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Abstract. Clear cell renal cell carcinoma (ccRCC) is the most common variant of RCC. It is an ag-
gressive disease with an unfavorable prognosis. The rich immune infiltrates present in the tumor
microenvironment (TME) of ccRCC produce various signaling molecules, especially cytokines, which
primarily activate the Jak/STAT pathway and significantly influence tumor pathogenesis. STAT3
has a well-defined oncogenic character. Using multiplex assays and ELISA, we have measured the
concentrations of 27 cytokines and STAT3 in tumor and healthy renal tissue from 16 patients with
histologically verified ccRCC. We have detected significantly higher levels of G-CSF, IL-6, CXCL10,
CCL3, and CCL4 in tumor tissue than in their healthy counterparts. There were significant differ-
ences in the levels of IL-13 and PDGF-BB between tumors of different nuclear grades (NG). Intra-
tumoral IL-12p70 and IL-15 showed a significant positive correlation with intratumoral STAT3. The
concentration of STAT3 in tumors was significantly lower than in the kidney. An increase in tumor
STATS3 levels was associated with an increase in the pathological stage of the disease (TNM), but
not with NG. The results of our study confirm the significant role of various cytokines and STAT3
in the pathogenesis of ccRCC and indicate their clinical relevance.
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Introduction 10 different histological variants, clear cell RCC (ccRCC) is

diagnosed most frequently (Vuong et al. 2019). On a global
Renal cell carcinoma (RCC), a tumor arising from renal  scale, RCC accounts for 2% of all oncologic diagnoses and
cortical tubular cells, is the most common type of primary  deaths. However, in recent years, the incidence of RCC
kidney cancer (80-85%) (Garfield 2021). From more than  in developed countries has been increasing (Padala et al.
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2020). Typical symptoms such as hematuria, flank pain,
and palpable mass are sporadic and occur in about 10% of
all patients, and no screening test is currently available in
clinical practice (Padala et al. 2020). Therefore, the major-
ity of all cases are discovered incidentally, and one-third of
patients, at the time of diagnosis, are in a locally advanced
(pT3) or even metastatic (pT4) stage (Cairns 2011; Padala
etal. 2020). The prognosis of this cancer is unfavorable and
is considered to have the highest mortality rate among all
urological malignancies (Padala et al. 2020). Due to chemo
and radioresistance, the only curative option for patients
with clinically localized RCC is nephrectomy. However,
about 20-30% of patients with localized RCC will experi-
ence recurrence despite surgery (Mattila et al. 2021). Only
10% of patients in an advanced stage (pT4) reach 5-year
survival (Kang et al. 2020). If untreated, the median survival
of such patients ranges from 6 to 12 months (di Pietro et
al. 2018).

RCC has a well-known immunogenic character and
a dense vascular network (Heidegger et al. 2019). Inflam-
matory cells have been detected in the tumor microenvi-
ronment (TME) and play a crucial role in the pathogen-
esis of RCC (Zhang et al. 2019). TMEs are abundant in
signaling molecules, namely cytokines. Cytokines have
pleiotropic effects and can be produced not only by im-
mune cells infiltrated in the tumor, but also by tumor
and stromal cells. They primarily modulate the immune
response and inflammation. Furthermore, they can inter-
fere with tumorigenesis in various ways (Kartikasari et al.
2021). Some cytokines can promote tumor progression
by directly increasing angiogenesis (via up-regulation of
VEGF, bEGE or CXCL12) or by recruiting immunosup-
pressive leukocytes such as Tregs and MDSCs (Nagarsheth
et al. 2017). Others act in favor of the host by inhibiting
angiogenesis or increasing the number of effector cells
(Th1, NK and CD8+) in the TME (Nagarsheth et al. 2017).
In our previous study, we identified several cytokines as
pathologically relevant in the pathogenesis of ccRCC
(Vargova et al. 2022).

In target cells, cytokines signal through different
pathways, for example, Src, Smad, MAPK/Erk, PI3-K/
Akt/mTOR (phosphatidyl inositol 3-kinase), but most
importantly through JAK (Janus kinase)/STAT (Hirano et
al. 2000). STATS: (signal transducers and activators of tran-

scription) represent a family of seven nonphosphorylated
ubiquitously expressed proteins (STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6) localized under basal
conditions in the cytoplasm as latent unphosphorylated
proteins. Among them, STAT3 plays a prominent role in
the pathogenesis of cancer. Aberrant activation of STAT3
occurs in more than 70% of human cancers, including
RCC (Horiguchi et al. 2002; Guo et al. 2009; Santoni et
al. 2015; Verhoeven et al. 2020). Upstream activators of
STAT?3 include interleukins (IL-6, IL-7, IL-9, IL-10, IL-11,
IL-12, IL-15, IL17 and IL-22), interferons, growth factors
(G-CSE, EGFE, HGFE, VEGE, and PDGF), as well as non-
receptor tyrosine kinases (Mizoguchi 2012; Bautista 2019).
Activated STAT'3 acts as a transcription factor and modu-
lates the expression of a broad array of target genes, e.g.,
pro-angiogenic factors (VEGF, HIF-1a, bFGF, and HGF),
cell cycle regulators (cyclin D1, c-Myc, survivin), matrix
metalloproteinase 2 (MMP2), and immunosuppressive cy-
tokines (IL-6, IL-10, TGF-B) among others (Lee et al. 2019).
As a consequence, STAT3 hyperactivation increases the
rate of angiogenesis and promotes tumor cell proliferation
and survival, as well as their ability to invade, disseminate,
and escape immune surveillance (Lee et al. 2019). In fact,
constitutive activation of STAT3 is positively correlated
with a poor prognosis (Zou et al. 2020).

