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ABSTRACT

Hypoxia is a common feature of solid tumors. However, the impact of hypoxia on
immune cells within tumor environments remains underexplored. Carbonic anhydrase 9
(CA9) is a hypoxia-responsive tumor-associated enzyme. We previously noted that
regardless of human CA9 (hCA9) expression, hCA9-expressing mouse renal cell
carcinoma RENCA (RENCA/hCAD9) presented as a ‘cold’ tumor in syngeneic aged mice.
This study delves into the mechanisms behind this observation. Gene microarray analyses
showed that RENCA/hCA9 cells exhibited elevated mouse serpinB9, an inhibitor of
granzyme B, relative to RENCA cells. Corroborating this, RENCA/hCAO9 cells displayed
heightened resistance to antigen-specific cytotoxic T cells compared to RENCA cells.
Notably, siRNA-mediated serpinB9 knockdown reclaimed this sensitivity. In vivo tests
showed that serpinB9 inhibitor administration slowed RENCA tumor growth, but this
effect was reduced in RENCA/hCA9 tumors, even with adjunctive immune checkpoint
blockade therapy. Further, inducing hypoxia or introducing the mouse CA9 gene
upregulated serpinB9 expression and siRNA-mediated knockdown of mouse C49 gene
inhibited the hypoxia-induced induction of serpinB9 in the original RENCA cells.
Supernatants from RENCA/hCA9 cultures had lower pH than those from RENCA,
suggesting acidosis. This acidity enhanced serpinB9 expression and T cell apoptosis.
Moreover, co-culturing with RENCA/hCA9 cells more actively prompted T cell
apoptosis than with RENCA cells. Collectively, these findings suggest hypoxia-
associated CA9 not only boosts serpinB9 in cancer cells but also synergistically

intensifies T cell apoptosis via acidosis, characterizing RENCA/hCA9 tumors as ‘cold.’
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1. INTRODUCTION

Immune checkpoint blockade (ICB) therapy has garnered widespread approval as an
effective treatment for various types of cancers.!? Yet, its therapeutic efficacy depends
on the presence of immune cells, particularly CD8" T cells, at tumor sites. Tumors that
display little or no immune cell infiltration, termed ‘cold’ tumors, pose a significant
challenge for achieving desired outcomes in cancer patients post-ICB therapy.>* Thus, it
becomes imperative to determine why certain tumors hinder immune cell infiltration. To
address this, understanding the intricacies of the tumor microenvironment is essential.
Beyond immunosuppressive cells like regulatory T (Treg) cells and myeloid-derived
suppressor cells (MDSCs), the most pronounced features of the tumor microenvironment
include hypoxia and acidosis.>® Such conditions can instigate the epithelial—
mesenchymal transition (EMT) in cancer cells’ and increase their resistance against
cytotoxic immune cells.® Likely, hypoxia and acidosis contribute to the characteristics of
‘cold’ tumors.

Among various hypoxia-associated molecules,’ carbonic anhydrase (CA) 9 stands
out.!® Given its expression across diverse cancer types,'! CA9 may serve as a tumor-
associated antigen for renal cell carcinoma (RCC). Indeed, CA9-derived peptides
recognized by cytotoxic T lymphocytes (CTLs) have been employed in cancer vaccine
strategies.!? Moreover, despite a 30% amino acid sequence disparity between human CA9
(hCA9) and mouse CA9, we recently found that immune cell infiltration was markedly
reduced in hCA9-expressing mouse RCC RENCA (RENCA/hCAD9) tissues compared to
the parent RENCA tissues in syngeneic aged mice.!? Additionally, CA9, a hypoxia-
triggered tumor-associated cell surface enzyme, can acidify the tumor environment.!'%!3

Considering the roles of hypoxia and acidosis in limiting immune cell infiltration into
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tumors, understanding why RENCA/hCA9 tissues manifest as ‘cold’ becomes essential.

In this study, we sought to uncover the mechanisms behind the suppressed immune
cell infiltration in RENCA/hCAJ9 tissues. Gene microarray analysis highlighted a higher
expression of serpinB9, a granzyme B inhibitor,'® in RENCA/hCA9 cells compared to
RENCA cells. Our findings indicate that, through acidification, hypoxia-associated CA9
boosts serpinB9 expression, making cancer cells more resilient to antigen-specific CTLs,

and encourages T cell apoptosis via acidification.

2. MATERIALS AND METHODS

2.1 Mice, cell lines, and reagents

Young (67 weeks old) and aged (60 weeks old) BALB/c female mice were sourced from
CLEA (Tokyo, Japan). Mice were kept under specific pathogen-free conditions. All
experiments adhered to the ethical guidelines for animal research at Shimane University
Faculty of Medicine (IZ3-128, 125-52). RENCA is an RCC derived from BALB/c mice;
RENCA/hCA9 is a RENCA-derived cell line expressing hCA9.!7 RENCA/hCA9 was
established via transfection of the cloned human CA9 gene (under the control of the
cytomegalovirus promoter/enhancer) in the pPBCMGSneo vector.!® Three other RENCA
cell lines stably expressing the human C49 gene were established via transfection of a
pCMV3-hCA9 vector in which hCA9 expression was controlled by the cytomegalovirus
promoter/enhancer (Sino Biological Inc.). All cell cultures thrived in RPMI 1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) enhanced with 10% fetal bovine serum and 20
ug/mL gentamycin (Sigma-Aldrich). For some tests, RPMI-1640 medium without
sodium bicarbonate (SB) NaHCOj; (Sigma-Aldrich) was chosen to negate any buffer

effects in the CO, incubator. The anti-PD-1 monoclonal antibody (mAb) (clone RMP 1-
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14) and anti-CTLA-4 mAb (UC10-4F10-7) were sourced from Bio X Cell Inc. (Lebanon,
NH, USA). Deferoxamine (DFO) mesylate, an iron chelator, was procured from Wako
Chemical.

