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Abstract: Carbonic anhydrase IX (CA IX) is recognized as an excellent marker of hypoxia and an
adverse prognostic factor in solid tumors, including breast cancer (BC). Clinical studies confirm that
soluble CA IX (sCA IX), shed into body fluids, predicts the response to some therapeutics. However,
CA IX is not included in clinical practice guidelines, possibly due to a lack of validated diagnostic
tools. Here, we present two novel diagnostic tools—a monoclonal antibody for CA IX detection
by immunohistochemistry and an ELISA kit for the detection of sCA IX in the plasma—validated
on a cohort of 100 patients with early BC. We confirm that tissue CA IX positivity (24%) correlates
with tumor grading, necrosis, negative hormone receptor status, and the TNBC molecular subtype.
We show that antibody IV/18 can specifically detect all subcellular forms of CA IX. Our ELISA
test provides 70% sensitivity and 90% specificity. Although we showed that this test could detect
exosomes in addition to shed CA IX ectodomain, we could not demonstrate a clear association of
sCA IX with prognosis. Our results indicate that the amount of sCA IX depends on subcellular CA IX
localization, but more strictly on the molecular composition of individual molecular subtypes of BC,
particularly on metalloproteinases inhibitor expression.

Keywords: carbonic anhydrase IX; breast cancer; hypoxia marker; soluble CA IX; exosomes;
prognosis; immunohistochemistry; ELISA

1. Introduction

Breast cancer (BC) is the most common cause of cancer death in Europe and worldwide,
transcending the medical and epidemiological dimension and becoming a serious social
and economic problem. An estimated 2.3 million cases of BC in women were diagnosed
worldwide in 2020, and approximately 685,000 women died from the disease the same
year [1]. Although there is a significant increase in BC cases diagnosed in the early stages
of the disease in countries with well-established screening programs, the relative number
of deaths from BC is still high. If current trends do not change, the burden of breast cancer
is projected to increase to more than 3 million new cases and 1 million deaths per year by
2040 due to population growth and aging alone.

Despite the existence of well-established traditional prognostic markers, such as tumor
size, patient age and menopausal status, tumor axillary lymph node involvement, lym-
phatic/vascular invasion status, hormone receptor status (estrogen (ER) and progesterone
(PR)), status of human epidermal growth factor 2 receptor (HER2), and the pathologic
prognostic stage (according to the AJCC Cancer Staging Manual, 8th edition [2]), clinical
practice shows that, solely on the basis of these markers, it is not possible to identify the
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prognosis of all patients with BC reliably. The 2022 updated ASCO guidelines recommend
also using multi-gene tests, such as MammaPrint, Oncotype DX Recurrence Score, Prosigna,
EndoPredict, and the Breast Cancer Index [3], to guide certain types of treatment in specific
groups of patients. However, there are still populations of BC patients for whom there is
no recommendation to use any biomarker. For example, data on the use of genomic testing
to guide adjuvant chemotherapy in patients with ≥4 positive nodes are not available.
Furthermore, none of these tests are recommended to guide treatment in patients with
HER2+ or triple-negative breast cancer (TNBC) [4]. Therefore, the effort to identify new
biomarkers that can be investigated by “classical”, cost-effective, easy-to-use and routinely
used, easily evaluable, yet sensitive and specific methods, such as immunohistochemistry
(IHC) and enzyme-linked immuno-sorbent assay (ELISA), is still relevant.

Carbonic anhydrase IX (CA IX) is a tumor-associated, cell surface glycoprotein, the
expression of which is primarily induced by the HIF-1α transcription factor during hy-
poxia [5]. Basic characteristics of CA IX are: (1) absence in healthy, non-hypoxic, non-tumor
tissues (except for some areas of the gastrointestinal tract); (2) overexpression in a wide
variety of tumors with the hypoxic phenotype; (3) as a high-activity enzyme catalyzing the
reversible conversion of carbon dioxide into bicarbonate ions and protons, is involved in
the regulation of intracellular and extracellular pH—it maintains a neutral pH inside tumor
cells and contributes to the acidosis of the tumor microenvironment; (4) it facilitates cell
migration and invasion with its pH-regulating ability; and (5) its proteoglycan (PG)-like
domain participates in tumor cell adhesion and proliferation processes. In summary, by
its localization, expression pattern, enzymatic function, and non-catalytic function of the
PG-like domain, CA IX promotes tumor cell survival in hypoxia/acidosis and contributes
to the increased ability of tumor cells to migrate, invade, and metastasize, as reviewed
in [6,7]. Therefore, CA IX is an ideal target that is interesting not only for the design of
diagnostic but also therapeutic approaches for the treatment of solid tumors associated
with hypoxia.

Comprehensive meta-analysis of clinical studies results has confirmed the significant
prognostic importance of IHC diagnostics of CA IX in solid tumors [8]. Patients with
high CA IX expression have a higher risk of local failure, disease progression, and a
higher risk of metastases developing, independently of tumor type or site. It has been
found that the presence of CA IX in tumor tissue may also serve as a predictive marker
for radiotherapy and chemotherapy resistance [9–13]. In BC, the presence of CA IX in
tumor tissue is significantly associated with impaired overall survival (OS) (HR = 1.90,
95% CI = 1.45–2.50), decreased disease-free survival (DSF) (HR = 1.74, 95% CI 1.34–2.27),
worse disease-specific survival (DSS) (HR = 1.75, 95% CI 1.28–2.38), shorter metastasis-
free survival (MSF) (HR = 1.76, 95% CI 1.13–2.74), shorter progression-free survival (PFS)
(HR = 1.88, 95% CI 1.13 –3.10), and is also associated with a risk of locoregional relapse
(HR = 1.37, 95% CI 0.95–1.96) [8].

The cell regulates the presence of CA IX on its surface, similar to HER2, by the cleavage
(shedding) of the extracellular portion (ectodomain) of CA IX from the cell surface [14–16].
The released CA IX ectodomain (soluble form of CA IX, sCA IX) can be detected in body
fluids of cancer patients, by ELISA or by Western blotting. CA IX has also been shown to
be a component of exosomes released by tumor cells into the extracellular milieu [17,18].

The presence of sCA IX in serum/plasma has, so far, been investigated in some tumor
types, but the data available to date are inconclusive, in part due to the use of incompatible
detection platforms [19]. Nevertheless, studies assessing the prognostic significance of sCA
IX in the plasma/serum of BC patients clearly showed that patients with elevated sCA IX
levels had significantly shorter median PFS and OS [20]. In addition, elevated levels of
sCA IX correlate with the presence of visceral metastases and circulating tumor cells [21].
This finding supports experimental evidence of a connection between hypoxia and the
release of tumor cells into the bloodstream. Similarly, Brown-Glaberman and colleagues
found that sCA IX levels increase significantly in response to anti-angiogenic therapy
(paclitaxel + sunitinib) [22]. Recently, Janning and colleagues analyzed the potential of pre-
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treatment levels of sCA IX to predict the efficacy of bevacizumab in the HER2-negative
patients arm of GeparQuinto phase III trial (1160 patients; NCT00567554) that were ran-
domized to receive neoadjuvant chemotherapy alone versus neoadjuvant chemotherapy
plus bevacizumab [23]. The pre-treatment sCA IX level helped identify a cohort of patients
that are potentially under-treated with neoadjuvant chemotherapy alone and showed that
sCA IX is a predictive biomarker for bevacizumab treatment.

Despite many findings on the ability of tissue and serum CA IX to be a prognos-
tic/predictive marker, so far this marker is not routinely used in clinical practice. The
extensive (in terms of the number of evaluated patients), long-term (in terms of abil-
ity to prognose and predict the success/sufficiency of treatment), and standardized (in
terms of the use of standardized and verified diagnostic tools) clinical trials, which would
demonstrate the unequivocal suitability of using CA IX as a biomarker and its place in the
diagnosis of BC (or other tumors), have not yet been performed. This may also be related
to the fact that only a limited number of diagnostic (IVD-certified) kits for the detection
of CA IX by IHC and sCA IX in serum/plasma are available on the market, and as we
have recently shown, the use of high-quality diagnostic antibodies is critical for the correct
interpretation of the results [24].

Thus, the aim of this work was to present new diagnostic tools, potentially suitable
for IVD certification—an antibody for the detection of CA IX in IHC and an ELISA kit for
the detection of sCA IX in plasma—whose diagnostic properties we verified on a cohort of
100 patients with BC. In addition, we also performed a comprehensive in silico analysis of
the prognostic utility of CA IX in BC using extensive databases of multi-omics, microarray,
RNAseq, and clinical data analyzed by online tools—the Tumor online Prognostic analysis
Platform and the Breast Cancer Gene-Expression Miner.

2. Results
2.1. Patient Characteristics

One hundred and two patients were enrolled in this single-institutional cohort study
between April 2019 and October 2022 at the Breast Unit of the 2nd Department of Gy-
naecology and Obstetrics, University Hospital of Bratislava, Slovakia. Patients did not
undergo radiotherapy or neoadjuvant chemotherapy before surgery and tissue collection.
Out of 102 enrolled patients, 100 patients (98.04%) were assessed for CA IX expression in
tumor tissue and sCA IX in plasma. Out of the remaining two patients, one patient had a
Phyllodes tumor, and one patient had a benign breast disease. The clinical and pathologic
parameters considered in our study included patient age, grade, stage and size of the
tumor, lymph node involvement, tumor necrosis, and the ER, PR, and HER2 receptor status.
According to histopathology results, the tumors were categorized into intrinsic subtypes
and pathologic prognostic stage groups according to the AJCC Cancer Staging Manual, 8th
edition [2]. The characteristics of 100 patients included in this study are shown in Table 1.

