen) supported by the University of
Helsinki and Biocenter Finland for their services.

Contributions

Conception and design: AK, MHL, SM. Collection and assembly of clin-
ical data: HN, IU, MHL, PJ, TM. Collection and assembly of data: AK, IU,
MK, MHL, OB, TM. Data analysis: AK, JT, MI, MK, MHL, OB. Data
interpretation: all authors. Manuscript writing: MHL, AK, SM. Editing
and final approval of manuscript: all authors.

ONCOIMMUNOLOGY €1993042-13

Disclosure statement

SM has received honoraria and research funding from Bristol Myers
Squibb, Novartis, and Pfizer outside the submitted work. PJ has received
funding from Elypta Ab. AK is currently employed by Novartis. OB has
received honoraria from Novartis and Sanofi outside the submitted work.
The author(s) declare that there are no other conflicts of interest.

Funding

This work was supported by the Academy of Finland, Cancer Foundation
Finland, Sigrid Jusélius Foundation, Medicinska Understodsféreningen
Liv och Hilsa r.f., K Albin Johansson Foundation, Piivikki and Sakari
Sohlberg Foundation, Signe and Ane Gyllenberg Foundation, Helsinki
Institute of Life Sciences (HiLife), State funding for university-level health
research in Finland, and Relander Foundation. Moon Hee Lee is a doctoral
student at the University of Helsinki, Doctoral Program in Clinical
Research (KLTO).

ORCID

Moon Hee Lee
Petrus Jarvinen
Matti Kankainen
Tuomas Mirtti
Satu Mustjoki
Anna Kreutzman

http://orcid.org/0000-0002-3778-0237
http://orcid.org/0000-0002-3751-4609
http://orcid.org/0000-0002-4714-9481
http://orcid.org/0000-0003-0455-9891
http://orcid.org/0000-0002-0816-8241
http://orcid.org/0000-0002-5587-8844

References

1. Hsieh JJ, Purdue MP, Signoretti S, Swanton C, Albiges L,
Schmidinger M, Heng DY, Larkin J, Ficarra V. Renal cell
carcinoma. Nat Rev Dis Primers. 2017;3(1):17009. do0i:10.1038/
nrdp.2017.9.

2. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA,
Jemal A. Global cancer statistics 2018: GLOBOCAN estimates
of incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin. 2018;68(6):394-424. do0i:10.3322/
caac.21492.

3. Linehan WM. Genetic basis of kidney cancer: role of genomics for
the development of disease-based therapeutics. Genome Res.
2012;22(11):2089-2100. doi:10.1101/gr.131110.111.

4. Linehan WM, Srinivasan R, Schmidt LS. The genetic basis of
kidney cancer: a metabolic disease. Nat Rev Urol. 2010;7
(5):277-285. doi:10.1038/nrurol.2010.47.

5. Koul H, Huh JS, Rove KO, Crompton L, Koul S, Meacham RB, Kim
FJ, et al. Molecular aspects of renal cell carcinoma: a review. Am
J Cancer Res. 2011;1(2):240-254.

6. Braun DA, Hou Y, Bakouny Z, Ficial M, Sant’ Angelo M, Forman J,
Ross-Macdonald P, Berger AC, Jegede OA, Elagina L, 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(6):909-918. doi:10.1038/541591-020-0839-y.

7. Linehan WM, Ricketts CJ. The cancer genome atlas of renal cell
carcinoma: findings and clinical implications. Nat Rev Urol.
2019;16(9):539-552. d0i:10.1038/s41585-019-0211-5.

8. Ricketts CJ, De Cubas AA, Fan H, Lang CC, Reznik E, Bowlby R,
Gibb EA, Akbani R, Beroukhim R, et al. The cancer genome atlas
comprehensive molecular characterization of renal cell carcinoma.
Cell Rep. 2018;23(1):313-326.e5.