2.2 Flow cytometry

To evaluate tumor-infiltrating immune cells, tumors were first fragmented using glass
slides, then filtered through gauze mesh and nylon mesh prior to flow cytometry. The
following mAbs were used: APC-conjugated anti-CD45 mAb (BioLegend), FITC-
conjugated anti-CD8 mAb (BioLegend), PE-conjugated anti-CD4 mAb (BioLegend),
FITC-conjugated anti-F4/80 (BioLegend), and PE-conjugated anti-CD11b mAb
(BioLegend). Analysis was conducted on a FACSCalibur (Becton—Dickinson, Franklin
Lakes, NJ, USA). T cells were prepared from BALB/c spleen cells. After RBC lysis using
Lysis Buffer (ChemCruz), cells were stained with an anti-CD19 mAb (rat IgG,
BioLegend), washed, and incubated on ice for 30 min with DynaBeads Sheep Anti-Rat
IgG (Invitrogen). Cells that were not captured by a magnet (Invitrogen) were collected;
these collected cells displayed T-cell enrichment. These T cells were co-cultured with
cancer cells for intervals of 2 or 4 days. After culturing, the cells were tagged with PE-
conjugated anti-CD4 mAb (BioLegend) and APC-conjugated anti-CD8 mAb
(BioLegend), subsequently paired with FITC-conjugated annexin V, and analyzed using
CytoFLEX (Beckman Coulter). In specific experiments, T cells experienced varied pH
conditions during culturing. For analysis of apoptotic cancer cells under diverse pH
conditions, cells were labeled with FITC-conjugated annexin V and propidium iodide (PI)
(BioVision), then subjected to CytoFLEX flow cytometry.

2.3 Transcriptome analysis

Total RNA was extracted from RENCA and RENCA/hCAJ9 cells using the NucleoSpin

miRNA kit (MACHEREY-NAGEL). Gene expression profiling was conducted with the
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Clariom D assay, Mouse (Thermo Fisher Scientific, Waltham, MA, USA). Chips were
scanned and image analyses were executed using the GeneChip Scanner 3000 7G
(Thermo Fisher Scientific) paired with the Expression Console Software (Thermo Fisher
Scientific). The gene-level signal space transformation-robust multiarray analysis method
was deployed for normalization, facilitating gene expression comparison between groups.
Gene Ontology enrichment analysis was carried out using Metascape version 3.5.1°

2.4 Gene expression variation analysis on 43 human renal cell lines

A publicly available RNA-seq gene expression dataset was sourced from the Cancer Cell
Line Encyclopedia (CCLE; version 23Q2).2°

2.5 Immunohistochemistry

The immunohistochemistry process was conducted in line with previously described
methods.?! Sections were treated with anti-CA9 antibody (#ab184006; Abcam) and
subsequently with horseradish peroxidase-conjugated secondary antibody (Nichirei,
Tokyo, Japan).

2.6 Immunoblot

Cells underwent lysis using the RIPA Buffer (FUJIFILM Wako Pure Chemical) infused
with a protease inhibitor cocktail (Nacalai Tesque) and a phosphatase inhibitor cocktail
(Nacalai Tesque). Equal protein quantities were subjected to SDS-PAGE and transferred
onto polyvinylidene fluoride membranes. Post-blocking, the blots were exposed to the
designated primary antibody: anti-serpin B9 antibody (#NBP2-93879; Novus
Biologicals) or anti-CA9 (#ab184006; Abcam). This was followed by incubation with
peroxidase-conjugated goat anti-rabbit IgG secondary antibody (#7074; Cell Signaling
Technology). For detection of B-actin, a peroxidase-conjugated anti-f-actin antibody
(#017-24573; FUJIFILM Wako Pure Chemical) was used. Protein bands were visualized

with the Amersham™ ImageQuant™ 800 (Global Life Sciences Technologies Japan).
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2.7 Cytotoxicity assays

Young BALB/c mice were immunized with inactivated CT26 cancer cells, as previously
described.?? After a 2-week period, spleen cells were collected and cultured with an H-
2L4-binding peptide (SPSYVYHQF), a tumor antigen AH1 peptide of CT26 derived from
the envelope protein (gp70) of an endogenous murine leukemia virus, in the presence of
IL-2 (20 U/mL) for 4 days. The AH1 peptide with a purity > 90% was purchased from
Invitrogen (Carlsbad). Subsequently, cytotoxicity was assessed using a 5-h 3!Cr-release
assay, as reported.?

2.8 Treatment protocols

To investigate the combined influence of a serpinB9 inhibitor (1,3-benzoxazole-6-
carboxylic acid)®® and anti-PD-1/anti-CTLA-4 antibodies, aged BALB/c mice were
inoculated subcutaneously (s.c.) into the flank with RENCA (1 x 10%) or RENCA/hCA9
(3 x 10°) cells. Intraperitoneal (i.p.) injections of the serpinB9 inhibitor (450 pg/mouse),
administered twice daily, started on day 3 and continued. On days 10, 13, and 16, mice
were given an i.p. injection of both anti-PD-1 mAb and anti-CTLA-4 mAb (150
pg/mouse). Equal volumes of rat IgG and hamster IgG were administered as controls.
Tumor volume was determined by the formula: volume (mm?) = (length x width?) + 2.
2.9 Knockdown of serpinB9 and mouse CA9 genes by siRNA transfection

To achieve knockdown of serpinB9 or mouse CA9 gene, cancer cells underwent
transfection with serpinB9 siRNA or mouse CA9 siRNA using the Lipofectamine
RNAIMAX Reagent (Invitrogen). Three distinct SerpinB9 siRNAs and three distinct
mouse CA9 siRNAs, along with a control siRNA, were purchased from ORIGENE. After
a 2-day interval, cells were harvested.