2.2. Immunohistochemical Detection of CA IX in Tumor Tissues

For IHC detection of CA IX in tumor tissue, we employed a previously unused mouse
monoclonal antibody (MAb) IV/18 originating from our earlier prepared collection of
anti-CA IX antibodies [25]. MAb IV/18 recognizes a linear epitope on the PG-like domain
of human CA IX, which partially overlaps with the epitope of the known M75 antibody [26].
First of all, we evaluated the ability of MAb IV/18 to specifically and sensitively detect CA
IX. In IHC staining of TNBC tissue, we compared the staining of CA IX with the MAb IV/18
to the staining provided by the well-established antibodies M75 and the rabbit monoclonal
antibody EP161 (Cell MarqueTM), which is, to the best of our knowledge, the only IVD-
certified anti-CA IX antibody available on the European market. The MAb IV/18 provided
a strong membrane CA IX staining of comparable intensity and extent to antibodies M75
and EP161 (Figure 1). The IHC staining of other tumor type tissues with MAb IV/18 can be
seen in Appendix A, Figure A1.
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Table 1. Patient characteristics.

No. of Evaluated Patients 100

Age–median (range) 57.5 (34–85)

Menopausal status
Pre-menopause 26 26%
Post-menopause 73 73%

Not applicable—male 1 1%

Grade
I 6 6%
II 57 57%
III 36 36%

DCIS 1 1%

T stage
pTis 3 3%
pT1 56 56%
pT2 37 37%
pT3 3 3%
pT4 1 1%

N status
pN0 64 64%
pN1 21 21%
pN2 12 12%
pN3 3 3%

ER
Positive 86 86%

Negative 14 14%

PR
Positive 81 81%

Negative 19 19%

HER2
Positive 16 16%

Negative 84 84%

Tumor necrosis
Negative 78 78%

Positive (+) 14 14%
Positive (+++) 1 1%

Micro 6 6%
Comedo necrosis 1 1%

In our cohort of 100 patients with BC, we detected a total of 24 CA IX-positive (CA
IX+) cases (24.00%) (Table 2). We considered cell membrane CA IX staining, mixed staining
of membrane and cytoplasm, and cytoplasmic staining (33.33% of CA IX+ cases) as positive.
The presence of CA IX in the tissue was not detected in 76 cases (76.00%). We also recorded
18 cases (18.00%) of CA IX nuclear staining, which we classified as negative.
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Figure 1. Immunohistochemical staining of TNBC tissue with MAb IV/18 versus M75 versus EP161. 
(a) MAb IV/18 diluted 1:100, magnification ∑ 50×; (b) MAb IV/18 diluted 1:100, magnification ∑ 
200×; (c) M75 diluted 1:1000, magnification ∑ 50x; (d) M75 diluted 1:1000, magnification ∑ 200×; (e) 
EP161 diluted 1:100, magnification ∑ 50×; (f) EP161 diluted 1:100, magnification ∑ 200×; (g) negative 
control—IHC staining without antibody, magnification ∑ 50×; (h) negative control—IHC staining 
without antibody, magnification ∑ 200×. 

In our cohort of 100 patients with BC, we detected a total of 24 CA IX-positive (CA 
IX+) cases (24.00%) (Table 2). We considered cell membrane CA IX staining, mixed stain-
ing of membrane and cytoplasm, and cytoplasmic staining (33.33% of CA IX+ cases) as 
positive. The presence of CA IX in the tissue was not detected in 76 cases (76.00%). We 
also recorded 18 cases (18.00%) of CA IX nuclear staining, which we classified as negative.  

In statistical analysis comparing clinicopathological variables with CA IX expression 
(Table 2), the tissue CA IX (tCA IX) positivity significantly correlated with tumor grading 
(p = 0.0146), necrosis (p = 0.0015), the ER status (p = 0.0019), and with molecular subtypes 
of BC (p= 0.0115). The tCA IX was positive in 52.38% of tumors with necrosis, in 38.89% of 
grade III tumors, in 34.15% of large tumors (pT2-4) (non-significant (ns)), and in 27.78% of 
those with 1–3 nodes affected (pN1-3) (ns).  

The tCA IX positivity was associated with the ER- (50.00% cases; p = 0.0019) and PR- 
(36.84% cases; ns) receptor status. The only parameter in which our IHC analysis of CA IX 
expression in BC does not correspond with previously published data [27,28] is tCA IX 
positivity versus HER2 receptor status. In our case, tCA IX-positive (tCA IX+) were 25.00% 
of HER2- tumors, while only 18.75% of HER2+. However, it should be noted that, overall, 
we recorded a lower number of HER2+ cases in our cohort (only 16.00%). The most sig-
nificant was the association of tCA IX+ expression with TNBC (up to 66.67% of these cases 
were positive). This was followed by the luminal B-like molecular subtype (27.78%), 
HER2+ (18.75%), and luminal A (16.67%).  

Table 2. Association of tumor tissue CA IX expression with clinicopathological characteristics. 

Variables (n) CA IX+ 
(n = 24) 

CA IX- 
(n = 76) 

p-Value 
CA IX Score 

p-Value 
Low  Focal  High  

Subtype        
Luminal A (54) 9 45 

0.0115  

3 4 2 

ns Luminal B-like (18) 5 13 0 2 3 
HER2-enriched (16) 3 13 1 1 1 

TNBC (9) 6 3 2 1 3 
DCIS (3) 1 2  1 0 0  
Grade        

Figure 1. Immunohistochemical staining of TNBC tissue with MAb IV/18 versus M75 versus EP161.
(a) MAb IV/18 diluted 1:100, magnification ∑ 50×; (b) MAb IV/18 diluted 1:100, magnification ∑
200×; (c) M75 diluted 1:1000, magnification ∑ 50x; (d) M75 diluted 1:1000, magnification ∑ 200×;
(e) EP161 diluted 1:100, magnification ∑ 50×; (f) EP161 diluted 1:100, magnification ∑ 200×;
(g) negative control—IHC staining without antibody, magnification ∑ 50×; (h) negative control—IHC
staining without antibody, magnification ∑ 200×.

In statistical analysis comparing clinicopathological variables with CA IX expression
(Table 2), the tissue CA IX (tCA IX) positivity significantly correlated with tumor grading
(p = 0.0146), necrosis (p = 0.0015), the ER status (p = 0.0019), and with molecular subtypes
of BC (p = 0.0115). The tCA IX was positive in 52.38% of tumors with necrosis, in 38.89% of
grade III tumors, in 34.15% of large tumors (pT2-4) (non-significant (ns)), and in 27.78% of
those with 1–3 nodes affected (pN1-3) (ns).

The tCA IX positivity was associated with the ER- (50.00% cases; p = 0.0019) and PR-
(36.84% cases; ns) receptor status. The only parameter in which our IHC analysis of CA
IX expression in BC does not correspond with previously published data [27,28] is tCA
IX positivity versus HER2 receptor status. In our case, tCA IX-positive (tCA IX+) were
25.00% of HER2- tumors, while only 18.75% of HER2+. However, it should be noted that,
overall, we recorded a lower number of HER2+ cases in our cohort (only 16.00%). The most
significant was the association of tCA IX+ expression with TNBC (up to 66.67% of these
cases were positive). This was followed by the luminal B-like molecular subtype (27.78%),
HER2+ (18.75%), and luminal A (16.67%).

A CA IX score was established to qualitatively and quantitatively assess tissue CA IX
positivity. Based on the subcellular localization of CA IX, the relative number of positively
stained cells, and the staining intensity, CA IX-positive cases were divided into three
categories: low, focal, and high expression of tCA IX (see Materials and Methods). As
shown in Table 2, high tCA IX positivity was significantly associated with high tumor grade
(p = 0.0060) and the presence of necrosis (p = 0.0062). Although statistical analysis did not
confirm significance, the data show that high tCA IX also occurred in TNBC and luminal
B-like molecular subtypes, in large tumors (pT2–4), and in tumors with ER/PR- status.

As already mentioned, we also observed 18 cases of nuclear CA IX staining, which
we did not consider as tCA IX+. However, CA IX nuclear staining in luminal A and HER2
molecular subtypes, in cases with lower grading, positive necrosis, and ER- status, was
evaluated as significant (Appendix B, Table A1).
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Table 2. Association of tumor tissue CA IX expression with clinicopathological characteristics.

Variables (n) CA IX+
(n = 24)

CA IX-
(n = 76)

p-Value
CA IX Score

p-Value
Low Focal High

Subtype
Luminal A (54) 9 45

0.0115

3 4 2

nsLuminal B-like (18) 5 13 0 2 3
HER2-enriched (16) 3 13 1 1 1

TNBC (9) 6 3 2 1 3
DCIS (3) 1 2 1 0 0

Grade
I/II (63) 10 53

0.0146
4 5 1

0.0060III (36) 14 22 3 3 8

pT
pT1 (56) 9 47 ns 2 4 3 ns

pT2-4 (41) 14 27 4 4 6

pN
pN0 (64) 14 50 ns 2 6 6 ns

pN1-3 (36) 10 26 5 2 3

ER
Positive (86) 17 69

0.0019
4 7 6 ns

Negative (14) 7 7 3 1 3

PR
Positive (81) 17 64 ns 4 7 6 ns

Negative (19) 7 12 3 1 3

HER2
Positive (16) 3 13 ns 1 1 1 ns

Negative (84) 21 63 6 7 8

Tumor necrosis
Positive (21) 11 10

0.0015
4 3 4

0.0062Negative (78) 13 65 3 5 5

For the evaluation of the relation between CA IX+ expression and clinicopathological characteristics, namely
grade, pT, pN, ER, PR, HER2, and tumor necrosis, Fisher’s exact test was used. For the evaluation of the relation
between CA IX+ expression and molecular subtypes of BC, a chi-squared test was used. For the evaluation of the
relation between CA IX score and clinicopathological characteristics, a chi-squared test was used. A p-value of
<0.05 was considered statistically significant. n—number of patients; ns—non-significant.