9. Cancer Genome Atlas Research Network. Comprehensive molecu-
lar characterization of clear cell renal cell carcinoma. Nature.
2013;499(7456):43-49. doi:10.1038/nature12222.

10. Chowdhury N, Drake CG. Kidney cancer: an overview of current
therapeutic approaches. Urol Clin North Am. 2020;47(4):419-431.
d0i:10.1016/j.ucl.2020.07.009.


https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1101/gr.131110.111
https://doi.org/10.1038/nrurol.2010.47
https://doi.org/10.1038/s41591-020-0839-y
https://doi.org/10.1038/s41585-019-0211-5
https://doi.org/10.1038/nature12222
https://doi.org/10.1016/j.ucl.2020.07.009

€1993042-14 M. H. LEE ET AL.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Escudier B, Porta C, Schmidinger M, Rioux-Leclercq N, Bex A,
Khoo V, Griinwald V, Gillessen S, Horwich A. Renal cell carcinoma:
ESMO clinical practice guidelines for diagnosis, treatment and
follow-updagger. Ann Oncol. 2019;30(5):706-720. doi:10.1093/
annonc/mdz056.

Chevrier S, Levine JH, Zanotelli VRT, Silina K, Schulz D, Bacac M,
Ries CH, Ailles L, Jewett MAS, Moch H, et al. An immune atlas of
clear cell renal cell carcinoma. Cell. 2017;169(4):736-749.¢e18.
doi:10.1016/j.cell.2017.04.016.

Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N.
Molecular and genetic properties of tumors associated with
local immune cytolytic activity. Cell. 2015;160(1-2):48-61.
doi:10.1016/j.cell.2014.12.033.

Giraldo NA, Becht E, Pages F, Skliris G, Verkarre V, Vano Y,
Mejean A, Saint-Aubert N, Lacroix L, Natario I, et al.
Orchestration and prognostic significance of immune check-
points in the microenvironment of primary and metastatic
renal cell cancer. Clin Cancer Res. 2015;21(13):3031-3040.
doi:10.1158/1078-0432.CCR-14-2926.

Nakano O, Sato M, Naito Y, Suzuki K, Orikasa S, Aizawa M, Suzuki
Y, Shintaku I, Nagura H, Ohtani H. Proliferative activity of intra-
tumoral CD8(+) T-lymphocytes as a prognostic factor in human
renal cell carcinoma: clinicopathologic demonstration of antitu-
mor immunity. Cancer Res. 2001;61(13):5132-5136.

Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF,
Merad M, Coussens LM, Gabrilovich DI, Ostrand-Rosenberg S,
Hedrick CC, et al. Understanding the tumor immune microenvir-
onment (TIME) for effective therapy. Nat Med. 2018;24
(5):541-550. d0i:10.1038/s41591-018-0014-x.

Chen DS, Mellman I. Elements of cancer immunity and the
cancer-immune set point. Nature. 2017;541(7637):321-330.
doi:10.1038/nature21349.

Fridman WH, Zitvogel L, Sautes-Fridman C, Kroemer G.
The immune contexture in cancer prognosis and treatment.
Nat Rev Clin Oncol. 2017;14(12):717-734. do0i:10.1038/
nrclinonc.2017.101.

Giraldo NA, Becht E, Vano Y, Lacroix L, Validire P, Sanchez-
Salas R, Ingles A, Oudard S, Moatti A, et al. Tumor-
infiltrating and peripheral blood T-cell immunophenotypes
predict early relapse in localized clear cell renal cell
carcinoma. Clin Cancer Res. 2017;23(15):4416-4428.
do0i:10.1158/1078-0432.CCR-16-2848.

Nguyen LT, Ohashi PS. Clinical blockade of PD1 and LAG3 —
potential mechanisms of action. Nat Rev Immunol. 2015;15
(1):45-56. d0i:10.1038/nri3790.