2.10 Transfection of human and mouse CA9 genes

The vectors pCMV3-untagged-NCV, pCMV3-hCA9, and pCMV3-mCA9 were
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purchased from Sino Biological Inc. Transfection was conducted with Lipofectamine
3000 (Invitrogen). The recombinant DNA experiments were approved by the Shimane
University Faculty of Medicine (approval no. 659-1).

2.11 Quantitative RT-PCR

Total RNA was extracted with the Nucleozol reagent (Takara), and complementary DNA
was synthesized using the ReverTra Ace qPCR RT Master Mix with gNDA Remover
(Toyobo), in accordance with the manufacturers’ instructions. Quantitative RT-PCR was
performed with Thunderbird qPCR Mix (Toyobo). The relative expression levels of target
genes were normalized to the level of B-actin using the comparative 2[-AACT] method.
The primer sets are listed in Supplemental Table 1.

2.12 In vitro culture under hypoxic or acidic conditions

For hypoxic culture conditions, cells suspended in RPMI-1640 medium were housed
under 1% 0,/94% N,/5% CO, conditions within a humidified automatic O,/CO,
incubator (Wakenyaku, Japan). To formulate acidic medium, the pH of sodium
bicarbonate-free RPMI-1640 medium was adjusted using 1N HCI to values of 6.5, 7.0,
and 7.4.

2.13 Survival analysis on clinical data

Survival and gene expression data for patients with kidney renal clear cell carcinoma or
papillary cell carcinoma were sourced from the Kaplan—Meier plotter database.?* Based
on expression values or ratios, patients were categorized into low or high groups using
the best cutoff method.?

2.14 Statistical analysis

The unpaired two-tailed Student’s #-test and the Mann—Whitney U-test were employed
for data analyses between two groups, while the analysis of variance (ANOVA)

complemented with the Tukey—Kramer test was used for more than two groups. To
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determine the degree of association between the expression of two genes, Spearman’s
rank correlation coefficient p and the two-tailed P-value were calculated using GraphPad
Prism 10.0.1 (GraphPad Software, San Diego, CA, USA). The association between
prognostic survival and gene expression was explored by contrasting survival across
groups via the Kaplan—Meier plotter analysis. P < 0.05 was deemed to indicate statistical

significance.

3. RESULTS

3.1 Fewer infiltrating immune cells in RENCA/hCAS9 tissues

Although the amino acid sequence of hCA9 shows a 30% divergence from that of mouse
CA9, immunohistochemistry indicated a reduced presence of tumor-infiltrating immune
cells in RENCA/hCA9 tissues compared to the parental RENCA tissues in aged
syngeneic mice.!3 Pursuing this, we evaluated the infiltrating immune cells in both
RENCA and RENCA/hCA9 tissues via flow cytometry. The proportions of CD45"
immune cells, CD4" T cells, and CD11b* F4/80" cells in RENCA/hCA9 tissues were
significantly lower compared to those in RENCA tissues (Figure 1A). The proportions of
CD8" T cells were reduced, but were not significant. Within the CD45" cells, the
percentages of CD4* T cells were reduced, whereas the percentages of CD8* T cells and
CD11b*/F4/80" macrophages showed no notable differences between these tumors
(Figure 1B). Figure 1C shows the gating strategy and representative results.

3.2 Increased expression of the serpinB9 gene in RENCA/hCAS9 cells

To investigate the mechanism underlying the reduced immune cell infiltration in
RENCA/hCA9 tumors, we first examined whether RENCA/hCA9 cells produce

immunosuppressive  factors, lost MHC class [ expression, or expressed
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immunosuppressive molecules. No difference was observed in suppressive activity on T
cells or in the expression of MHC class I and PD-L1 between the two cell lines (Figure
STA and B). Subsequently, we compared the gene expression profiles of these cells.
Notably, expression of the serpinB9 gene was significantly elevated in RENCA/hCA9
compared to RENCA (Figure 2A). Gene Ontology Enrichment Analysis further
highlighted that the most upregulated genes were serpinB9 genes. These genes encode a
molecule that protects cells from natural killer cell-mediated cytotoxicity as a granzyme
B inhibitor (Figure 2B). Moreover, data from 43 human RCCs in the CCLE dataset
revealed a positive correlation between CA9 and serpinB9 gene expression (Figure 2C).

However, some cell lines expressed only CA9 or serpinB9.

3.3 SerpinB9 contributes to immune resistance to CTL-mediated cytotoxicity
Immunohistochemistry demonstrated that RENCA/hCA9 tissue had higher serpinB9
expression compared to RENCA tissue in aged mice (Figure 3A). Since CA9 is a hypoxia-
inducible enzyme,’ we subsequently assessed if hypoxic conditions could stimulate
serpinB9 expression in parental RENCA cells. As hypothesized, hypoxic culture
enhanced serpinB9 protein expression in both RENCA/hCA9 and parental RENCA cells
(Figure 3B). The induction of serpinB9 by hypoxia in RENCA cells was on par with that
of DFO, an iron chelator. After confirming that the level of mRNA encoding mouse CA9
protein was effectively knocked down via transfection of mouse CA49 siRNA(C) (Figure
3C), RENCA cells were cultured under normoxic or hypoxic conditions; the serpinB9
protein expression levels were determined (Figure 3D). Knockdown of the mouse CA9
gene reduced serpinB9 expression by RENCA cells under hypoxia.