2.3. Evaluation of Soluble CA IX in Patient Plasma

To determine the level of soluble CA IX in the preoperative plasma of BC patients,
we used an ELISA kit developed earlier [29], with minor modifications (see Materials and
Methods). To determine whether sCA IX is related to the disease, we compared the sCA
IX plasma level of BC patients with that of apparently healthy volunteers (n = 40) and
identified the optimal cut off based on Youden’s criterion maximizing Youden’s J statistic
(sensitivity + specificity). As shown by a receiver operating characteristic (ROC) curve
in Figure 2A (AUC= 0.822: 95% CI: [0.4601 to 0.6700]), using this test with a cut off of
567 pg/mL, according to the Youden’s statistic, can yield sensitivity of 70% and specificity
of 90%. The difference between the compared groups (Control versus BC patients) was
statistically significant p < 0.001.
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Youden’s statistic; (b) interactive dot diagram of measured levels of sCA IX in both groups with the 
cut off line (red horizontal line). The statistical significance of the difference between the groups of 
healthy (Control) and tested BC patients was evaluated by Mann–Whitney test for independent 
samples (*** Indicates significant effects with p< 0.0001); (c) the table shows summary statistical data 
of sCA IX (pg/mL) for each group: number of patients (n), minimum, median, maximum, mean with 
standard deviation (SD), lower 95% confidence interval (CI) for mean, upper 95% CI for median, 
and result of Mann–Whitney test for independent samples (p< 0.0001). 

We confronted sCA IX plasma levels with CA IX positivity in tumor tissue and found 
that patients with tCA IX+ did not have significantly higher levels of sCA IX compared to 
those with tCA IX- (Figure 3). The average concentration of sCA IX in patients with tCA 
IX+ was 818.6 pg/mL, while in patients with tCA IX- it was 775.5 pg/mL. Of the 24 patients 
with tCA IX+, 17 had sCA IX higher than the cut off value. The remaining seven had sCA 
IX below the cut off value, and in two of them we did not detect the presence of sCA IX at 
all (details about individual patients can see in Table 3, below). Out of 76 patients with 
tCA IX-, up to 53 patients had sCA IX above the cut off value. The analysis of association 
between levels of sCA IX above the cut off and below the cut off value with tCA IX+ and 
tCA IX- groups did not show statistical significance according to Fisher’s exact test (p = 
0.5967).  

Groups n Minimum Median Maximum Mean (SD) Lower 95% CI 
of mean 

Upper 95% CI 
of mean 

p-value 

Control  40 0.0 349.5 672.0 312.6 (210.4) 245.3 379.9 
 < 0.0001 

BC patients  100 0.0 744.0 2592.0 785.8 (494.7) 687.7 884.0 

Figure 2. Receiver operating characteristic (ROC) curve analysis of CA IX ELISA: (a) ROC curve
analysis was performed by MedCalc® Statistical Software version 20.2 (MedCalc Software Ltd.,
Ostend, Belgium; https://www.medcalc.org (accessed on 1 October 2022); 2022) based on sCA IX
values of BC patients included in the study versus healthy volunteers (n = 40). The software calculated
the area under the curve (AUC), the statistical significance of the difference between the groups of
healthy (Control) and tested BC patients (p < 0.001), and determined the best cut off according to
Youden’s statistic; (b) interactive dot diagram of measured levels of sCA IX in both groups with the
cut off line (red horizontal line). The statistical significance of the difference between the groups
of healthy (Control) and tested BC patients was evaluated by Mann–Whitney test for independent
samples (*** Indicates significant effects with p < 0.0001); (c) the table shows summary statistical data
of sCA IX (pg/mL) for each group: number of patients (n), minimum, median, maximum, mean with
standard deviation (SD), lower 95% confidence interval (CI) for mean, upper 95% CI for median, and
result of Mann–Whitney test for independent samples (p < 0.0001).

We confronted sCA IX plasma levels with CA IX positivity in tumor tissue and found
that patients with tCA IX+ did not have significantly higher levels of sCA IX compared
to those with tCA IX- (Figure 3). The average concentration of sCA IX in patients with
tCA IX+ was 818.6 pg/mL, while in patients with tCA IX- it was 775.5 pg/mL. Of the
24 patients with tCA IX+, 17 had sCA IX higher than the cut off value. The remaining
seven had sCA IX below the cut off value, and in two of them we did not detect the
presence of sCA IX at all (details about individual patients can see in Table 3, below). Out of
76 patients with tCA IX-, up to 53 patients had sCA IX above the cut off value. The analysis
of association between levels of sCA IX above the cut off and below the cut off value with
tCA IX+ and tCA IX- groups did not show statistical significance according to Fisher’s
exact test (p = 0.5967).

https://www.medcalc.org
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of mean 
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of mean 

p-value 

tCA IX+ 24 0.0 738.0 2592.0 818.6 (548.9) 586.8 1050.0 
0.7116 

tCA IX− 76 0.0 745.5 2238.0 775.5 (479.7) 665.8 885.1 

Figure 3. Analysis of sCA IX levels in plasma of patients with CA IX-positive versus CA IX-negative
tissue. Violin graphs with dots (plot all data) showing the distribution of sCA IX levels (pg/mL) in
tCA IX+ and tCA IX- groups determined by IHC. The table shows summary statistical data of sCA IX
(pg/mL) for each group: number of patients (n), minimum, median, maximum, mean with standard
deviation (SD), lower 95% confidence interval (CI) for mean, upper 95% CI for median, and result of
unpaired t-test (p = 0.7116).

When we selected from the group of tCA IX- patients, those in whom we noted nuclear
staining of CA IX in the tissue, we found that they had slightly higher levels of sCA IX
(Appendix B, Figure A2). Even in this case, statistical analysis did not show this difference
to be significant (p = 0.4538).

The analysis of sCA IX levels in patients, divided according to CA IX score into low,
focal, and high tCA IX+ groups, revealed that patients with low tCA IX had the highest
plasma sCA IX levels (Figure 4). Except for one patient (however, with a sCA IX value
close to the cut off), all had sCA IX levels above the cut off value (details about individual
patients can see in Table 3). The average concentration of sCA IX in the plasma of this group
was 1225.71 pg/mL. Similarly, most patients (six of nine) from the high tCA IX group had
sCA IX levels higher than the cut off value (mean = 718.73 pg/mL). In contrast, in the third
group, patients with focal tCA IX, had plasma sCA IX levels close to the cut off value, the
mean was only 574.69 pg/mL (Figure 4). However, statistical analysis did not confirm the
significance of these differences (p = 0.1624).
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Table 3. Summary table of clinicopathological characteristics of patients with tissue-positive CA IX
expression and soluble CA IX levels in their plasma.

CA IX
Score

Clinicopathological Variables tCA IX sCA IX

pT pN Grade ER/PR HER2 Molecular
Subtype Necrosis L I % Cells pg/mL

Low

2c 1a III -/- - TNBC + M + C + <10% 954.0
1c 2a III -/- - TNBC 0 M + C + <10% 1392.0

4b (m) 3a II +/+ - Luminal A + M + C + <10% 1662.0
1b 0(sn) I +/+ - Luminal A 0 M + <10% 2592.0

2 (m) 1a II +/+ - Luminal A 0 C + / ++ <10% 750.0
is (m) 0(sn) II +/+ - DCIS + C + <10% 978.0

2 1a III -/- 3+ HER2+ + C + <10% 552.0

Focal

3 0 III -/- - TNBC +++ M+C ++ 11–50% 813.0

2 2a II +/+ - Luminal
B-like + M + C ++ 11–50% 951.0

1c 0(sn) II +/+ - Luminal A 0 C ++ 11–50% 726.0
1c 0(sn) II +/+ - Luminal A 0 C + / ++ 11–50% 579.0

2 (m) 0 III +/+ + HER2+ + C + / ++ 11–50% 1041.0
2 0(sn) II +/+ - Luminal A 0 M ++ 11–50% 487.5
1a 0(sn) II +/+ - Luminal A 0 C ++ 11–50% 0.0

1b 2a III +/+ - Luminal
B-like 0 C ++ 11–50% 0.0

High

2 0 III +/+ - Luminal
B-like 0 M +++ >50% 588.0

2 1a III +/+ - Luminal
B-like 0 M +++ >50% 906.0

1c 0 (sn) III +/+ - Luminal
B-like + M +++ >50% 903.0

2 2a III +/+ + HER2+ + M +++ >50% 615.0
1c 0 (sn) III +/+ - Luminal A 0 M +++ >50% 1431.0
1c 1a II +/+ - Luminal A 0 M +++ >50% 792.0
2 0 III -/- - TNBC + M +++ >50% 564.0
2 0(sn) III -/- - TNBC 0 M +++ >50% 459.0

2 (m) 0 III -/- - TNBC + M +++ >50% 210.6

The table shows the clinicopathological characteristics of patients with tCA IX+, divided according to the CA
IX score into low, focal, and high groups, and the concentrations of sCA IX that were detected in their plasma.
L—subcellular localization of tissue CA IX; I—intensity of CA IX staining; % cells—the number of CA IX-positive
cells expressed in %. Patients with sCA IX levels below the cut off value are highlighted in italics.

In Table 3, we present the clinicopathological characteristics of patients with tCA IX+
and levels of sCA IX they had in their plasma. Although the majority of tCA IX+ patients
had sCA IX levels above the cut off value, we did not confirm the statistical significance of
this fact. Therefore, we can conclude that in our patient’s cohort we did not find a direct
association between the amount of CA IX expressed in tumor tissue and the level of sCA
IX in their plasma. Even considering the high levels of sCA IX in patients without tCA
IX+, we assume that the importance of sCA IX will probably lie more in the prediction of
treatment response, as already found by other authors [22,23], than in prognosis. As the
patients included in our study are still on treatment or very soon after treatment, we cannot
yet evaluate the predictive value of sCA IX.