The present study attempted to determine: 1) the immune
biochemical profile (levels of STAT3 and 27 pathologically
relevant cytokines) of ccRCC and healthy kidney tissue;
2) potentially tumor-promoting and/or antitumor cytokines
and their relationship to STAT3; and 3) changes in cytokine
and STAT3 levels according to clinicopathological charac-
teristics such as tumor node metastasis (TNM) stage and
tumor nuclear grades (NG).

Materials and Methods

Samples

Tissue samples from a total of 16 patients (3 women (19%)
and 13 men (81%)) with histologically verified ccRCC were
analyzed. Average age of female and male patients expressed
as mean + SD was 58.3 £ 7.5 and 61.2 + 11.8 years, respec-
tively. The range of age was 51-66 years and 46-86 years

Table 1. Distribution of patients according to gender, histopathological (NG), and clinical (TNM) disease stages

Gender NG1 NG2 NG3 NG4 TNM 1 TNM 2 TNM 3 TNM 4
women 0 2 1 0 1 0 2 0
men 1 3 6 3 9 1 3 0
total (%) 1(6.25) 5(31.25) 7 (43.75) 3 (18.75) 10 (62.5) 1(6.25) 5(31.25) 0 (0)

NG, nuclear grading; TNM, tumor node metastasis staging system.
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for women and men, respectively. The clinical and his-
topathological characteristics of a group of patients are
summarized in Table 1. Patients suffering from any of the
following: chronic inflammation of the urogenital system,
systemic autoimmune disease, or rheumatological disease
were excluded. Also, individuals undergoing any kind of
anti-inflammatory or immunosuppressive therapy have not
been included. Samples of tumor (T) and macroscopically
healthy (normal, N) renal tissue were collected separately
from the same kidney during nephrectomy at the Depart-
ment of Urology of the Jessenius Faculty of Medicine,
Comenius University and the Martin University Hospital.
All samples were placed into sterile polypropylene tubes,
transported immediately to the lab, and stored at —80°C
until further processed.

Preparation of tissue homogenates

Two different types of tissue homogenates were prepared
from each sample: one for the multiplex immunoassay and
one for STAT3 detection by ELISA. The former were pre-
pared using a Bio-Plex TM cell lysis kit (Bio-Rad, Hercules,
California, USA) as follows: 100 mg of tissue was cut into
pieces and rinsed with cell wash buffer (a part of the kit).
The samples were then placed in a tube containing 500 ul
of cell lysis solution (containing 99% of Cell Lysis Buffer;
0.4% of Factor 1; 0.2% of Factor 2, and 0.4% of 500 mM
phenylmethylsulfonyl fluoride (PMSF) and homogenized
onice at 4000 rpm (Homogenizer Stuart SHM2/Euro, Bibby
Scientific, UK). Finally, tissue lysates were centrifuged at
6805 rpm for 4 min at 4°C and the supernatant was collected,
aliquoted, and frozen at —80°C until multiplex analysis. The
supernatants for the ELISA were obtained similarly: 100 mg
of tissue was minced on ice and rinsed with 0.02 M PBS (pH
7.0-7.2) to remove excess blood. The samples were then
placed in 500 pl of 0.02 M PBS, homogenized (4000 rpm),
centrifuged (7170 rpm for 5 min at 4°C), aliquoted, and
frozen at —80°C.

Measurement of total protein (BCA protein assay)

The BCA assay (Thermo Scientific Pierce TM BCA Protein
Assay) is a rapid, highly sensitive, precise, and detergent-
compatible method for the colorimetric detection and
quantification of the total protein concentration in a sam-
ple. It is a two-step reaction. First, cupric ions (Cu®") are
reduced by proteins to cuprous ions (Cu'") in an alkaline
medium containing sodium potassium tartrate (a process
called the biuret reaction). Then, a blue-colored complex
comprising one cuprous cation and two molecules of
bicinchoninic acid (BCA) is formed. The intensity of this
water-soluble complex is directly proportional to the
level of proteins. Finally, the absorbances are evaluated

by a multimode microplate reader, Varioskan TM LUX
at 562 nm.