Considering the role of serpinB9 in inhibiting lymphocyte-mediated cytotoxicity

through the blockage of granzyme B,!6 we then examined if serpinB9 could contribute to

10
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resistance against CTL-mediated cytotoxicity. Using the AH1 peptide as an antigenic
tumor peptide,?> we compared the sensitivity of AH1 peptide-pulsed RENCA and
RENCA/hCAO9 cells to AH1 peptide-reactive CTLs sourced from CT26-immunized mice.
The data showed RENCA/hCA9 cells were more resilient to these CTLs than RENCA
cells (Figure 3E). After validating that serpinB9 siRNA(C) effectively knocked down
serpinB9 protein expression (Figure 3F), we analyzed the cytotoxicity sensitivity of
RENCA/hCAO9 cells transfected with either control siRNA or serpinB9 siRNA(C). The
findings indicated that siRNA-mediated suppression of serpinB9 reinstated the sensitivity

of RENCA/hCAO9 cells to AH1 peptide-specific CTLs (Figure 3G).

3.5 Effect of serpinB9 inhibition on in vivo growth of RENCA and RENCA/hCA9 in
aged mice

We next investigated the therapeutic effects of a serpinB9 inhibitor (1,3-benzoxazole-6-
carboxylic acid)? on the in vivo growth of RENCA and RENCA/hCAY in aged mice. In
vivo administration of the serpinB9 inhibitor significantly curtailed the growth of RENCA.
However, the suppression of RENCA/hCA9 growth was not pronounced (Figure 4A).
We also assessed the therapeutic effects of serpinB9 inhibition in combination with anti-
PD-1 and anti-CTLA-4 antibodies. The ICB therapy, whether combined with the
serpinB9 inhibitor or not, displayed a trend toward inhibiting RENCA/hCA9 growth, but

the difference was not statistically significant (Figure 4B).

3.6 CA9 induces serpinB9 expression in cancer cells by inducing acidosis
We then sought to determine if induction of either the human or mouse CA9 gene could
stimulate the expression of serpinB9 in parental RENCA cells. After transfecting the

human CA9 gene, we observed an apparent peak in the expression of CA9 protein on day

11
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2, which subsequently declined (Figure 5A). Since the anti-CA9 antibody only recognizes
the hCA9 protein, no CA9 band was detected in RENCA cells transfected with the mouse
CA9 gene. Interestingly, serpinB9 protein expression began to rise on day 4 following
transfection of human or mouse CA9 genes and persisted until day 6. Quantitative RT-
PCR revealed that expression of the serpinB9 gene was delayed (Figure 5B). To confirm
that human 2CA9 gene induction increased serpinB9 expression, we established three new
RENCA cell lines expressing that gene (Figure 5C). Although the hCA9 expression levels
were relatively low compared with the parental RENCA/hCA9, the new cell lines N1,
N2, and N3 exhibited increased serpinB9 protein levels.

CA9 acidifies tumor microenvironments.!*!> To explore whether this acidification
was relevant, RENCA and RENCA/hCA9 cells were cultured in media with or without
SB in a CO, incubator. In both media, RENCA/hCA9 cell growth was slower than the
growth of RENCA cells. However, the pH of SB-free culture supernatants of
RENCA/hCA9 cells was lower than the pH of RENCA culture supernatants; this
difference was not observed for the SB-containing supernatants (Figure 5D). It has been
reported that the pH level in the tumor microenvironment can be below 6.5.26
Consequently, we cultured RENCA and another mouse carcinoma cell line, CT26, using
SB-free medium set at pH levels of 6.5 and 7.5. We discovered that serpinB9 expression
was amplified in both cell lines when cultured at pH 6.5 (Figure 5E). This evidence
suggests that CA9 elevates the expression of serpinB9 by making the culture conditions

more acidic.

3.7 Apoptosis in T cells cultured with RENCA/hCA9

We proceeded to investigate the effects of CA9-induced acidosis on T cell viability in

vitro. Naive T cells were prepared and cultured with RENCA or RENCA/hCA9 cells in
12
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a SB-free medium in a CO; incubator. We assessed the apoptosis percentages of T cells
and cancer cells when cultured under varying pH conditions in a SB-free medium.
Apoptosis of CD8" T cells was enhanced when cultured at a pH of 6.5 (Figure 5F),
indicating the acidic environment impacts T cell apoptosis. Culturing under an acidic
condition (pH 6.5) led to apoptosis of cancer cells, albeit at modest levels. Representative
results are depicted in Figure S2. Furthermore, RENCA/hCA9 cell culture in SB-free
medium for 2 and 4 days was associated with greater levels of apoptosis in both CD4*
and CD8" T cells, compared with RENCA cell culture (Figure 5G). In SB-containing
medium, no difference was observed after 2 days of culture, but a significant difference
was apparent after 4 days of culture. Representative results can be found in Figure S3.
Considering that glycolysis is accelerated in cancer cells and the resulting lactate
intensifies acidosis in the tumor microenvironment,?® we compared lactate levels when
RENCA and RENCA/hCA9 cells were cultured in a SB-free medium. However, no
significant difference was observed (Figure S4). These findings suggest that hypoxia-
induced CA9 amplifies T cell apoptosis in the tumor microenvironment by making the

environment more acidic.