Since, CA IX has also been shown to be a component of exosomes released by tumor
cells into the extracellular milieu [17,18]. We, therefore, wondered if we were able to detect
exosomal CA IX with our ELISA. As documented in Appendix C, our ELISA test is also
able to detect CA IX, which is a component of exosomes. Interestingly, we found that the
patient with a very high sCA IX plasma (1440.00 pg/mL), who at the same time was tCA
IX-negative with nuclear CA IX signal, had the greatest number of CA IX-positive exosomes.
However, it should be noted that the test was performed on a sample of only four patients.
Therefore, we cannot reliably say whether there is a direct association between tCA IX
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positivity or tCA IX subcellular localization and the number of CA IX-positive exosomes,
and we also do not know the proportion of CA IX-positive exosomes to total sCA IX.
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Figure 4. Analysis of sCA IX levels in the plasma of patients with CA IX+ tumor tissue. Violin graphs
with dots (plot all data) showing sCA IX levels of patients divided according to CA IX score into
groups: low, focal, and high tCA IX. For the evaluation of differences in sCA IX levels between
tCA IX groups, the Kruskal–Wallis test with Dunn’s post hoc test was used (p = 0.1624). Summary
statistical data of sCA IX levels (n= number of patients, minimum, median, maximum, mean with
standard deviation (SD), lower and upper 95% CI of mean, and p-value) for each group are displayed
in the table below the image. The lower table expresses the association between sCA IX below
(<567 pg/mL) and above (≥567 pg/mL) the cut off value with the low, focal, and high tCA IX groups.
The statistical evaluation was performed using a chi-squared test. (n)—number of patients.
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2.4. In Silico Analysis of CA IX Expression in Breast Cancer

In order to explore the expression as well as the prognostic value of CA IX in BC, we
performed a comprehensive in silico analysis using the Tumor online Prognostic analysis
Platform (ToPP) [30] and the Breast Cancer Gene-Expression Miner [31]. Figure 5 summa-
rizes data from the ToPP, which were acquired after the selection of The Cancer Genome
Atlas–Breast Invasive Carcinoma (TCGA-BRCA) dataset. A univariate analysis of CA IX
revealed a significantly elevated expression of the CA9 gene in tumor tissue (Figure 5A).
Based on the expression status of CA9 (CA9 high/low), stage distribution as well as age
at initial pathologic diagnosis are depicted in Figure 5B,C, respectively. Although not
statistically significant, the OS according to the CA9 expression status is presented in
Figure 5D. 

 
 

 

 
Int. J. Mol. Sci. 2023, 24, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms 

 

Figure 5. Analysis of CA9 gene expression in the TCGA-BRCA dataset. (A) Differential expression
between tumor and normal tissue presented as a boxplot for the two groups. The Wilcox test was
performed to test whether there was a significant difference between the two groups. *** p < 0.001.
Stage distribution (B) and age at initial pathologic diagnosis (C) are presented based on the expression
status of the CA9 gene; (D) univariate analysis presented as a Kaplan–Meier (KM) survival plot
includes the p-value (p = 0.17) and hazard ratio with 95% confidence interval information.
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To shed more light on the prognostic significance of CA IX in BC, we examined
CA9 gene expression according to various clinicopathological characteristics using the
Breast Cancer Gene-Expression Miner. Target gene expression analysis enabled us to
reveal significantly different CA9 expression between two groups of patients, ER+ and
ER- (Figure 6A). In addition to the ER status, CA9 expression was examined according
to the PR and HER2 status. Similarly, as in the case of the ER- group, a significantly
upregulated expression of CA9 mRNA was confirmed in the PR- (Figure 6B) and in the
HER2+ (Figure 6C) groups.
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analysis for CA9 with 1 versus 2 versus 3 Scarff–Bloom–Richardson (SBR) grade (n = 7319); (E) expression
analysis for CA9 with 1 versus 2 versus 3 Nottingham prognostic index (NPI) status (n = 3945). Results
are displayed as box and whiskers (A–C) and violin graphs (D,E) showing the distribution of CA9
expression according to groups. Significant differences between groups are assessed by Welch’s test,
and the corresponding p-value is indicated on the bottom right of the figure. In case of more than
two groups, a Dunnett–Tukey–Kramer test is presented for each pairwise comparison. Summary
statistical data (minimum, first quartile, median, mean, third quartile, maximum, and standard
deviation) for each group are displayed in tables.

Furthermore, an increased Scarff–Bloom–Richardson (SBR) grade was correlated with
the increased level of the CA9 transcript (Figure 6D). The SBR grade, an important prognos-
tic factor in BC, is associated with cell proliferation. Amat and colleagues demonstrated
the predictive significance of the SBR grade both on clinical and pathological responses
to chemotherapy [32]. As shown in Figure 6D, a significant difference in CA9 mRNA
levels was revealed when the highest grade (SBR3) was compared to SBR1 and SBR2. No
statistical difference in CA9 expression was observed between SBR1 and SBR2. In addition
to the SBR grade, another established prognostic indicator, the Nottingham prognostic
index (NPI), was examined based on the expression status of CA9. The NPI takes into
account the size of the tumor, number of lymph nodes involved, and tumor grade, and its
validity has been reviewed [33,34]. As shown in Figure 6E, a significant difference in CA9
expression was observed in all three comparisons.

3. Discussion

Carbonic anhydrase IX is undeniably an excellent endogenous marker of tumor hy-
poxia and its high expression in tumor tissue is clearly an adverse prognostic marker, as
has been extensively reviewed [6–8]. Furthermore, our comprehensive in silico analysis,
performed on the annotated breast cancer transcriptomic data (n = 9335), confirmed that the
presence of CA IX in breast tumor tissue significantly correlates with ER-, PR-, and HER2+
statuses, and with the highest grade of SBR and NPI (Figures 5 and 6). However, CA IX is
not used in clinical practice despite clear evidence of its usefulness as a biomarker. There
may be several reasons why. Probably the most serious reason is the lack of reliable and
validated diagnostic antibodies and kits, and a related reason is the absence of a prospective
trial(s) with a randomized patient cohort that would provide high-quality evidence for CA
IX prognostic validation.

The main goal of our study was to introduce new diagnostic tools, potentially suitable
for IVD certification—an antibody for the detection of CA IX in IHC and an ELISA kit for
the detection of sCA IX in the plasma—and to verify their diagnostic properties on a cohort
of 100 patients with primary operable early BC. For this purpose, we decided to use the
MAb IV/18, originating from our collection of CA IX-specific antibodies [25], and an ELISA
kit developed earlier [29]. First of all, we verified the ability of MAb IV/18 to specifically
and sensitively detect CA IX in FFPE specimens by IHC staining. The MAb IV/18 was able
to provide strong and specific staining of CA IX on membranes of TNBC cells, comparable
to M75 and EP161 antibodies (Figure 1). In our cohort of BC patients, we diagnosed 24%
of CA IX-positive cases by IHC (Table 2). We detected tCA IX in 52.38% of tumors with
necrosis (p = 0.0015), in 38.89% of grade III tumors (p = 0.0146), in 34.15% of large tumors
(pT2-4), and in 27.78% of those with 1–3 nodes affected. Moreover, high tCA IX positivity
(according to CA IX score) was also significantly associated with high tumor grade and
the presence of necrosis. We detected a significant association of tCA IX positivity with
negative hormone receptor status (p = 0.0019). CA IX tissue positivity was also related to
BC molecular subtypes (p = 0.0115), especially TNBC (up to 66.67% of these cases were
tCA IX+), then luminal B-like (27.78%), HER2+ (18.75%), and luminal A (16.67%) subtype.
In our patient cohort, we confirmed that tissue CA IX is a good biomarker that usefully
complements currently used prognostic markers in early BC.

The only parameter in which our IHC analysis of CA IX expression in BC does not
fully correspond with in silico analysis data (Figure 6) and earlier observations [27,28] is the
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significant association of CA IX positivity with HER2+ receptor status. In our study, up to
25.00% of HER2- tumors were tCA IX+, while only 18.75% of HER2+ tumors were tCA IX+.
However, it should be noted that, overall, we recorded a lower number of HER2+ cases in
our cohort (only 16.00%). Nevertheless, our results on the frequency of CA IX expression in
BC tissue and its association with clinicopathological characteristics correspond with the
findings of other authors [8,9,35–37]. CA IX expression in BC tissue is also known to be
associated with the BRCA1 mutation [38,39], which we also document as a result of our in
silico analysis in Figure A6 (Appendix D). Since no patient in our cohort was suspected of
having hereditary BC, we did not investigate BRCA status, and therefore, we could not
verify this fact.

To determine the level of soluble CA IX in the preoperative plasma of BC patients,
we used an ELISA kit developed earlier [29] with minor modifications (see Materials and
Methods). We compared the sCA IX plasma levels of BC patients with that of healthy
volunteers (n = 40) and identified the optimal cut off based on Youden’s criterion maximiz-
ing Youden’s J statistic (Figure 2A). With this ELISA setup, using a cut off of 567 pg/mL,
we achieved 70% sensitivity and 90% specificity. In the control group, which consisted of
apparently healthy volunteers without cancer disease, we detected sCA IX in the range
of 0.0–672.0 pg/mL (median = 349.5 pg/mL). In contrast, in the group of patients with
BC, we detected sCA IX in the range of 0.0–2592.0 pg/mL, with a median of 744.0 pg/mL.
The difference between the control group and the group of BC patients was statistically
significant p < 0.001 (Figure 2B,C).

Considering the cut off value of 567 pg/mL, a total of up to 70 patients had sCA IX in
their plasma above this value, of which 17 were CA IX+ in tissue. However, patients with
tCA IX+ did not have significantly higher levels of sCA IX compared to those with tCA
IX- (Figure 3). The analysis of sCA IX levels in tCA IX+ patients, divided by CA IX score
into low, focal, and high groups, revealed that patients with low tCA IX had higher sCA IX
levels (mean = 1225.71 pg/mL) in their plasma (albeit not significantly) than those with
focal (mean = 574.69 pg/mL) and high tCA IX (mean = 718.73 pg/mL) (Figure 4). We found
that seven patients with tCA IX+ (29.2%) had sCA IX below the cut off value (Table 3).

In the group of patients with tCA IX-, we detected sCA IX in their plasma in the range
of 0.0 to 2238.0 pg/mL (mean = 775.5 pg/mL) (Figure 3). Interestingly, when we selected
those who had nuclear staining of CA IX in the tissue from this group of CA IX- patients, we
found that they had slightly higher levels of sCA IX in their plasma (mean = 895.8 pg/mL)
than those who had no CA IX in their tissue (mean = 738.1 pg/mL) (Figure A2, Appendix B).
Our results show that there is not always a relation between the amount of CA IX in tissue
and sCA IX in plasma.