Taube JM, Klein A, Brahmer JR, Xu H, Pan X, Kim JH,
Chen L, Pardoll DM, Topalian SL, Anders RA, et al.
Association of PD-1, PD-1 ligands, and other features of the
tumor immune microenvironment with response to anti-PD-1
therapy. Clin Cancer Res. 2014;20(19):5064-5074. doi:10.1158/
1078-0432.CCR-13-3271.

Andrews LP, Marciscano AE, Drake CG, Vignali DA. LAG3
(CD223) as a cancer immunotherapy target. Immunol Rev.
2017;276(1):80-96. d0i:10.1111/imr.12519.

Goldberg MV, Drake CG. LAG-3 in cancer immunotherapy.
Curr Top Microbiol  Immunol. 2011;344:269-278.
do0i:10.1007/82_2010_114.

Shimasaki N, Jain A, Campana D. NK cells for cancer
immunotherapy. Nat Rev Drug Discov. 2020;19(3):200-218.
doi:10.1038/s41573-019-0052-1.

Kremer V, Ligtenberg MA, Zendehdel R, Seitz C, Duivenvoorden A,
Wennerberg E, Colén E, Scherman-Plogell A-H, Lundqvist A. Genetic
engineering of human NK cells to express CXCR2 improves migration
to renal cell carcinoma. ] Immunother Cancer. 2017;5(1):73-79.
doi:10.1186/s40425-017-0275-9.

Donskov F, von der Maase H. Impact of immune parameters
on long-term survival in metastatic renal cell carcinoma.
J Clin Oncol. 2006;24(13):1997-2005.  doi:10.1200/
JCO.2005.03.9594.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Geissler K, Fornara P, Lautenschlager C, Holzhausen HJ, Seliger B,
Riemann D. Immune signature of tumor infiltrating immune cells
in renal cancer. Oncoimmunology. 2015;4(1):e985082.
doi:10.4161/2162402X.2014.985082.

Eckl J, Buchner A, Prinz PU, Riesenberg R, Siegert SI, Kammerer R,
Nelson PJ, Noessner E. Transcript signature predicts tissue NK cell
content and defines renal cell carcinoma subgroups independent of
TNM staging. ] Mol Med (Berl). 2012;90(1):55-66. doi:10.1007/
s00109-011-0806-7.

Blom S, Paavolainen L, Bychkov D, Turkki R, Méki-Teeri P,
Hemmes A, Vilimiki K, Lundin J, Kallioniemi O, Pellinen T,
et al. Systems pathology by multiplexed immunohistochemistry
and whole-slide digital image analysis. Sci Rep. 2017;7
(1):15580-15584. d0i:10.1038/s41598-017-15798-4.

Bruck O, Blom S, Dufva O, Turkki R, Chheda H, Ribeiro A,
Kovanen P, Aittokallio T, Koskenvesa P, Kallioniemi O, et al.
Immune cell contexture in the bone marrow tumor microenviron-
ment impacts therapy response in CML. Leukemia. 2018;32
(7):1643-1656. doi:10.1038/s41375-018-0175-0.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V,
Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S,
Schmid B, et al. Fiji: an open-source platform for
biological-image analysis. Nat Methods. 2012;9(7):676-682.
doi:10.1038/nmeth.2019.

Ridler, TW, Calvard, S Picture thresholding using an iterative
selection method. IEEE Trans Syst Man Cybern. 1978;8
(8):630-632. d0i:10.1109/TSMC.1978.4310039.

Martinet L, Ferrari De Andrade L, Guillerey C, Lee JS, Liu J, Souza-
Fonseca-Guimaraes F, Hutchinson DS, Kolesnik TB, Nicholson SE,
Huntington ND, et al. DNAM-1 expression marks an alternative
program of NK cell maturation. Cell Rep. 2015;11(1):85-97.
doi:10.1016/j.celrep.2015.03.006.