3.9 Prognosis among RCC patients with elevated serpinB9 expression

Finally, we explored if variances in serpinB9 expression influenced the prognosis of RCC
patients. Patients were categorized into low and high expression groups based on the
optimal cutoff. As previously indicated,?” clear cell RCC patients with high CA9
expression had a more favorable overall survival than those with low CA9 expression
(Figure 6A). Conversely, clear cell RCC patients with heightened serpinB9 expression
experienced poorer overall survival than those expressing lower levels of serpinB9. When

patients were stratified based on high and low serpinB9/CA9 ratios, those with a high
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serpinB9/CA9 ratio faced a worse overall survival than those with a lower serpinB9/CA9
ratio (Figure 6B). In contrast, patients with renal papillary cell carcinomas expressing
high levels of CA9 exhibited worse overall survival than patients with low CA49 expression
(Figure 6C). Patients exhibiting higher serpinB9 expression levels tended to experience

worse overall survival than others, but the difference was not statistically significant.

4. DISCUSSION

Although ICB therapy is widely recognized as an effective treatment for various
cancers,'? the presence of immune cells at tumor sites is fundamental for its therapeutic
efficacy. This underscores the importance of understanding the mechanisms underlying
'cold'" tumors. In our study, given the reduced infiltration of immune cells in
RENCA/hCA9 tissues,!> we employed this experimental model. Gene microarray
analysis identified that the serpinB9 gene was expressed at significantly higher levels in
RENCA/hCADO9 cells than in parental RENCA cells. SerpinB9 is an inhibitor of granzyme
B, which in turn hampers killer cell-mediated cytotoxicity.'® Consistent with this, we
noted that RENCA/hCA9 cells exhibited a greater resistance to NK cell-mediated
cytotoxicity than RENCA cells.!3 In this study, we assessed the resistance of RENCA and
RENCA/hCAO9 cells to antigen-specific CTLs. Even though RENCA cells express gp70
mRNA,?® we pulsed both RENCA and RENCA/hCAJ9 cells with the tumor peptide AH1
to standardize expression levels of the antigenic peptide. Consequently, RENCA/hCA9
cells demonstrated a heightened resistance to AH1 peptide-specific CTLs compared to
RENCA cells (Figure 3E). Crucially, the siRNA-mediated suppression of serpinB9 in
RENCA/hCAY9 cells reinstated their sensitivity to AH1 peptide-specific CTLs (Figure

3G).
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A notable observation from our study is the link between hypoxia-inducible CA9
expression and an upregulation in serpinB9. In line with this, existing literature indicates
that cancer cells grown under hypoxic conditions become more resistant to T cell-
mediated destruction.®?° Interestingly, hypoxic conditions have been found to either
suppress or augment specific T cell functions.® However, to our knowledge, this study is
the inaugural report proposing that hypoxia-related CA9-induced serpinB9 is, to some
extent, associated with immune resistance to CTLs. Yet, the elevated expression of
serpinB9 by itself might not sufficiently elucidate why RENCA/hCA9 tumors are 'cold.’
This prompted us to explore other potential mechanisms. Observing a delay in the
induction of serpinB9 protein and mRNA when RENCA cells were transfected with
human or mouse CA49 genes (Figure SA and B) led us to hypothesize that CA9 might
indirectly stimulate serpinB9 expression. To exclude the possibility that these
observations in RENCA/hCA9 cells were off-target effects, we established three new
RENCA cell lines stably expressing human CA9; the levels of serpinB9 protein
expression increased in all three lines (Figure 5C). This could be through modulation of
pH levels of the microenvironment, as CA9 can function as a pH-stat and externally
induce acidosis.'*!> Consequently, considering the role of SB as a pH buffer in a CO,
incubator, we cultured cancer cells in SB-free media. As a result, the pH levels of the
culture medium of RENCA/hCAY cells without SB were lower than that of RENCA cells
(Figure 5D, right), and that the in vitro culture under acidic condition (pH 6.5) increased
the protein expression of mouse serpinB9 (Figure 5E). These lines of evidence support
our idea that hypoxia-related CA9 induced serpinB9 expression in cancer cells, at least
partially, through acidosis. However, the pH levels of the culture medium of
RENCA/hCADO cells without SB were around 7.23 (Figure 5D, right), and this level was

considerably higher than the pH 6.5. Although the pH levels in the vicinity of cell surface
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might be around pH 6.5, we have no data to explain the discrepancy. On the other hand,
given that the pH levels at the core of tumor tissues are below 6.5,%° such acidic
microenvironment induced by hypoxia-induced CA9 and glycolysis-mediated lactate
could increase the serpinB9 expression of cancer cells in vivo. Further studies are needed.

On the other hand, glycolysis in cancer cells is enhanced, resulting in the production
of lactate, which in turn leads to acidosis.?® While lactate produced by RENCA cells can
induce acidosis, CA9-expressing RENCA cells further intensify this acidosis through
CAO9 activity. Given that the pH levels at the core of tumor tissues are below 6.5,%¢ the
acidosis-induced upregulation of serpinB9 could also be prevalent in other types of solid
tumors. Notably, acidic conditions triggered apoptosis in both T cells and cancer cells,
but a pH level of 6.5 amplified apoptosis in CD8" T cells. Even more significant is the
observation that the proportion of apoptotic T cells was higher when co-cultured with
RENCA/hCADO9 cells as opposed to co-culture with RENCA cells in a SB-free culture for
2 days (Figure 5G). This heightened apoptosis of T cells may be attributed to the
compounded effects of acidosis, resulting from both hypoxia-induced CA9 and
glycolysis-driven lactate. These insights into acidosis-triggered apoptosis in T cells may
offer valuable clues about the mechanisms underlying 'cold' tumors.