Therefore, to verify our measurements, we examined sCA IX of some of our patients
(n = 65) and the entire control group (n = 40) using a commonly used commercial kit
(intended for research use only (RUO))—Quantikine® Human Carbonic Anhydrase IX
Immunoassay (R&D Systems; DCA900) (Appendix E). The ROC curve (AUC = 0.872: 95%
CI: [0.5115 to 0.7365]) shows that using a Youden statistic cut off of 37.8 pg/mL, this test
can provide sensitivity of 75.4% and specificity of 90% (Figure A7). The sensitivity of this
test was only slightly higher (75.4%) than ours (70%); the specificity was the same (90%).
In the dot and line plot of the pairwise comparison (Figure A8), as well as in the scatter
plot of the degree of correlation (Figure A9), we showed that the sCA IX concentrations
measured by both our CA IX ELISA kit and the R&D ELISA are correlated. Similar to our
ELISA, using the R&D ELISA we found that tCA IX+ patients did not have significantly
higher sCA IX levels compared to tCA IX- patients (Figure A10). The average concentration
of sCA IX in patients with tCA IX+ was 86.8 pg/mL, while in patients with tCA IX- it was
75.52 pg/mL. Of the 21 patients with tCA IX+, 16 had sCA IX higher than the cut off value.
These were the same patients who had sCA IX above the cut off value when examined by
our ELISA. The remaining five had sCA IX below the cut off value, and in one of them
we did not detect the presence of sCA IX at all. Out of 44 patients with tCA IX-, up to
33 patients had sCA IX above the cut off value. Thus, the differences between sCA IX levels
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in the tCA IX+ and tCA IX- groups were not statistically significant (p = 0.5613). Similarly,
statistical analysis did not confirm significant differences between sCA IX levels in patients
with low, focal, and high tCA IX+ (p = 0.7221) (Figure A11). Equally to our ELISA, we also
found sCA IX levels below the cut off value in patients with tissue CA IX positivity with
the R&D kit, and conversely, sCA IX levels above the cut off value occurred in patients
without CA IX in the tissue. Therefore, the fact that we cannot clearly distinguish patients
with tumor-associated CA IX from patients without CA IX in tumor tissue using plasma
sCA IX levels is unrelated to the detection properties of our ELISA.

There are several possible explanations why there is not always a relationship between
the amount of CA IX in tissue and sCA IX in plasma. First of all, it is necessary to look at
the ectopic expression of CA IX in tumor tissue, as well as the subcellular localization of
CA IX (which seem to be related). Immunohistochemical analysis of CA IX expression in
tumor tissues revealed that CA IX is present predominantly in tumor areas that actually
suffer from hypoxia, but also in areas that are already reoxygenated (CA IX protein is stable
in reoxygenated cells for around 38 h) [40]. The pattern of CA IX expression in tumor tissue
was described as a continuum without a clear boundary between oxygenated and hypoxic
cells and gradually increases towards necrotic areas [41]. Under severe hypoxic conditions,
the full-length CA IX protein is expressed and localized on the cell membrane, where,
as a part of the bicarbonate transport metabolon, it fulfills its pH regulatory function by
catalyzing the conversion of CO2 to bicarbonate ions, as has been reviewed [6,7]. However,
it has been shown that tumor cells located at shorter distances from functional blood vessels
are exposed to mild hypoxia and can express comparable levels of both the full-length CA
IX and also an alternatively spliced variant of CA IX [42]. The alternatively spliced variant
of human CA9 mRNA results from the deletion of exons 8 plus 9 and is translated into
a truncated protein that lacks the transmembrane region, the intracellular terminus, and
the C-terminal part of the catalytic domain. It is the removal of the transmembrane and
intracellular regions that is apparently responsible for the cytoplasmic localization of this
CA IX protein variant. In addition to being differently localized, the alternatively spliced
variant of CA IX is differently regulated (also independently of hypoxia) and functionally
reduced compared to full-length CA IX. It should be noted that this CA IX protein variant
can be released into the extracellular space [42] and potentially detected by our ELISA kit.

Another potential source of cytoplasmic CA IX staining in tissue may be CA IX protein
internalized from the cell surface to the cell interior via endocytosis. Endocytosis can
be induced by physiological stress, including hypoxia and calcium depletion, but also
by specific antibodies against CA IX that bind to its extracellular domain [43–45]. For
example, one such antibody is MAb VII/20 (created by our group), which targets the
catalytic domain of CA IX and can trigger antibody-mediated endocytosis, leading to
the depletion of approximately 30% of CA IX molecules from the cell surface within 3 h.
Intracellular antibody signal overlapping with the signal of CA IX protein can be detected
even during the following 24 h. Then, the complex of antibody-CA IX is recycled back to
the cell membrane and CA IX is exposed again on the cell surface [46].

CA IX is thought to undergo endocytosis via clathrin-coated vesicles, early endo-
somes, in the cytoplasm. Next, lipids, genes, and proteins (including CA IX) are sorted
into early endosomes to form numerous intraluminal vesicles that mature into multivesic-
ular bodies. The fate of multivesicular bodies is to fuse with lysosomes and degrade.
However, certain multivesicular bodies are released in the extracellular vicinity as exo-
somes by exocytic fusion with the cell membrane, and some go instead to perinuclear
recycling vesicles [46,47]. Although experimental evidence is not available, it is quite
possible that a certain fraction of endocytosed CA IX molecules also reaches the cell nucleus.
Buanne and colleagues provided the first evidence that CA IX interacts with proteins
involved in nuclear/cytoplasmic transport, gene transcription, and protein stability [48].
They identified the nucleo-cytoplasmic trafficking machinery as a distinctive feature of
the CA IX interactome, and in this case, nuclear CA IX positivity is not associated with
necrotic/inflammatory areas, but rather with cancer tissue regions containing tightly linked
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neoplastic cells and a limited fibrovascular network. These data showed that there is a
nuclear CA IX protein subpopulation with a potential intracellular function, distinct from
the crucial CA IX role at the cell surface.

All of these processes associated with endocytosis can lead to depletion of CA IX
from the surface of tumor cells, but, on the other hand, generate potential messengers of
autocrine and/or paracrine signaling. These aspects of CA IX regulation clearly require
further investigation. Nevertheless, they at least partially explain why membrane, mem-
brane/cytoplasmic, cytoplasmic, as well as nuclear CA IX can be detected during IHC
analysis of CA IX expression in tumor tissues and how the subcellular localization of CA
IX may be related to the levels of the soluble form of CA IX.

Here, we detected membranous or membranous/cytoplasmic expression of CA IX in
66.67% of tCA IX+ cases and cytoplasmatic staining in 33.33% of tCA IX+ cases (Table 3).
Cytoplasmic staining of CA IX occurred mainly in the luminal A subtype with grade II
without association with necrosis, and in two cases of the HER2+ subtype with grade III,
in which necrosis was present. It should be mentioned that in four out of eight of these
cases we detected sCA IX plasma concentrations close to the cut off value and in two cases
we did not detect sCA IX at all. Thus, cytoplasmic localization of tCA IX appears to be
associated (albeit not significantly) with lower levels of sCA IX.

In addition to IHC staining of CA IX bound to the cell membrane and/or cytoplasm,
we also noted 18 cases (18.00%) of nuclear-localized CA IX. Similarly, nuclear CA IX was
observed mostly in the luminal A and HER2+ molecular subtypes of BC, in cases with
lower grading, positive necrosis, and ER- status (Appendix B, Table A1). In addition, we
observed the highest levels of sCA IX in these patients (mean = 895.8 pg/mL) (Appendix B,
Figure A2). Finally, as we documented in Appendix C, we detected the most CA IX-
positive exosomes (detectable by our ELISA) in a patient with a very high plasma sCA IX
level (1440.00 pg/mL) in whom nuclear CA IX staining was noted. This suggests, as we
mentioned above, the connection of the tCA IX nuclear signal with the nucleo-cytoplasmic
trafficking machinery that seems to be related to endocytosis, the product of which are also
exosomes (i.e., higher levels of sCA IX). However, we need to verify these findings on a
larger number of patients.

When searching for an answer to the question why the amount of membrane localized
CA IX in the tissue does not always correlate with sCA IX in the plasma, it is necessary to
look at CA IX ectodomain shedding in the second (but no less important) line. Ectodomain
cleavage is an important regulatory mechanism that controls the abundance and/or func-
tion of proteins bound to the cell membrane, as well as the molecular composition of the
extracellular microenvironment, which, in turn, affect cell phenotype and intercellular
signaling [46]. CA IX ectodomain (ECD) shedding is a regulated process that responds to
hypoxia and acidosis, as well as cytotoxic compounds or chemotherapeutic drugs. The CA
IX ECD can be cleaved by metalloproteinases ADAM17 [14] and, as proven recently, also
ADAM10 [16]. Both genes are transcriptionally activated by hypoxia, but while ADAM10
seems to respond also to moderate hypoxia (0.5–5% O2), ADAM17 is transcriptionally
induced by severe hypoxia (below 0.1% O2) [49,50]. The expression pattern of ADAM17
and ADAM10 is tissue-specific. For example, in invasive BC the expression of ADAM17
is significantly increased in high-grade tumors independent of tumor size, lymph node
involvement, and ER status [51]. Whereas, higher levels of ADAM10 were found more
frequently in high-grade and ER-negative early BC tumors, and are likely to be mainly
involved in the progression of the basal subtype of BC (TNBC) [52]. However, the activity
of metalloproteinases cleaving CA IX depends not only on the level of their expression in
particular tissue, but also on the expression of their activators and especially inhibitors,
which, for ADAM10, are the tissue inhibitors of metalloproteinases (TIMP) 1 and 3, while
for ADAM17 they are TIMP 3 and 4 [53]. Therefore, it is possible that the reduced concen-
trations of sCA IX (below the cut off value) that we observed in TNBC cases with high
expressions of membrane tCA IX (Table 3) may be related to strong upregulation of TIMP1
expression in TNBC patients, leading to the inhibition of CA IX shedding mediated by
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ADAM10 [53,54]. If this association were confirmed in the future, impaired shedding
of CA IX would be one of the factors contributing to the more aggressive phenotype of
TNBC. Because, like our colleagues have shown, shedding impairment does not alter CA
IX function, but induces cancer-promoting changes in the extracellular proteome in terms
of increased ability of tumor cells to migrate and form metastatic lesions [55].