Senbabaoglu Y, Gejman RS, Winer AG, Liu M, Van Allen EM, de
Velasco G, Miao D, Ostrovnaya I, Drill E, Luna A, et al. Tumor
immune microenvironment characterization in clear cell renal cell
carcinoma identifies prognostic and immunotherapeutically rele-
vant messenger RNA signatures. Genome Biol. 2016;17(1):231-z.
doi:10.1186/s13059-016-1092-z.

Fridman WH, Pages F, Sautes-Fridman C, Galon ]. The immune
contexture in human tumours: impact on clinical outcome. Nat Rev
Cancer. 2012;12(4):298-306. doi:10.1038/nrc3245.

Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD. Cancer
immunoediting: from immunosurveillance to tumor escape.
Nat Immunol. 2002;3(11):991-998. do0i:10.1038/ni1102-991.
Borcherding N, Vishwakarma A, Voigt AP, Bellizzi A, Kaplan J,
Nepple K, Salem AK, Jenkins RW, Zakharia Y, Zhang W, et al.
Mapping the immune environment in clear cell renal carcinoma by
single-cell genomics. Commun Biol. 2021;4(1):122-126.
do0i:10.1038/s42003-020-01625-6.

Storkel S, Keymer R, Steinbach F, Thoenes W. Reaction pat-
terns of tumor infiltrating lymphocytes in different renal cell
carcinomas and oncocytomas. Prog Clin Biol Res.
1992;378:217-223.

Judge SJ, Dunai C, Aguilar EG, Vick SC, Sturgill IR, Khuat LT,
Stoffel KM, Van Dyke ], Longo DL, Darrow MA, et al. Minimal
PD-1 expression in mouse and human NK cells under diverse
conditions. J Clin Invest. 2020;130(6):3051-3068. do0i:10.1172/
JCI133353.

Julia EP, Mando P, Rizzo MM, Cueto GR, Tsou F, Luca R,
Pupareli C, Bravo Al, Astorino W, Mordoh J, et al. Peripheral
changes in immune cell populations and soluble mediators after
anti-PD-1 therapy in non-small cell lung cancer and renal cell
carcinoma patients. Cancer Immunol Immunother. 2019;68
(10):1585-1596. do0i:10.1007/500262-019-02391-z.

Bruck O, Lee MH, Turkki R, Uski I, Penttild P, Paavolainen L,
Kovanen P, Jirvinen P, Bono P, Pellinen T, et al. Spatial
immunoprofiling of the intratumoral and peritumoral tissue
of renal cell carcinoma patients. Mod Pathol. 2021.
do0i:10.1038/s41379-021-00864-0.


https://doi.org/10.1093/annonc/mdz056
https://doi.org/10.1093/annonc/mdz056
https://doi.org/10.1016/j.cell.2017.04.016
https://doi.org/10.1016/j.cell.2014.12.033
https://doi.org/10.1158/1078-0432.CCR-14-2926
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1038/nature21349
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1158/1078-0432.CCR-16-2848
https://doi.org/10.1038/nri3790
https://doi.org/10.1158/1078-0432.CCR-13-3271
https://doi.org/10.1158/1078-0432.CCR-13-3271
https://doi.org/10.1111/imr.12519
https://doi.org/10.1007/82_2010_114
https://doi.org/10.1038/s41573-019-0052-1
https://doi.org/10.1186/s40425-017-0275-9
https://doi.org/10.1200/JCO.2005.03.9594
https://doi.org/10.1200/JCO.2005.03.9594
https://doi.org/10.4161/2162402X.2014.985082
https://doi.org/10.1007/s00109-011-0806-7
https://doi.org/10.1007/s00109-011-0806-7
https://doi.org/10.1038/s41598-017-15798-4
https://doi.org/10.1038/s41375-018-0175-0
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1109/TSMC.1978.4310039
https://doi.org/10.1016/j.celrep.2015.03.006
https://doi.org/10.1186/s13059-016-1092-z
https://doi.org/10.1038/nrc3245
https://doi.org/10.1038/ni1102-991
https://doi.org/10.1038/s42003-020-01625-6
https://doi.org/10.1172/JCI133353
https://doi.org/10.1172/JCI133353
https://doi.org/10.1007/s00262-019-02391-z
https://doi.org/10.1038/s41379-021-00864-0

42.