Acidic conditions can augment the expression of serpinB9 in both cancer and
immune cells.?? Hjelmeland et al. reported that acidosis boosts serpinB9 in glioma stem
cells.3! Furthermore, Jiang et al. found that in vivo administration of a granzyme B
inhibitor enhances anti-tumor T cell immunity while diminishing immunosuppressive
cells.? In our research, we assessed the therapeutic impacts of the same serpinB9 inhibitor
and discovered that its in vivo administration considerably hindered the growth of
RENCA. However, it did not notably suppress the growth of RENCA/hCA9, even when

paired with ICB antibodies (Figure 4). Still, this suggests that in vivo inhibition of
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serpinB9 does not detrimentally impact anti-tumor immunity. Further exploration is
required to fully grasp the implications of serpinB9 inhibition.

The proportions of CD4* T cells were significantly decreased in RENCA/hCA9
tissues (Figure 1A and B), but culture under acidic conditions had no effect on apoptosis
(Figure 5F). Thus, compared with CD8* T cells, CD4* T cells seem to be more susceptible
to death in RENCA/hCAJY tissue microenvironments; this difference is not present during
in vitro culture. In contrast, CD8" T cells cultured in vitro were more acid-sensitive. We
have no clear explanation. Further exploratory work is necessary.

We examined if the expression levels of CA9 and serpinB9 genes affected the
prognosis of patients with renal clear cell carcinoma (Figure 6). CA9high cancer patients
with renal clear cell carcinoma showed a more favorable prognosis than CA9°¥ patients,
aligning with a prior report.?’” Conversely, serpinB9Mgh cancer patients had a less
favorable prognosis than serpinB9!°¥ patients, a trend also reflected in other studies.?2-33
The serpinB9/CA9 ratio showcased an even more pronounced pattern; a higher ratio
indicated a poorer prognosis. Thus, the serpinB9/CA9 ratio in tumor tissues could serve
as a biomarker for predicting outcomes in renal clear cell carcinoma patients. On the other
hand, data from the public Human Protein Atlas
(https://www.proteinatlas.org/ENSG00000107159-CA9/pathology/renal+cancer)
indicate that CA9Migh renal cancer patients have a worse prognosis than other renal cancer
patients. However, these data were derived using all renal cell cancers; we solely focused
on renal clear cell carcinomas. Indeed, CA9Migh renal papillary cell carcinoma patients
exhibited worse survival, compared with CA9'°¥ patients (Figure 6C). In contrast, CA9high
renal clear cell carcinoma patients exhibit a better prognosis than other renal cancer
patients.

Human serpinB9 is also termed serine proteinase inhibitor 9 (PI-9) and reportedly
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inhibits granzyme B-mediated apoptosis.?* PI-9 is recognized by the CTLs of epithelial
cancer patients; mRNAs encoding PI-9 are expressed in most esophageal, colon, and
stomach cancer cell lines.?> Because hypoxia is a common feature of solid tumors>¢ and
CA9 is a hypoxia-associated protein,'® CA9-induced induction of serpinB9/PI-9 is not
limited to renal cancers.

In conclusion, we have identified that hypoxia-associated CA9, through
acidification, elevates serpinB9 expression. This makes cancer cells more resilient against
antigen-specific CTLs and escalates apoptosis of T cells through acidification. The
acidosis induced by CA9 may act in tandem with the lactate produced from glycolysis in
cancer cells, amplifying the apoptosis of T cells in the tumor's acidic microenvironment.
In this regard, in vivo neutralization of acidosis using SB has been shown to bolster anti-
tumor responses to ICB therapy in mouse models.3® We hope our findings shed light on
the mechanisms of 'cold' tumors and offer avenues for therapeutic intervention. However,
our work had several limitations. We did not examine fresh samples of human renal
cancers; the levels of CA9 and PI-9 expression in such samples, and the extent of T cell

infiltration, would be informative. Further studies are needed to investigate these aspects.
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FIGURE LEGENDS

Figure 1. Fewer infiltrating immune cells in RENCA/hCA9 tissues. (A) Aged mice
were s.c. inoculated with RENCA (1 x 10%) or RENCA/hCA9 (3 x 10°) cells. On day 20,
tumor tissues were harvested and analyzed by flow cytometry. (B) Proportions of CD4*
and CD8" T cells and macrophages among CD45" cells are shown. Data are presented as
mean + SEM from four mice. *P < 0.05, **P < 0.01. ns, not significant (Mann—Whitney
U-test). (B) Gating strategy and representative results are shown.

Figure 2. Increased expression of the serpinB9 gene in RENCA/hCAD9 cells. (A) Gene
array analysis was conducted using total RNAs extracted from RENCA and
RENCA/hCA9 cells. Red and blue lines indicate four-fold upregulation and
downregulation in RENCA/hCAY9, respectively. (B) Gene Ontology enrichment analysis
of genes with over four-fold upregulated expression was performed using Metascape. (C)
The correlation between CA9 and serpinB9 gene expression in 43 human kidney cancer
cell lines from the Cancer Cell Line Encyclopedia data (version 23Q2) was assessed, with
results shown as a scatter plot. TPM, transcripts per million; p, Spearman’s rank
correlation coefficient.