The presence of sCA IX in the plasma of the control group and in patients without the
presence of tCA IX is not as surprising as it might seem. Although CA IX expression is
almost exclusively induced by the transcription factor HIF-1α during tumor hypoxia [5],
hypoxia is not exclusively associated with cancer [56]. Hypoxia participates to a greater or
lesser extent in the pathophysiology of many non-oncological diseases and is commonly
noticed in multiple sclerosis, heart disease, and kidney, liver, lung, and inflammatory
bowel diseases. An important category are also pathologies associated with pregnancy,
preeclampsia, and the HELLP syndrome, in the development of which hypoxia partici-
pates [57]. Therefore, it is not surprising that CA IX, a reliable and stable protein controlled
by HIF-1α, has been used as a marker for the early diagnosis of hypoxia-related diseases
in some recent works. For example, elevated CA IX plasma levels have been identified in
women with overt preeclampsia [58]. The possible role of CA IX in cardiovascular diseases
associated with hypoxia was also recently pointed out by our group, when we detected
the CA IX protein in the tissue (in 12 of 15 samples) and sCA IX in the plasma (in 13 of
15 samples) of patients with abdominal aortic aneurysm [59]. Recently, elevated levels
of sCA IX have even been detected in the plasma of patients suffering from obstructive
sleep apnea [60]. Cancer patients can and often do suffer from other diseases, including
diseases associated with hypoxia. Therefore, we cannot exclude that the part of sCA IX in
plasma may originate from other organs where hypoxic upregulation may occur due to
another, non-oncological, hypoxia-related disease. However, in cancer patients, the only
physiologically correct response to cancer-related hypoxia is the expression of only the
full-length CA IX protein located at the cell membrane, representing the only CA IX variant
with prognostic value.

Considering all the above facts, it is extremely important to have validated diagnostic
tools of high quality available for the reliable and specific detection of various tumor-
associated forms of CA IX. Currently, there is a limited number of diagnostic IVD-certified
kits available on the market for the detection of CA IX by IHC and sCA IX in serum/plasma.
To the best of our knowledge, there are only two antibodies that are able to detect CA IX
in formalin-fixed paraffin-embedded tissues (FFPE): a mouse MAb MRQ-54 (also known
as M75), and a rabbit MAb EP161, both from Cell MarqueTM Tissue Diagnostics, Rocklin,
California, United States. However, MRQ-54 is not available on the market outside the
United States. The availability of certified IVD kits for the detection of soluble CA IX is
also insufficient. We know of only one CA IX ELISA manufactured by Nuclea Diagnostics,
Cambridge, MA, former Siemens Medical Solutions Diagnostics, Tarrytown, NY. These
are also serious reasons why controlled and randomized clinical trials (except for those
using G250-based isotope-labeled antibodies for PET/CT diagnosis [61,62]), which would
confirm the clinical relevance of CA IX as prognostic and/or predictive biomarker, are not
ongoing.

Based on our results of IHC staining of CA IX, we can conclude that the diagnostic
ability of MAb IV/18 is reliable, as it specifically detects all subcellular forms of CA IX
protein in early breast cancer tissue. To demonstrate the importance of this antibody, we
want to note that in addition to good detection properties, Mab IV/18, after binding to its
epitope, is able to block the attachment of tumor cells to the extracellular matrix, and thus
inhibit the spread and formation of metastases in vivo. Due to these abilities, MAb IV/18
was one of two mouse anti-CA IX antibodies selected for humanization with the intention
to develop anti-CA IX targeted therapy [63]. Importantly, its humanized version, CA9hu-2,
retained the properties of the parental antibody.

We also show that our CA IX ELISA kit can be used for the sensitive and specific
detection of the soluble form of CA IX, which consists of the shedded CA IX ectodomain,
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CA IX-positive exosomes, and probably also the alternatively spliced variant of CA IX
protein. Although prognostic significance of sCA IX in metastatic breast cancer was clearly
demonstrated [21], here, similarly to Schütze and colleagues [64], we could not show the
clear association of sCA IX with prognosis of early breast cancers. Since TNBC patients with
high tCA IX had lower sCA IX levels, low sCA IX levels seem to indicate a worse prognosis
in TNBC. However, these findings need to be verified in a larger patient population, and as
has already been shown by other authors [22,23], there is a high assumption that in early
breast cancers, sCA IX will be more important in predicting the response to selected drugs,
which, however, needs to be confirmed in randomized clinical trials.

We believe that this study, in which we presented and verified the functionality of
two new diagnostic tools for the detection of tissue and soluble CA IX, will contribute to
their introduction into scientific practice and their IVD certification, and ultimately, to the
establishment of CA IX as a biomarker in clinical practice.

4. Materials and Methods
4.1. Study Design and Patient Population

One hundred and two patients were included in this single-institutional, cohort
study between April 2019 and October 2022 at the Breast Unit of the 2nd Department
of Gynecology and Obstetrics, University Hospital of Bratislava, Slovak Republic. The
inclusion criteria were: patients with a core biopsy-proven primary operable early breast
carcinoma without preoperative systemic therapy or radiotherapy.

4.2. Ethics Statement

The study was approved by the Comenius University and University Hospital of
Bratislava Ethics Committee, Statement No. EC/190/2019. Written informed consent was
obtained from all patients.

The study involving healthy volunteers was approved by the Ethics Committee of Biomed-
ical Research Center of the Slovak Academy of Sciences, Statement No. EK/BmV-03/2021.
Written informed consent was obtained from all patients.

4.3. Surgical Procedures and Plasma Sample Collection

At the introduction to general anesthesia, immediately after the insertion of the can-
nula, 5 mL of peripheral venous blood was taken from the patient. The sample was
immediately transported to the laboratory for further processing and plasma samples were
then frozen at −80 ◦C.

Lymphatic mapping and sentinel lymph nodes biopsy were the initial surgical pro-
cedures. The day before surgery, 2.0 mL of superparamagnetic iron oxide nanoparticles
(Magtrace®, Endomagnetics Ltd., Cambridge, UK), were injected into the subareolar in-
terstitial tissue. Before the axillary skin incision, magnetic count numbers from the skin
were measured using a 2nd generation magnetic probe (Sentimag®, Endo-magnetics, Ltd.,
Cambridge, UK). All excided sentinel lymph nodes (SLNs) were sent to frozen section
evaluation. In patients with 3 or more positive SLNs, an axillary dissection was performed.
Breast saving therapy or radical mastectomy were applied according to established crite-
ria [65]. In patients with impalpable BC, a two-view specimen radiography was performed
to confirm the complete tumor excision and safe surgical margins.

4.4. Pathology

All surgical samples of breast tumors were marked with ink on their surface and fixed
in 10% formalin solution for further evaluation through serial sectioning and histopathol-
ogy. The SLNs were intraoperatively examined with hematoxylin/eosin staining and
postoperatively with IHC. For IHC, monoclonal mouse anti-human cytokeratin antibody
(clones AE1/AE3, code M3515, DAKO) was used. According to established histopatho-
logic criteria [66], lymph node macro-metastases measured >2 mm; micro-metastases
were defined as a focus of metastasis measuring >0.2 mm and ≤2 mm (pN1mi). Isolated
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tumor cells were defined as microscopic clusters and single cells measuring 0.2 mm or less
(pN0i+). Immunoreactivity for HER2, ER, and PR receptors was studied by the VENTANA-
BenchMark-XT computerized automated system, using the ultraView Universal DAB
Detection Kit (ROCHE), which detects specific mouse and rabbit primary antibodies bound
to an antigen in paraffin-embedded tissue sections. Intensity score for HER2 was defined
in scale of 0 to 3 (0: none, 1: weak staining, 2: moderate staining, 3: strong staining). In
cases with HER2 score 2+ (equivocal), an additional evaluation through silver DNA in situ
hybridization was used for ultimate positive or negative results. The histological grade
of tumors was evaluated by the Elston–Bloom and Richardson system [66]. According to
histopathology results, the tumors were categorized to intrinsic subtypes and pathologic
prognostic stage groups according to the AJCC Cancer Staging Manual, 8th edition [2]. The
patient’s characteristics are summarized in Table 1.

4.5. Preparation of Monoclonal Antibody for Immunohistochemistry

For monoclonal antibody production, hybridoma cells (made in our laboratory ear-
lier [25]) were cultured in Dulbecco’s Modified Eagle Medium (Biochrom GmbH, Berlin,
Germany) and supplemented with 10% low IgG fetal bovine serum (FBS) (Biosera). An-
tibodies from the culture medium were purified using HiTrap MabSelect SuRe columns
(GE Healthcare) by using the ÄKTA pure chromatography system (Cytiva, Marlborough,
MA, USA). Purified antibodies were neutralized with 0,5M Tris-HCl buffer pH-9.0, and
subsequently dialyzed into phosphate-buffered saline (PBS) pH-7.0 at 4 ◦C. Pool fractions
were concentrated using an Amicon® Ultra-15 Centrifugal Filter Unit (Merck Millipore,
Burlington, MA, USA) and the concentration of antibodies was determined using a Thermo
Scientific Pierce BCA Protein Assay Kit.

Preparation of low IgG FBS: To remove bovine IgG from serum, inactivated FBS was
filtered through a 0.45 µm filter (Merck Millipore, USA), applied to a HiTrap MabSelect
SuRe column (GE Healthcare), and purified using the ÄKTA pure chromatography system
(Cytiva, USA). IgG antibodies remained trapped on the column. Flow-through FBS was
filtered through a 0.22 µm filter (Merck Millipore, USA) and frozen at −20 ◦C until use.