43.

44.

Clark DJ, Dhanasekaran SM, Petralia F, Pan J, Song X, Hu Y, da Veiga
Leprevost F, Reva B, Lih TM, Chang HY, et al. Integrated proteoge-
nomic characterization of clear cell renal cell carcinoma. Cell. 2019;179
(4):964-983.e31. doi:10.1016/j.cell.2019.10.007.

Miao D, Margolis CA, Gao W, Voss MH, Li W, Martini D], Norton C,
Bossé D, Wankowicz SM, Cullen D, et al. Genomic correlates of
response to immune checkpoint therapies in clear cell renal cell
carcinoma. Science. 2018;359(6377):801-806. doi:10.1126/science.
aan5951.

Braun DA, Ishii Y, Wa AM, Van Allen EM, Wu CJ, Shukla SA,
Choueiri TK. Clinical validation of PBRM1 alterations as a marker of
immune checkpoint inhibitor response in renal cell carcinoma.
JAMA Oncol. 2019;5(11):1631. doi:10.1001/jamaoncol.2019.3158.

45.

46.

47.

ONCOIMMUNOLOGY €1993042-15

Zhu ], Armstrong AJ, Friedlander TW, Kim W, Pal SK, George
DJ, Zhang T. Biomarkers of immunotherapy in urothelial and
renal cell carcinoma: PD-L1, tumor mutational burden, and
beyond. ] Immunother Cancer. 2018;6(1):4. doi:10.1186/
s40425-018-0314-1.

Kang W, Zhang M, Wang Q, Xiang Y, Xia Q, Cui Z, Jin X. The SLC
family are candidate diagnostic and prognostic biomarkers in clear
cell renal cell carcinoma. Biomed Res Int. 2020;2020:1932948.
d0i:10.1155/2020/1932948.

Hansson J, Lindgren D, Nilsson H, Johansson E, Johansson M,
Gustavsson L, Axelson H. Overexpression of functional
SLC6A3 in clear cell renal cell carcinoma. Clin Cancer Res.
2017;23(8):2105-2115. d0i:10.1158/1078-0432.CCR-16-0496.


https://doi.org/10.1016/j.cell.2019.10.007
https://doi.org/10.1126/science.aan5951
https://doi.org/10.1126/science.aan5951
https://doi.org/10.1001/jamaoncol.2019.3158
https://doi.org/10.1186/s40425-018-0314-1
https://doi.org/10.1186/s40425-018-0314-1
https://doi.org/10.1155/2020/1932948
https://doi.org/10.1158/1078-0432.CCR-16-0496

	Abstract
	Introduction
	Materials and methods
	Patients and study approval
	Sample preparation and processing
	Tissue preservation and staining
	Multi-parameter flow cytometry and immunophenotyping
	Clinical data
	Bulk RNA sequencing
	Pan-cancer gene panel
	Statistical analysis
	Multiplexed immunohistochemistry (mIHC) and imaging of whole tissue slides

	Results
	RCC tumors are divided into two subgroups based on the prevalence of T and NK cells
	NK cell dominant tumors have a unique immune profile
	Comparison between tumor and matching adjacent healthy kidney tissue reveals immunological differences
	Circulating lymphocyte profiles differ from tumor phenotypes
	Transcriptional profiling reveals differences in tumor tissue profiles and gene expression signatures
	Pan-cancer gene panel reveals differences in mutational signatures between CD3<sup>high</sup> and NK<sup>high</sup> subgroups

	Discussion
	Acknowledgments
	Contributions
	Disclosure statement
	Funding
	ORCID
	References