Assessment of cytokine and STAT3 levels in RCC and
healthy kidney tissue

Cytokine concentrations were quantified using the Bio-
Plex TM human cytokine standard 27-Plex assay (Bio-
Rad, Hercules, California, USA). This 96-well plate-based
analysis system allows us to detect 27 biologically relevant
cytokines (basic fibroblast growth factor (bFGF), CXCL11
(eotaxin), granulocyte macrophage colony stimulating
factor (GM-CSF), granulocyte colony stimulating factor
(G-CSF); interferon gamma (IFN-y); interleukins 1p,
Ira, 2,4, 5,6,7,8 (CXCL8), 9, 10, 12p70, 13, 15 and 17A;
interferon gamma-induced protein 10 (IP-10/CXCL10);
monocyte chemoattractant protein 1 (MCP-1/CCL2);
macrophage inflammatory proteins 1 o and 3/CCL3 and
CCL4; platelet-derived growth factor-BB (PDGF-BB);
RANTES (CCL5); tumor necrosis factor a (TNF-a), and
vascular endothelial growth factor (VEGF)) simultane-
ously in each sample. The assay combines two approaches
to detect the target molecules: sandwich ELISA and flow
cytometry. First, the biomarker of interest reacts with cap-
ture antibodies coupled to magnetic beads. The unbound
proteins are removed during a series of washes. Biotinylated
antibodies are then added to each well and a sandwich
complex is formed. Finally, the complex is labeled with the
streptavidin-phycoerythrin (SA-PE) conjugate and is ready
to be visualized. Visualization is performed using two laser
lights from the built-in Bio-Plex® 200 System reader: the
red one (635 nm) for identification of the bead region and
the green one (532 nm) for quantifying the analytes. The
data output is further processed by Bio-Plex Manager ™
software. Cytokine levels are presented as median fluores-
cence intensity (MFI), and the final concentration, which
is proportional to MFI, is expressed in pg/ml.

Sandwich ELISA (LS-F54989) was used for the detection
of STATS3 tissue contents. The optical density (OD) of each
sample was measured at 450 nm in the VarioskanTM LUX
multimode microplate reader. The STAT3 concentration in
each sample was calculated from the standard curve and
expressed in pg/ml. The final concentrations (pg/mg) of both
the cytokines and STAT?3 in each sample were acquired after
standardization with the total amount of protein measured
by BCA.

Statistical analysis

The analysis of the acquired data was performed in
R (R Core Team, 2021) ver. 4.0.5 with libraries rstatix (Kas-
sambara 2021), ggpubr (Kassambara 2020), car (Fox 2019),
and robustbase (Maechler 2021). The data were brought
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close to normality using the logarithmic transformation
suggested by the Symbox tool. The normality of the data
was assessed using the quantile-quantile plot with the 95%
confidence band constructed by bootstrap. After excluding
gross outliers, the sample means and standard deviation
(SD) were calculated. The transformed and cleaned log
data were then visualized in a form of heatmap with the
help of Metaboanalyst, a free online platform for metabo-
lomic data analysis (https://www.metaboanalyst.ca/). To
test the null hypothesis about the equality of population
means in the tumor and native subpopulations, each vari-
able was subjected to a paired t-test, and the effect size
was quantified by Cohen’s D. The probability of accepting
an alternative hypothesis — post hoc statistical power was
calculated using G power software (Faul et al. 2009). The
null hypothesis about the equality of population means
in subpopulations with different NG and clinical stages
of TNM was tested by the Welch ANOVA test. If a find-
ing was significant, pairwise Tukey-HSD comparisons
were performed. The results of the paired t-test and the
Welch ANOVA test were visualized by the combination of
a box plot and a swarm plot. Next, robust regression was
used to fit the linear regression model into log-STAT3 as
a function of log cytokine (separately for tumor and native

* %k

log-CCL3
log-CCL4
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data). The effect size was quantified by Adjusted R2 and
the correlation between log-STAT3 and log-cytokine was
visualized by the cross plot. All graphs were created in
GraphPad Prism 8.0.1 (GraphPad, San Diego, CA, USA).
Findings with a p value < 0.05 were considered statisti-
cally significant.

Results

Immunobiochemical profile of clear cell renal cell carcinoma
and healthy adjacent kidney tissue

Multiplex analysis has revealed that the tumor-derived
tissue (tumor) has a distinct immunobiochemical profile
compared to its healthy counterpart (normal). We have
observed significant differences between the samples in 10
of 27 measured cytokines. The greatest differences were de-
tected in the levels of G-CSF [two-tail p/Cohen’s D: 0.0063/-
0.829], IL-6 [two-tail p/Cohen’s D: 0.039/-0.587], CXCL10
[two-tail p/Cohen’s D: 0.00028/-1.405], CCL3 [two-tail p/
Cohen’s D: 0.00068/-1.461], and CCL4 [two-tail p/Cohen’s
D: <0.0001/-1.55] (Fig. 1, Table 2). These cytokines reached
higher levels in the tumor than in the healthy tissue. The
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Figure 1. The statistically significant dif-
ferences in the levels of several cytokines
between normal (black box) vs. tumor
(ccRCC; grey box) tissue. The boxplot
overlaid with swarmplot displays cy-

tokines that reached significantly higher
levels in tumor (ccRCC) than in normal

N w - [3,] =] ~

tissue. Concentrations expressed in pg/
mg were logarithmically transformed.

The significance of differences (* p < 0.05;

oq_ *p < 0.01; % p <0.001;* p <0.0001)

was determined using the paired ¢-test.
ccRCC, clear cell renal cell carcinoma.
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Figure 2. The statistically significant differences in the levels of several examined molecules between normal (black box) vs. tumor
(ccRCC; grey box) tissue. The boxplot overlaid with swarmplot displays cytokines and STAT?3 that reached significantly higher levels
in normal than in tumor tissue (ccRCC). Concentrations expressed in pg/mg were logarithmically transformed. The significance of
differences (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) was determined using the paired t-test. ccRCC, clear cell renal cell

carcinoma.