4.6. CA IX Immunohistochemistry

CA IX expression was detected by IHC using the purified MAb IV/18 (1mg/mL).
Briefly, deparaffinized slides were rehydrated. Endogenous peroxidase activity and
non-specific staining were blocked using EnVision™ FLEX Peroxidase-Blocking Reagent
(DAKO). Slides were incubated for 60 min at room temperature with the aforementioned
primary antibody diluted to 1:100 in REAL Antibody Diluent (DAKO) and immunostained
using an anti-mouse immunoperoxidase polymer (EnVision FLEX/HRP; DAKO) for 30 min
at room temperature. The reaction was visualized with a 3,3’-diaminobenzidine substrate-
chromogen solution (Envision™ FLEX Substrate Working Solution, DAKO) for 5 min, and
slides were counter-stained with hematoxylin (EnVision™ FLEX Hematoxylin, DAKO).
Antibodies M75 (dilution 1/1000) and rabbit monoclonal antibody EP161 (dilution 1/100;
Cell MarqueTM Tissue Diagnostics, Rocklin, California, United States) were used as controls
in the same procedure manner. Clear cell renal cell carcinoma tissue was used as a positive
control. As a negative control, the same tumor tissue was used, but omitting the primary
antibody from the staining protocol.

The following characteristics were assessed and recorded for each patient case:

• Intensity of CA IX staining scored as (+), (++), and (+++);
• Relative number of CA IX positively stained cells: less than 10%, 11–50%, and more

than 50% per field of view;
• Subcellular localization of CA IX antigen: membrane, mixed membrane/cytoplasmic,

cytoplasmic, or nuclear.
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The resulting CA IX score for the qualitative and quantitative assessment of tissue CA
IX was determined as follows:

1. Low—membrane or mixed membrane/cytoplasmic or cytoplasmic subcellular local-
ization, percentage of positive cells less than 10%, and at the same time, intensity of
staining (+);

2. Focal—membrane or mixed membrane/cytoplasmic or cytoplasmic subcellular local-
ization, percentage of positive cells 11–50%, and at the same time, intensity of staining
(+/++) or (++);

3. High—membrane or mixed membrane/cytoplasmic subcellular localization, percent-
age of positive cells more than 50%, and intensity of staining (+++);

4. Negat—nuclear subcellular localization regardless of the percentage of positive cells
and staining intensity, and negative CA IX staining.

The evaluation of CA IX expression in BC tissues was performed independently by
two pathologists.

4.7. CA IX ELISA

For the quantitative determination of sCA IX concentration in plasma, the ELISA kit
originally developed by BMC SAS was used and modified to its current form in cooperation
with MABPRO, a.s. The assay was performed at room temperature. The microplate
wells were coated overnight with 100 µL/well of an anti-CA IX ectodomain (ECD), MAb
VII/32 [25]. The capture antibody was diluted in PBS to a concentration of 8 µg/mL.
Non-specific binding was blocked with MDB solution (BioLab Assays s.r.o., Brno, Czech
Republic) for 1 h, and washed three times with PBS + 0.05% Tween-20 (PBST). Serum
samples diluted three times in MDB solution were added in a volume of 100 µL/well
and incubated for 1 h. After washing three times with PBST, the peroxidase-conjugated
detection MAb IV/18 (0.5 µg/mL in StabilZyme™ HRP Conjugate Stabilizer (Surmodics
IVD, Inc., Eden Prairie, MN, USA)) was added in a volume of 100 µL/well and incubated
for 1 h. Finally, the microplate was washed three times with PBST and the substrate solution
SeramunBlau® fast2 (Seramun Diagnostica GmbH, Germany) was added in volume of
100 µL/well for 20 min in the dark. The reaction was stopped by adding 50 µL of 0.2M
H2SO4 (Biovendor-LM, Brno, Czech Republic) to each well. Absorbance was measured at
450 nm. Concentrations of sCA IX were quantitated based on a calibration curve obtained
using the CA IX ECD protein (amino acids 38–406) [25], which was used as a standard.
Each sample, standard, and control was analyzed in duplicate. Plasma samples from
40 apparently healthy individuals (mean age 60 years; range 57–71 years) were used as a
control in the ELISA assay.

4.8. In Silico Analysis

The Tumor online Prognostic analysis Platform (ToPP) [30], which collects multi-
omics and clinical data from 55 types of tumor datasets from The Cancer Genome Atlas
(TCGA), International Cancer Genome Consortium (ICGC), and the Clinical Proteomic
Tumor Analysis Consortium (CPTAC), was used for CA9 gene expression analysis. The
tumor versus normal expression, stage distribution, average age, and overall survival were
analyzed using the TCGA-BRCA dataset. Additionally, Breast Cancer Gene-Expression
Miner (bc-GenExMiner; [31]) v4.9, a statistical mining tool of published annotated breast
cancer transcriptomic data (DNA microarrays and RNA-seq), was used to explore CA9
gene expression in breast cancer. Results of CA9 expression, according to hormone receptor
status (ER, PR) and HER2, as well as prognostic grades and index, were analyzed and are
presented in either box and whiskers or violin graphs.

4.9. Statistical Analyses

Statistical analyses were conducted using the GraphPad Prism (v9) software and/or
MedCalc® Statistical Software version 20.2 (MedCalc Software Ltd., Ostend, Belgium; https:
//www.medcalc.org (accessed on 1 October 2022); 2022). Analysis of CA9 gene expression

https://www.medcalc.org
https://www.medcalc.org
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in the BC was performed using the Tumor online Prognostic analysis Platform (ToPP)
and the Breast Cancer Gene-Expression Miner v4.9. A p-value of <0.05 was considered
statistically significant.

To evaluate the association between clinicopathologic categorical variables and CA
IX expression in tumor tissue, chi-squared and/or Fisher’s exact tests were performed
(Tables 2 and A1 in Appendix B). To evaluate the association between sCA IX below and
above the cut off value with the low, focal, and high tCA IX groups, a chi-squared test was
performed (Figure 4).

To determine the optimal cut off value of both CA IX ELISA and R&D ELISA,
ROC curve analysis was performed using MedCalc® Statistical Software version 20.2
(Figures 2A and A7 in Appendix E). The optimal cut off value was identified based on
Youden’s criterion maximizing Youden’s J statistic (sensitivity + specificity).

A Mann–Whitney test for independent samples was used to evaluate the differences in
sCA IX levels between the groups of healthy and tested BC patients (Figures 2B,C and A7C
in Appendix E).

An unpaired t-test was used to evaluate the differences in sCA IX levels in the
plasma of patients with CA IX-positive versus CA IX-negative tissue (Figures 3 and A10 in
Appendix E).

A Kruskal–Wallis test with Dunn’s post hoc test was used to evaluate the statistical
significance of differences in sCA IX levels of patients divided based on CA IX score into:
low, focal, and high tCA IX groups (Figures 4 and A11 in Appendix E).

A Kruskal–Wallis test with Dunn’s post hoc test was used to evaluate the differences
in sCA IX levels between patients who are CA IX-positive, CA IX-negative, and CA IX-
negative with nuclear CA IX signal in tumor tissue (Figure A2 in Appendix B).

The Wilcox test was used to evaluate the differences between the two groups
(Figures 5A–C and 6A–C). To evaluate the association between the CA9 expression and
survival in BC, the univariate analysis presented as a Kaplan–Meier survival plot was
performed (Figure 5D). Significant differences between groups were assessed by Welch’s
test (Figures 6D,E and A6 in Appendix D), and a Dunnett–Tukey–Kramer’s test was used
for each pairwise comparison (Figures 6D,E and A6 in Appendix D).

A dot and line diagram of pairwise comparison (Figure A8 in Appendix E) and scatter
diagram (Figure A9 in Appendix E) of individual patients’ sCA IX concentrations measured
by both CA IX ELISA and R&D ELISA were constructed by using the MedCalc Software.
The degree of relationship between sCA IX concentrations of individual patients measured
by CA IX ELISA versus R&D ELISA was determined using rank correlation.
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HER2-enriched (16) 3 9 4  
Triple-negative (9) 6 2 1  

DCIS (3) 1 2 0  
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Figure A1. Immunohistochemical staining of human tumor tissues with MAb IV/18. (a) Tissue of
ccRCC, magnification ∑ 200×; (b) tissue of ccRCC, magnification ∑ 400×; (c) lung mesothelioma,
magnification ∑ 200×; (d) lung mesothelioma, magnification ∑ 400×; (e) glioblastoma, magnification
∑ 200×; (f) glioblastoma, magnification ∑ 400×; (g) head and neck carcinoma, magnification ∑ 200×;
(h) head and neck carcinoma, magnification ∑ 400×.
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Table A1. Association of nuclear CA IX expression with clinicopathological characteristics.

Variables (n) CA IX+
(n = 24)

CA IX- (n = 76)
p-Value

WS (n = 58) NS (n = 18)

Subtype
Luminal A (54) 9 32 13 0.0142

Luminal B-like (18) 5 13 0
HER2-enriched (16) 3 9 4
Triple-negative (9) 6 2 1

DCIS (3) 1 2 0

Grade
I/II (63) 10 40 13 0.0363
III (36) 14 17 5
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Table A1. Cont.

Variables (n) CA IX+
(n = 24)

CA IX- (n = 76)
p-Value

WS (n = 58) NS (n = 18)

pT
pT1 (56) 9 34 13 ns

pT2-4 (41) 14 22 5

pN
pN0 (64) 14 39 11 ns

pN1-3 (36) 10 19 7

ER
Positive (86) 17 54 15 0.0023

Negative (14) 7 4 3

PR
Positive (81) 17 49 15 ns

Negative (19) 7 9 3

HER2
Positive (16) 3 9 4 ns

Negative (84) 21 49 14

Tumor necrosis
Positive (21) 11 6 4 0.0018

Negative (78) 13 51 14
For the evaluation of the relation between CA IX nuclear expression and clinicopathological characteristics, a
chi-squared test was used. (n)—number of patients; WS—IHC staining without CA IX signal; NS—IHC staining
with CA IX nuclear signal; ns—non-significant.