FIGURE 3. SerpinB9 contributes to immune resistance to CTL-mediated
cytotoxicity. (A) Expression of serpinB9 in RENCA and RENCA/hCA9 tissues is
displayed. Scale bar, 100 um. (B) Both RENCA and RENCA/hCA9 cells were cultured
under normoxic or hypoxic conditions or treated with deferoxamine (DFO) (100 pg/mL)
for 3 days. The harvested cells were tested for protein expression of serpinB9. (C)
RENCA cells were transfected with a control or one of three different mouse CA9
siRNAs, then cultured under hypoxic conditions (1% O,). Quantitative RT-PCR was

performed 2 days later. (D) RENCA cells were transfected with control or mouse CA9
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siRNA (C) and cultured under normoxic (20% O,) or hypoxic (1% O,) conditions. After
2 days, the serpinB9 expression levels were determined. (E) The sensitivity of AH1
peptide-pulsed RENCA and RENCA/hCA9 cells to AH1 peptide-specific CTLs was
determined using a 5 h 3!Cr release test. (F) Two days post siRNA transfection,
immunoblots were performed to assess expression of serpinB9. Three separate serpinB9
siRNAs were transfected. Cont, control. (G) Two days after transfection with serpinB9(C)
siRNA, RENCA/hCA9 cells were pulsed with the AH1 peptide and used as targets for
AHI peptide-specific CTLs. *P <0.05, **P < 0.01 (Student #-test). 5 h 3ICr release test
was conducted. E/T = effector/target ratio.

Figure 4. Effect of a serpinB9 inhibitor on in vivo growth of RENCA and
RENCA/hCA?9 in aged mice. (A) RENCA (1 x 10°) or RENCA-hCA9 (3 x 10°) cells
were inoculated s.c. into the flanks of aged mice. The i.p. administration of a serpinB9
inhibitor (450 pg/mouse twice daily) began on day 3. Each group comprised 5 mice. Data
are presented as means = SEM. (B) On days 10, 13, and 16, some mice received i.p.
injections of anti-PD-1/anti-CTLA-4 antibodies (150 pg/mouse). Results are presented as
means £ SEM (Mann—Whitney U-test). *P < 0.05. ns, not significant. **P < 0.01.
Figure 5. CA9 increases serpinB9 expression and induces T cell apoptosis through
acidification. (A) RENCA cells were transfected with human or mouse CA9 genes. On
days 2, 4, and 6, cells were harvested to examine the expression of CA9 and serpinB9.
(B) Quantitative RT-PCR was used to determine the levels of mRNAs transcribed from
hCA9, mCA9, and serpinB9. (C) The hCA9 and serpinB9 protein levels in RENCA,
RENCA/hCA9, and the new hCA9-expressing RENCA cell lines (N1, N2, and N3) were
determined. (D) RENCA and RENCA/hCA9 cells were cultured in SB-free or SB-
containing medium with CO, for 5 days. Cell counts and pH levels of the culture medium

are displayed. Data from 3 wells are presented. *P < 0.05, **P < 0.01 (Student's ¢-test).
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(E) RENCA and CT26 cells were cultured under two distinct pH conditions (6.5 and 7.4)
using sodium bicarbonate-free medium in a CO, incubator for 5 days. Subsequently, cells
were harvested to check serpinB9 expression. (F) T cells extracted from naive BALB/c
spleen cells, RENCA, and RENCA/hCAS9 cells were cultured under three different pH
conditions (6.5, 7.0, and 7.4) in a sodium bicarbonate-free medium in a CO, incubator for
3 days. T cells, after staining with PE-conjugated anti-CD4 mAb and APC-conjugated
anti-CD8 mAb, were then stained with annexin V-FITC and examined via flow cytometry.
Cancer cells, post-staining with annexin V-FITC and PI, were analyzed by flow
cytometry. (G) T cells purified from naive BALB/c spleen cells, RENCA, and
RENCA/hCAD9 cells were co-cultured in a SB-free or SB-containing medium in a CO,
incubator for 2 and 4 days. Post-staining with PE-conjugated anti-CD4 mAb and APC-
conjugated anti-CD8 mAb, they were further stained with annexin V-FITC and analyzed
by flow cytometry. Data are presented as means + SD from three samples. *P < 0.05,
*#P < 0.01 (Student's ¢-test). SB, sodium bicarbonate.

Figure 6. Prognosis among RCC patients expressing high serpinB9 expression. (A)
The Kaplan—Meier plotter univariate analysis illustrates the overall survival duration
based on CA9 mRNA and serpinB9 mRNA expression in kidney renal clear cell
carcinoma patients. (B) Kaplan—Meier plotter univariate analysis represents the overall
survival time relative to the ratio of serpinB9 mRNA/CA9 mRNA expression in kidney
renal clear cell carcinoma patients. (C) The Kaplan—Meier univariate plot reveals the
overall survival duration according to the levels of C49 mRNA and serpinB9 mRNA

expression in patients with renal papillary cell carcinomas.
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SUPPLEMENTARY INFORMATION

Figure S1. No difference in the suppressive ability, MHC class I, and PD-L1
expression between RENCA and RENCA/hCA9 cells.

Figure S2. Effects of pH levels on apoptosis of T cells and cancer cells.
Figure S3. Coculturing with RENCA/hCA9 promotes T cell apoptosis.

Figure S4. Lactate levels in the supernatants from RENCA and RENCA/hCAY cells.