amounts of the other five cytokines: GM-CSF [two-tail
p/Cohen's D: 0.0086/0.788], IL-7 [two-tail p/Cohen's D:
0.036/0.599], IL-10 [two-tail p/Cohen’s D: 0.0055/0.994],
IL-12p70 [two-tail p/Cohen's D: 0.00013/1.343], and IL-13
[two-tail p/Cohen’s D: 0.00092/1.079] were higher in kidney
samples (Fig. 2, Table 2). Furthermore, STAT3 content was
significantly lower in tumor than in normal tissue [two-tail
p/Cohen’s D: <0.0001/2.403]. The retrospective (post hoc) sta-
tistical power of the majority (all except GM-CSF and IL-6)
of observed differences was shown to exceed 80% (Table 2).
The heat map in Figure 3 provides a comprehensive view of
the amounts of all examined molecules (27 cytokines and
STAT3) in both types of tissue. It indicates that tumor tissue
is more abundant in CCL2, IL-6, CXCL10, CCL3, G-CSF,
and CCL4, while the other cytokines, including STATS3,
appear to be present in on average higher concentrations in
normal kidney tissue.

Correlation between cytokine and STAT3 tissue levels

To determine which of the measured cytokines may poten-
tially activate STAT3, we have also analyzed the relationship
between each of the measured cytokines and STAT3 in
ccRCC and healthy kidney tissue distinctively using a linear
regression model. A weak positive correlation with STAT3
was observed in ccRCC tissue for interleukins 2, 7, 10, 17A
and CXCL10 [p/Adjusted R-Squared (Adj.R2): 0.002/0.16,
0.018/0.23, 0.001/0.28, 0.02/0.1, 0.016/0.4, respectively]
(Fig. 4A-C, E, G). In healthy kidney tissue, CCL2 and CCL3
have shown a weak negative correlation with STAT3 levels
[p/Adj.R2: 0.022/0.19 and 0.047/0.05, respectively], while
PDGE-BB has shown a weak positive correlation with the
amount of STAT3 [p/Adj.R2:0.027/0.22] (Fig. 5). The strong-
est relationship has been observed for intratumoral STAT3
and two interleukins, IL-12p70 and IL-15 [p/Adj.R2: 0/0.82
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Figure 3. Tissue amounts of all examined molecules (27 cytokines and STAT3) in tissue samples from 15 patients. The heatmap includes
data without gross outliers. Each row represents log-transformed concentrations (originally expressed in pg/mg) of a particular molecule
(listed on the right side) in either tumor (ccRCC; cells overheaded by red boxes) or normal kidney tissue (cells overheaded by green boxes)
and each column represents an individual sample. The intensity of the color is directly proportional to the log-concentration (orange >1;
blue <1). The lower headings show the sample IDs. ccRCC, clear cell renal cell carcinoma.

Table 2. Comparison of statistically significant cytokine levels in normal and tumor (ccRCC) tissue

Target N9rmal Tgmor Nu.m ber of Differences  Statistic (f) p value Effect size Statistical
molecule tissue tissue pairs (wo) power (%)
G-CSF 3.1+1.11 4.07 £ 0.96 15 0.973 + 1.173 3.21 0.006** 0.830 84.72
GM-CSF 0.12+1.55 0.92 +£1.42 15 1.033 + 1.310 3.05 0.009** 0.790 81.04
IL-6 1.79 £ 1.41 3.08 +2.06 15 1.293 + 2.204 2.27 0.039* 0.590 56.16
1L-7 246+ 1.4 1.7 + 1.41 15 0.755 + 1.260 2.32 0.036* 0.600 57.88
1L-10 0.25+£0.72 0.44 £ 0.76 12 0.662 * 0.665 3.44 0.006** 0.990 94.70
IL-12p70 142 £ 1.52 0.39 + 1.35 15 1.026 £ 0.764 5.20 <0.001*** 1.340 99.79
1L-13 052+1.5 0.75+1.48 15 1.262 £ 1.169 4.18 <0.001%¢* 1.080 97.26
CXCL10 4.74 + 0.89 7.59 £ 1.68 13 2.677 £ 1.906 5.07 <0.001*** 1.400 99.90
CCL3 1.19+1.31 4.07 £ 1.99 11 2.684 + 1.837 4.85 <0.001*** 1.460 99.95
CCL4 299+0.84 4.67+0.93 15 1.676 + 1.081 6.00 <0.0001**** 1.550 99.98
STAT3 4.63 +0.89 2.75+0.71 12 1.965 + 0.818 8.32 <0.0001**** 2.400 100.00

Data are mean * SD. Two-tail p values (* p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001) were calculated using the paired t-test
and effect size was quantified by Cohen’s D with magnitude: 0.2-0.6: trivial; 0.6-1.2: moderate; 1.2-2.0: large; >2.0: very large. The data
(originally expressed in pg/mg) used in the analyses were logarithmically transformed. ccRCC, clear cell renal cell carcinoma; Differ-
ences, mean + SD of differences in the levels of target molecules between each set of analyzed pairs of samples; SD, standard deviation;
Statistical power = [1-f (probability of a type II error)]; wo, without outliers.
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Figure 4. The statistically significant relationship between the levels of several cytokines (interleukins 2, 7, 10, 12p70, 15, 17 and chemokine
CXCL10) and STATS3 in tumor tissue (ccRCC). D, E. Crossplots show a strong positive correlation. A-C,, F, G. Crossplots display weak
positive correlation between the examined molecules. The significance of the relationship (* p < 0.05; ** p < 0.01; *** p < 0.001) was
obtained using linear regression model. The concentrations of molecules used in the model were logarithmically transformed. ccRCC,

clear cell renal cell carcinoma.

and 0/0.84, respectively] (Fig. 4D, E). The levels of these
cytokines were positively correlated with STAT3. Table 3
represents a summary of the most significant molecules and
their relationship with STAT3.

Changes in cytokine and STAT3 levels in relation to clinico-
pathological characteristics

Finally, we have analyzed whether there are significant
changes in the levels of individual cytokines and STAT3
in different clinical (TNM) and histopathological (NG)
disease stages. According to our results, the levels of IL-1f
and PDGF-BB levels have increased significantly with in-
creasing NG [p = 0.001 and 0.025, respectively] (Fig. 6A,B;
Table 4). Although no significant differences in IL-1f con-
tents has been detected between tumors of NG2 and NG3
[adjusted p value (padj) 0.213], with further progression of
the disease (NG3 to NG4), IL-1p has increased significantly
[padj 0.034] (Fig. 6A, Table 4). The estimated difference was
0.74 pg/mg. When comparing the contents of IL-1p in NG2
tumors with NG4 tumors, the estimated difference was even

Table 3. Correlation between cytokine and STAT3 levels in normal
and tumor (ccRCC) tissue

p/AdjR2
Cytokine
Normal tissue Tumor tissue
1L-2 ns (0.552/-0.07) 0.002**/0.16
IL-7 ns (0.149/0.05) 0.018*/0.23
1L-10 ns (0.406/-0.06) 0.001*%*/0.28
IL-12p70  ns (0.684/-0.07) 0***/0.82
STAT3 vs. IL-15 ns (0.174/0) 0***/0.84
1L-17 ns (0.198/0.06) 0.02*/0.1
CXCL10 ns (0.194/0.05) 0.016*/0.4
CCL2 0.22*/0.19 ns (0.943/-0.11)
CCL3 0.047%/0.05 ns (0.842/-0.12)
PDGEF-BB 0.027*/0.22 ns (0.978/-0.09)

Linear regression model was used to determine two-tail p values
(* p £0.05 * p <0.01; ** p < 0.001) and adjusted R-squared
(p/AdjR2). The data (originally expressed in pg/mg) used in the
analysis were logarithmically transformed. STAT3, signal trans-
ducer and activator of transcription 3; ccRCC, clear cell renal cell
carcinoma; ns, not signiﬁcant.
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greater [1.13 pg/mg; padj 0.003]. Regarding intratumoral
PDGEF-BB, the elevation across NGs was rather gradual,
and the differences between NG2 vs. NG3 and NG3 vs. NG4
were not significant [padj 0.792 and 0.089, respectively] (Fig.
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6B, Table 4). However, a post hoc Tukey test has revealed
that the tumor contents of PDGF-BB in NG4 tumors were
significantly higher (by 1.7 pg/mg) than in NG2 specimens
[padj 0.04].

Furthermore, tumor progression from NG2 to

Figure 6. Changes in intratumoral levels of several
cytokines and STAT3 in different histopathological
(NG2, NG3, NG4; A-C) and clinical (T1a, T1b,
T3; D) stages of ccRCC. The significance of the
changes (* p < 0.05; ** p < 0.01) was calculated
using the Welch ANOVA test followed by Tukey’s
HSD pairwise comparison. The concentrations of
the molecules used in the tests were logarithmically
transformed. ccRCC, clear cell renal cell carcinoma;
NG, nuclear grading; STAT3, signal transducer and
activator of transcription 3; T1la, tumor confined
to kidney (<4 cm); T1b, tumor confined to kidney
(>4 cm, but <7 cm); T3, tumor extends into major
veins or perinephric tissues but not into ipsilateral
adrenal gland or beyond Gerota’s fascia; Tukey’s
HSD, Tukey’s honestly significant difference.
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NG3 was also accompanied by a significant increase in IL-5
levels [padj 0.04; the estimated difference was 1.41 pg/mg]
(Fig. 6C, Table 4). IL-5 levels have decreased with further
progression of the disease (from NG3 to NG4), although this
change was not significant [padj 0.518].

From all the analyzed molecules, only STAT3 tumor
tissue contents have displayed significant changes with
increasing TNM stage [padj 0.023] (Table 4). There has
been a significant difference in intratumoral STAT3 levels
between Tla and T3 tumors [padj 0.015]. Tumors of the
higher clinical stage (T3) had 1.22 pg/mg higher levels of
STAT3 than T1 tumors (Fig. 6D, Table 4). Differences in
STATS3 tissue expression between Tla vs. T1b and T1b vs.
T3 were not significant (padj 0.532 and 0.063, respectively).
Unfortunately, T2 tumors could not be assessed as they were
missing in our data set.