Table S1. Quantitative PCR primer sequences
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45 Figure 1. Fewer infiltrating immune cells in RENCA/hCA9 tissues. (A) Aged mice were s.c. inoculated with
46 RENCA (1 x 106) or RENCA/hCA9 (3 x 106) cells. On day 20, tumor tissues were harvested and analyzed
47 by flow cytometry. (B) Proportions of CD4+ and CD8+ T cells and macrophages among CD45+ cells are
shown. Data are presented as mean £ SEM from four mice. *P < 0.05, **P < 0.01. ns, not significant
(Mann-Whitney U-test). (B) Gating strategy and representative results are shown.
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Figure 2. Increased expression of the serpinB9 gene in RENCA/hCA9 cells. (A) Gene array analysis was
conducted using total RNAs extracted from RENCA and RENCA/hCA9 cells. Red and blue lines indicate four-
fold upregulation and downregulation in RENCA/hCA9, respectively. (B) Gene Ontology enrichment analysis

of genes with over four-fold upregulated expression was performed using Metascape. (C) The correlation

between CA9 and serpinB9 gene expression in 43 human kidney cancer cell lines from the Cancer Cell Line

Encyclopedia data (version 23Q2) was assessed, with results shown as a scatter plot. TPM, transcripts per
million; p, Spearman’s rank correlation coefficient.
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FIGURE 3. SerpinB9 contributes to immune resistance to CTL-mediated cytotoxicity. (A) Expression of
serpinB9 in RENCA and RENCA/hCAO9 tissues is displayed. Scale bar, 100 Om. (B) Both RENCA and
RENCA/hCA9 cells were cultured under normoxic or hypoxic conditions or treated with deferoxamine (DFQO)
(100 Og/mL) for 3 days. The harvested cells were tested for protein expression of serpinB9. (C) RENCA cells
were transfected with a control or one of three different mouse CA9 siRNAs, then cultured under hypoxic
conditions (1% 02). Quantitative RT-PCR was performed 2 days later. (D) RENCA cells were transfected with
control or mouse CA9 siRNA (C) and cultured under normoxic (20% 02) or hypoxic (1% 02) conditions.
After 2 days, the serpinB9 expression levels were determined. (E) The sensitivity of AH1 peptide-pulsed
RENCA and RENCA/hCA9 cells to AH1 peptide-specific CTLs was determined using a 5 h 51Cr release test.
(F) Two days post siRNA transfection, immunoblots were performed to assess expression of serpinB9. Three
separate serpinB9 siRNAs were transfected. Cont, control. (G) Two days after transfection with serpinB9(C)
siRNA, RENCA/hCA9 cells were pulsed with the AH1 peptide and used as targets for AH1 peptide-specific
CTLs. *P < 0.05, **P < 0.01 (Student t-test). 5 h 51Cr release test was conducted. E/T = effector/target
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45 Figure 4. Effect of a serpinB9 inhibitor on in vivo growth of RENCA and RENCA/hCA9 in aged mice. (A)
46 RENCA (1 x 106) or RENCA-hCA9 (3 x 106) cells were inoculated s.c. into the flanks of aged mice. The i.p.
47 administration of a serpinB9 inhibitor (450 [Og/mouse twice daily) began on day 3. Each group comprised 5
mice. Data are presented as means £ SEM. (B) On days 10, 13, and 16, some mice received i.p. injections

of anti-PD-1/anti-CTLA-4 antibodies (150 pg/mouse). Results are presented as means £ SEM (Mann-
49 Whitney U-test). *P < 0.05. ns, not significant. **P < 0.01.
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Figure 5. CA9 increases serpinB9 expression and induces T cell apoptosis through acidification. (A) RENCA
cells were transfected with human or mouse CA9 genes. On days 2, 4, and 6, cells were harvested to
examine the expression of CA9 and serpinB9. (B) Quantitative RT-PCR was used to determine the levels of
mRNAs transcribed from hCA9, mCA9, and serpinB9. (C) The hCA9 and serpinB9 protein levels in RENCA,
RENCA/hCA9, and the new hCA9-expressing RENCA cell lines (N1, N2, and N3) were determined. (D) RENCA
and RENCA/hCA9 cells were cultured in SB-free or SB-containing medium with CO2 for 5 days. Cell counts
and pH levels of the culture medium are displayed. Data from 3 wells are presented. *P < 0.05, **P < 0.01
(Student's t-test). (E) RENCA and CT26 cells were cultured under two distinct pH conditions (6.5 and 7.4)
using sodium bicarbonate-free medium in a CO2 incubator for 5 days. Subsequently, cells were harvested to
check serpinB9 expression. (F) T cells extracted from naive BALB/c spleen cells, RENCA, and RENCA/hCA9
cells were cultured under three different pH conditions (6.5, 7.0, and 7.4) in a sodium bicarbonate-free
medium in a CO2 incubator for 3 days. T cells, after staining with PE-conjugated anti-CD4 mAb and APC-
conjugated anti-CD8 mAb, were then stained with annexin V-FITC and examined via flow cytometry. Cancer
cells, post-staining with annexin V-FITC and PI, were analyzed by flow cytometry. (G) T cells purified from
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naive BALB/c spleen cells, RENCA, and RENCA/hCA9 cells were co-cultured in a SB-free or SB-containing
medium in a CO2 incubator for 2 and 4 days. Post-staining with PE-conjugated anti-CD4 mAb and APC-
conjugated anti-CD8 mADb, they were further stained with annexin V-FITC and analyzed by flow cytometry.
Data are presented as means + SD from three samples. *P < 0.05, **P < 0.01 (Student's t-test). SB,
sodium bicarbonate.
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Figure 6. Prognosis among RCC patients expressing high serpinB9 expression. (A) The Kaplan—Meier plotter
univariate analysis illustrates the overall survival duration based on CA9 mRNA and serpinB9 mRNA
expression in kidney renal clear cell carcinoma patients. (B) Kaplan-Meier plotter univariate analysis

represents the overall survival time relative to the ratio of serpinB9 mRNA/CA9 mRNA expression in kidney

renal clear cell carcinoma patients. (C) The Kaplan-Meier univariate plot reveals the overall survival duration
according to the levels of CA9 mRNA and serpinB9 mRNA expression in patients with renal papillary cell
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