Discussion

Cytokines are well known for their ability to regulate im-
mune system reactions. Many of them play a critical role
in the initiation and progression of cancer (Kartikasari et
al. 2021; Lan et al. 2021). In the present study, we observed
significantly higher levels of G-CSF, IL-6, CXCL10, CCL3
and CCL4 in human c¢cRCC tissue than in healthy adjacent
kidneys. This may indicate their potentially tumor-promot-

ing character. Several other studies support this notion. For
instance, Gudowska-Sawczuk et al. (2020) also reported
increased levels of CXCL10 in RCC. In addition, others
suggest that this chemokine may be a biomarker of tumor
metastasis and an indicator of poor prognosis (Lasagni et
al. 2003; Suyama et al. 2005; Utsumi et al. 2014; Wightman
et al. 2015). However, contradictory results also exist. The
antiangiogenic and antitumor properties of CXCL10 were
demonstrated and this chemokine is supposed to be an
indicator of a good prognosis (Arenberg et al. 1996; Sato et
al. 2007; Jain et al. 2008; Aronica et al. 2009; Motoshima et
al. 2016). Enhanced expression of CCL4 was confirmed in
different types of human cancers, including ccRCC, where it
even showed a significant correlation with an advanced stage
of the disease (Erreni et al. 2009; Pitarresi et al. 2016; Li et al.
2018; Korbecki et al. 2020). Furthermore, we have detected
significantly higher CXCL10 and CCL4 in ccRCC than in
normal tissue in our previous work (Vargova et al. 2022).
Potentially tumor-promoting effects have also been ob-
served for G-CSF in a substantial number of various solid
tumor specimens (including RCC) (Gerharz et al. 2001; Liu
etal. 2017, 2020). Intratumoral CCL3 also acts in favor of the
tumor rather than the host. According to Najjar et al. (2017),
it can attract polymorphonuclear myeloid-derived suppres-
sor cells (PMN-MDSC) to the TME of RCC. On the other
hand, a report on its ability to enhance antitumor immunity
exists as well (Ntanasis-Stathopoulos et al. 2020). Regarding

Table 4. Changes in cytokines and STAT3 levels in tumor tissue (ccRCC) according to clinical (TNM) and histopathological (NG) disease

stages of the disease

Analysis of variance test

Multiple comparisons test

Target
moﬁecule ?isease pvalue F (DFn; DFd) Disease stages Estimate 95% CI pad
eature compared (pg/mg)
2-3 0.39 -0.19-0.98 0.213 ns
IL-1P NG 0.001** 25.84 (2;6.1) 2-4 1.13 0.42-1.83 0.003**
3-4 0.74 0.06-1.42 0.034*
2-3 1.41 0.03-2.8 0.046*
IL-5 NG 0.069 ns 4.98 (2;4.7) 2-4 0.74 -0.93-2.41 0.483 ns
34 -0.68 -2.29-0.94 0.518 ns
2-3 0.33 -1.02-1.67 0.792 ns
PDGF-BB NG 0.025* 6.69 (2; 6.73) 2-4 1.70 0.08-3.32 0.040*
3-4 1.37 -0.2-2.95 0.089 ns
Tla-T1b 0.40 -0.6-1.4 0.532 ns
STAT3 TNM 0.023* 8.94 (2;4.98) T1a-T3 1.22 0.27-2.18 0.015*
T1b-T3 0.83 -0.05-1.70 0.063 ns

p values (* p < 0.05; ** p < 0.01) were obtained using the Welch ANOVA test. Post-hoc Tukey test was used to compare the means of
cytokine levels between different disease stages. The data (originally expressed in pg/mg) used in the analyses were logarithmically trans-
formed. ccRCC, clear cell renal cell carcinoma; CI, confidence interval; DFn, degrees of freedom numerator; DFd, degrees of freedom
denomitaor; E a distribution of the ratio of two estimates of variance (variance between groups and within groups); NG, nuclear grade;
ns, not significant; padj., adjusted p value; TNM, tumor node metastasis staging system; T1a, tumor confined to kidney (<4 cm); T1b,
tumor confined to kidney (>4 cm, but <7 cm); T3, tumor extends into major veins or perinephric tissues but not into ipsilateral adrenal

gland or beyond Gerota’s fascia.
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IL-6, this interleukin is well known to significantly support
almost all cancer features (Chonov etal. 2019). In accordance
with our results, several other authors detected increased
levels of IL-6 in either serum or tumor tissue from patients
with RCC (Takenawa et al. 1991; Karczewska Aldona and
Mackiewicz 2001; Negrier et al. 2004; Polimeno et al. 2013).

Regarding healthy kidney tissue, we have observed sig-
nificantly higher concentrations of GM-CSF, IL-7, IL-10,
IL-12p70, and IL-13 than in their tumor counterparts. We
suppose that this may reflect the activation of host defense
mechanisms as a response to the nearby tumor and indicate
their antitumor properties. However, the data available on
these cytokines is rather ambiguous. In general, most in-
terleukins tend to exert both anti- and pro-tumor activities
(Lissoni et al. 2020). For example, IL-7 and IL-10 can both
enhance the activity of cytotoxic CD8" lymphocytes (Oft
2014; Lin et al. 2017), but high levels of IL-7 in tumor tissue
can indicate a poor prognosis (Liu et al. 2014; Barata et al.
2019), and IL-10 can down-regulate antigen presentation and
thus diminish antitumor immunity (Oft 2014). According to
other studies, the character of IL-12 and IL-13 is somewhat
more one-sided. IL-12 enhances the activity of cytotoxic cells
and inhibits the effects of immunosuppressive cells (Zhao et
al. 2012; Tugues et al. 2015). Our assumption of its antitumor
character is further supported by several preclinical studies
on a variety of human cancers (Nguyen et al. 2020). On the
other hand, IL-13 appears to have rather tumor-promoting
effects. It has been detected in several solid tumors (breast,
oral squamous cell, and colorectal carcinoma), including
ccRCC (Aziz et al. 2010; Srabovic et al. 2011; Formentini et
al. 2012; Chang et al. 2015). Furthermore, it may promote
metastasis and favor M2-macrophage polarization, and its
high tissue levels in patients with localized ccRCC may in-
dicate adverse outcomes (Sinha et al. 2005; Formentini et al.
2012; Chang et al. 2015). However, our results of increased
levels of IL-13 in kidney tissue seem to conflict with these.
Lastly, regarding GM-CSE it has been shown to be produced
by RCC cancer cells (Gerharz et al. 2001), which is also in-
consistent with our findings. On the other hand, GM-CSF
present in other types of cancer types (e.g., human colorectal
cancer and melanoma) may indeed display antitumor activity
(Urdinguio et al. 2013; Grotz et al. 2014).

To see whether the trend observed by our study is pre-
served also at the transcriptional level, we have compared our
results with the data on gene expressions using the interactive
online database GEPIA [http://gepia.cancer-pku.cn/, ac-
cessed on April 21, 2023] (Tang et al. 2017). Differential gene
analysis performed on 523 ccRCC samples and 100 samples
from normal renal cortex tissue shows that the expression of
CXCL10, CCL3, and CCL4 is markedly up-regulated in the
tumor (Table S1 in Supplementary materials). This agrees
with our data. However, there are several discrepancies. Ac-
cording to GEPIA results, ccRCC also shows an increase in

VEGF and CXCL11 expression, which we did not observe.
On the other hand, the significant differences in G-CSE, GM-
CSE IL-6,IL-7,1L12, and IL-13 tissue levels detected by our
study, were not confirmed by GEPIA (Table S1).

Next, we examined the dynamics of cytokines in tumor
specimens according to their NG. Significant differences in
the levels of the two cytokines were observed. The more ag-
gressive NG4 tumors contained significantly higher amounts
of IL-1p and PDGEF-BB than the NG2 tumors. Therefore, we
suppose IL-1B and PDGF-BB could represent promising
therapeutic targets. In fact, both IL-1p and PDGF are well
known to be involved in the development of malignant dis-
eases. Increased IL-1 production within the TME is believed
to promote tumor growth and metastasis through different
mechanisms (Bent et al. 2018). PDGF signaling is often
overactive in various malignancies, and several inhibitors
of PDGEFR have already been developed and used for cancer
treatment (Heldin 2013). However, contradictory results
exist. Lee et al. (2016) suggested that neither intratumoral
nor serum levels of IL-1 are associated with the progres-
sion RCC, and IL-1P treatment can even inhibit malignant
features of RCC cell lines. Another study has demonstrated
that overexpression of PDGF-BB by human kidney cancer
cells also significantly inhibits tumor growth and progres-
sion in vivo (Wang et al. 2015). According to our results, the
progression of ccRCC from NG2 to NG3 and from NG3 to
NG4 was further accompanied by a significant increase in
intra-tumoral IL-5 and IL-1f levels, respectively. Interest-
ingly, the IL-5 content in the NG4 samples was lower than
in NG3. This difference was not significant, but may indicate
the protective character of this interleukin, which disappears
with tumor progression.

The discrepancies between the studies on cytokines men-
tioned above can be explained by the following: 1) Cytokines
are very pleiotropic molecules, and they do not act alone;
highly complex interactions among them exist (Elias and
Zitnik 1992); 2) The TME of any solid neoplasia has a highly
complex and continuously evolving structure consisting of
noncellular compartments and diverse cellular populations
(Anderson and Simon 2020). We believe that further and
more detailed analyzes may give a more clear understanding
of the complex nature of any of the cytokines presented and
their role in the pathogenesis of ccRCC.

The next part of our study focused on STAT3 and its rela-
tionship with cytokines. It is well-known that the majority of
cytokines exert their effects through the JAK/STAT pathway.
This pathway has recently been extensively studied in as-
sociation with tumorigenesis (Brooks and Putoczki 2020).
Overstimulation of STAT3 in genitourinary tumors, includ-
ing renal neoplasms, is associated with tumor progression
and a poor patient prognosis (Horiguchi et al. 2002; Guo et
al. 2009; Santoni et al. 2015). The reduced activity of STAT3
has, on the other hand, significant inhibitory effects on RCC
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(Xin et al. 2009; Li et al. 2013; Shanmugam et al. 2015; Kim
etal. 2016). On the contrary, the results of the present study
are not in line with this generally accepted concept of the
tumor-promoting character of STAT3. We have detected sig-
nificantly higher STAT3 concentrations in normal tissue than
in ccRCC specimens. This discrepancy may be attributed to
the limitations of the detection method used. Since the tissue
homogenates were (according to the protocol) centrifugated
at 7170 rpm, we assume that the supernatant used in the
ELISA probably contained only or mainly a cytoplasmic
cell compartment. Therefore, it remains uncertain whether
only inactive (unphosphorylated, U-STAT?3) or both active
(phosphorylated, p-STAT3) and inactive forms of STAT3
were detected. Nevertheless, Masuda et al. (2009) have also
detected significantly lower absolute levels of STAT3 mRNA
in RCC tissue compared with nontumor surgical samples. In
contrast to these are the results of GEPIA. Although STAT3
transcriptional levels in tumors were slightly lower than in
kidneys, the difference was negligible (Tang et al. 2017).

Intratumoral STAT3 in our samples did not show any
significant relationship with NG. Masuda et al. (2009) re-
ported similar results, but these authors also did not report
any significant correlation between STAT3 and TNM. On
the contrary, our findings have shown that STAT3 protein
levels increased significantly with tumor progression from
T1 to T3. As for the transcriptional level, the GEPIA results
did not show any similar effect. STAT3 expression appears to
be constant as the disease stage increases (Tang et al. 2017).
Therefore, further analyzes are indispensable to validate the
potential relationship between the dynamics of STAT3 tumor
content and the progression of the disease.

Last but not least, two interleukins (IL-12p70 and IL-15)
have shown a significant relationship with STAT?3 levels in
tumors. The correlation was positive, suggesting that there is
some interaction between these cytokines and STAT3. How-
ever, assuming that STAT3 levels in our samples represent
the inactive form, we can hypothesize that the correlation of
these two cytokines with the active (nuclear) form of STAT3
would be negative. This would imply that they probably
do not act as STAT3 activators in the tumor environment
but may signal through different STATSs, which is eventu-
ally demonstrated by other studies. For example, IL-15 in
lymphocytes can activate both Jak3/STAT5 and Jak1/STAT3
pathways, while in mast cells it induces Tyk2/STAT6 (Mishra
et al. 2014). Similarly, IL-12 in TH1 and NK cells is known
to signal mainly through Jak2 and Tyk2, which leads to the
phosphorylation of STAT4. Although STAT1, STAT3, and
STATS5 can also be phosphorylated in response to IL-12
(Gollob et al. 1998; Hamza et al. 2010).

Our study has several limitations. First, the data set is
limited and does not cover patients in the four stages of NG
and TNM. However, these are only preliminary results, and
statistical power indicates that our sample size is sufficient

to detect significant differences. Second, we assume that
macroscopically healthy renal tissue may have been affected
to some extent by systemic changes in the patient’s immune
system. Thus, it would be worth comparing the cytokine
profiles of ccRCC tissue with kidney specimens of subjects
without renal malignancy or other diseases. Next, it would
be advisable to perform a detailed cellular analysis of ccRCC
TME, as it could help us better understand the complex
immunobiochemical mechanisms of this cancer. Last but
not least, measurement of the total and tyrosine 705 (Y705)
phosphorylated forms of STAT3 separately is necessary to
elucidate its role in the pathogenesis of ccRCC more deeply.

Conclusion

The present study has confirmed the pathological relevance
of G-CSE IL-6, CXCL10, CCL3 and CCL4 in the develop-
ment of ccRCC, but their specific roles in the pathogenesis
of this cancer need to be further elucidated. Second, our
results suggest that progression to a more aggressive tumor
phenotype is associated with an increase in IL-1p and PDGF-
BB. Therefore, these cytokines appear to be most clinically
relevant and could probably be used in the development of
new therapeutic methods. Next, we detected significantly
lower levels of STAT?3 in tumors than in normal tissue. Pa-
tients with T3 had significantly higher intratumoral STAT3
content than patients with T1, which may indicate STAT3
as a marker of disease progression. Lastly, a significant cor-
relation was detected between intratumoral STAT3 and two
interleukins (IL-12p70 and IL-15). However, further analysis
is warranted to explain the intricate mechanisms behind
cytokine and STAT3 signaling in ccRCC.
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Table S1. Expression of cytokine and STAT3 genes in ccRCC compared to healthy kidney tissue

Gene name Median Gene Expression1 (N)
(Cytokine name) ccRCC (523) Normal (100) Signiﬁcance2
CSF3 (G-CSF) 0.04 0.08

CSF2 (GM-CSF) 0.04 0

1L6 1.69 1.77

IL7 1.98 1.07

IL10 0.85 0.3 ne
IL12A 0.32 0.32

IL12B (IL-12p70) 0.08 0.03

1L13 0.04 0

CXCL10 4.67 1.9 *
CCL3 3.71 1.89 *
CCL4 4.44 2.1 *
STAT3 0.04 0.08

FGF2 (bFGF) 2.19 2.33

IENG 0.41 0.04

IL1B 2.22 1.53

ILIRN (IL-1ra) 1.34 1.06

112 0.1 0

114 0 0

1L5 0.04 0 ns
CXCLS (IL-8) 1.82 2.01

1L9 0 0

IL15 2.95 2.3

1L17 0 0

CCL2 6.96 6.48

RANTES/CCL5 5.52 2.49

TNF 0.54 0.51

VEGF 9.63 6.17 *
CXCL11 (EOTAXIN) 2.21 0.38 *
PDGFB 4.63 3.91 ns

The table shows a summary of median expression values of 28 genes in clear cell renal cell carcinoma (ccRCC)
compared to healthy kidney tissue (Normal). Data were obtained from the selected data sets “TCGA tumors vs.
TCGA normal + GTEx normal’ The differential analysis was performed using the interactive online web server
GEPIA (Tang et al. 2017). The median expressions (transcripts per million - TPM) are on a logarithmic scale
(Log2(TPM+1)); ! fold-change threshold (|log,FC]) was established at 1.0; 2 p value cutoff was established at 0.05;
ns, not significant; N, number of samples.
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