Appendix C

Exosomes released from breast cancer cells contain CA IX and can be detected in
patient plasma with CA IX ELISA.

Appendix C.1 Materials and Methods

Appendix C.1.1 Isolation of Exosomes

Exosomes were isolated from 5 × 107 of JIMT-1 cells (ACC 589, DSMZ-German
Collection of Microorganisms and Cell Cultures GmbH, Germany), cultivated in DMEM
supplemented with 5% fetal bovine serum, exosome depleted (Thermo Fisher Scientific
Inc.) for the first 24 h, followed by cultivation under hypoxic conditions 1% O2 for 48 h
in a hypoxia workstation (Ruskin Technologies). Then, the medium was centrifuged at
300× g for 5 min, and at 1200× g for 10 min to remove cell debris, and filtered through a
0.22 µm filter (Merck Millipore, USA). The pre-cleared medium was concentrated using
100 kDa MWCO Amicon Ultra Centrifugal Filter (Merck Millipore, USA) at 1200× g. Finally,
exosomes were isolated using a Total Exosome Isolation Kit (Invitrogen/Thermo Fisher
Scientific, USA) during an overnight incubation at 4 ◦C, sedimented by centrifugation at
10,000× g for 1 h, and diluted in DPBS (Thermo Fisher Scientific Inc.).

Plasma exosomes were isolated using an Invitrogen™ Total Exosome Isolation Kit
(from plasma) according to the manufacturer’s instructions.

Appendix C.1.2 Nanoparticle Tracking Analysis

For the rapid in vitro measurements of exosomes, we performed nanoparticle tracking
analysis (NTA) using NanoSight NS500 equipped with an sCMOS Trigger camera and a
405 nm laser (Malvern Instruments Ltd., Malvern, UK). NTA utilizes the properties of both
light scattering and Brownian motion to obtain the size distribution and concentration
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measurements of particles in liquid suspension. The measured data were analyzed using
the NTA2.3 analytical software. Each sample was diluted in PBS before the measurements
to optimize the number of particles. Samples were measured in quintuplicate in 60-second
videos with manual shutter and gain adjustments.

Appendix C.1.3 CA IX and CD9 direct ELISA

Microplate wells (flat) were coated overnight at 37 ◦C with 50 µL of exosomes as an
antigen (diluted in DPBS) and allowed to dry. After blocking with 10% FCS in PBS + 0.05%
Tween-20 for 2 h at RT, the coated wells were incubated with 50 µL of anti-CA IX mouse
MAb M75 (hybridoma medium) or anti-CD9 rabbit antibody (CD9 (H-110) sc-9148, Santa
Cruz Biotechnology, 1:100) for 2 h at RT. After washing 3x with PBS + 0.05% Tween-20,
50 µL of peroxidase-labeled pig anti-mouse IgG (Sigma-Aldrich, diluted 1:5000 in PBS
with 10% FCS for 2 h) or peroxidase-labeled anti-rabbit IgG (Sigma-Aldrich, diluted 1:5000
in PBS with 10% FCS for 2 h) was used as detector. After washing 3x with PBS + 0.05%
Tween-20 the reaction was visualized by adding 50 µL of substrate prepared as follows:
10µg ortho-phenylene-diamine (Sigma, P9020) and 10 µL H2O2 in 10 mL citrate buffer
pH 5.0. After 5–7 min incubation in the dark, 50 µL of stop solution (2M H2SO4) were
added. Reaction was measured at 492 nm.

Appendix C.1.4 Western blot

Isolated exosomes were separated by SDS–polyacrylamide gel (10%) electrophoresis.
Afterwards, the proteins were transferred onto a PVDF membrane and probed with the
following antibodies: anti-CA IX MAb M75 (hybridoma medium 1:3 in 5% non-fat dry milk
with 0.2% Nonidet P40 in PBS, 1 h, RT) and anti-CD9 (cell signaling, D801A, rabbit Mab
1:1000 in 3% BSA in TBS-T buffer, 1 h, RT), and visualized by anti-mouse-HRP or anti-rabbit-
HRP (Sigma-Aldrich, 1:5000 in 5% non-fat dry milk with 0.2% Nonidet P40/0.1% Tween20
in PBS, 1 h, RT). Protein bands were detected using an enhanced chemiluminescence kit
(GE Healthcare Bio-Sciences).

Appendix C.2 Results

For the isolation of exosomes, we employed cell lines JIMT-1 naturally expressing CA
IX under hypoxic conditions. Exosomes isolated under hypoxic treatment were character-
ized by NTA. NTA was carried out using NanoSight NS500 confirming the size distribution
with a mean = 99 nm and an average mode = 62 for hypoxic exosomes (Figure A3).

The expression of CA IX in exosomes isolated from JIMT-1 cells was also determined
using Western blotting. Figure A4a shows the level of CA IX in exosomes detected in
hypoxia. The correct isolation of exosomes was verified through the presence of a specific
marker of exosomes—CD9 (Figure A4b).

To confirm that our ELISA, which was used to determine sCA IX in the plasma of BC
patients, is able to detect CA IX-positive exosomes, we used it to evaluate the concentration
of the CA IX-positive/negative exosomes isolated from JIMT-1 cells. The concentration of
CA IX in the fraction of CA IX-positive exosomes was more than 4000 pg/mL.

Finally, to prove that the plasma of patients included in our study contains CA IX-
positive exosomes, we isolated exosomes from the plasma of four patients with determined
sCA IX positivity. The presence of CA IX and the exosome marker CD9 in exosomes isolated
from the patients’ plasma was analyzed using direct ELISA (Figure A5). We proved the
presence of CA IX-positive exosomes in patient samples. Moreover, we found that patients
(four) with high sCA IX levels in their plasma (1440.00 pg/mL) and CA IX-negative tissue
with nuclear CA IX signal had the greatest number of CA IX-positive exosomes.
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Figure A3. Characterization of exosomes isolated from hypoxic JIMT-1 cells. (a) The size distribution
was analyzed by NTA using NanoSight NS500 (for each sample 5x 60-second run); (b) representative
nanoparticle tracking analysis (NTA) of isolated exosomes diluted with DPBS.
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Figure A4. Characterization of exosomes from JIMT cells grown in hypoxia for 48 h. Expression
of CA IX (a) and CD9 (specific marker of exosomes) (b) proteins was analyzed by Western blotting
using specific antibodies.
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Figure A6. Analysis of CA9 gene expression according to wild type versus mutated BRCA 1/2
genes. Expression analysis for CA9 gene with wild type BRCA 1/2 (n = 2061) versus BRCA1-mutated
(n = 69) versus BRCA2-mutated (n = 55) gene. Results are displayed as box and whiskers graphs
showing the distribution of CA9 expression according to groups. Significant differences between
groups are assessed by Welch’s test, and the corresponding p-value is indicated on the bottom right of
the figure. For each pairwise comparison, a Dunnett–Tukey–Kramer’s test was used and is presented
in the upper table. Summary statistical data (minimum, first quartile, median, mean, third quartile,
maximum, and standard deviation) for each group are displayed in the bottom table. Analysis was
performed using the Breast Cancer Gene-Expression Miner v4.9 software.

Appendix E

Detection of sCA IX in plasma using Quantikine® Human Carbonic Anhydrase IX
Immunoassay

The sCA IX levels in the patient’s plasma were also detected using a commercial
kit intended for research use only (RUO)—Quantikine® Human Carbonic Anhydrase IX
Immunoassay (R&D Systems; DCA900) (R&D ELISA). We performed the ELISA test ac-
cording to the manufacturer’s instructions. We followed the same procedure for evaluating
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the results of the R&D ELISA as we did for evaluating the results of our CA IX ELISA.
First, we compared the sCA IX plasma level of BC patients (n = 65) with that of apparently
healthy volunteers (n = 40) and identified the optimal cut off based on Youden’s criterion
maximizing Youden’s J statistic (sensitivity + specificity). As shown by a receiver operating
characteristic (ROC) curve in Figure A7 (AUC= 0.872: 95% CI: [0.5115 to 0.7365]) using this
test with cut off of 37.8 pg/mL, according to the Youden’s statistic, can yield sensitivity of
75.4% and specificity of 90%. The difference between the compared groups (Control versus
BC patients) was statistically significant p < 0.001.
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Figure A7. Receiver operating characteristic (ROC) curve analysis of Quantikine® Human Carbonic
Anhydrase IX Immunoassay (R&D ELISA): (a) ROC curve analysis was performed by MedCalc®

Statistical Software version 20.2 based on sCA IX values of BC patients (n = 65) included in the
study versus apparently healthy volunteers (n = 40). The software calculated the area under the
curve (AUC), the statistical significance of the difference between the groups of healthy (Control)
and tested BC patients (p < 0.001), and determined the best cut off according to Youden’s statistic;
(b) interactive dot diagram of measured levels of sCA IX in both groups with the cut off line (red
horizontal line); (c) the table shows summary statistical data of sCA IX (pg/mL) for each group:
number of patients (n), minimum, median, maximum, mean with standard deviation (SD), lower
95% confidence interval (CI) for mean, upper 95% CI for median, and result of the Mann–Whitney
test for independent samples (p < 0.0001).

We performed a pairwise comparison and correlation analysis of sCA IX concentra-
tions measured by our CA IX ELISA kit and the R&D ELISA kit. As shown in the pairwise
comparison dot and line graph (Figure A8) and in the scatter plot of correlation degree
(Figure A9), the sCA IX concentrations measured by both kits are correlated.
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Figure A8. Comparison of R&D ELISA test versus CA IX ELISA. Dot and line diagram of pairwise
comparison shows sCA IX concentrations of individual patients (each patient marked with an
individual point symbol) measured by R&D ELISA (left) versus CA IX ELISA (right).
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Figure A9. Scatter diagram of the degree of correlation between sCA IX concentrations measured by
R&D ELISA versus CA IX ELISA.

The scatter diagram of sCA IX concentrations of individual patients measured by both
ELISA tests shows a strong correlation. The degree of relationship between R&D ELISA
and CA IX ELISA measurements was determined using rank correlation with the following
result: Spearman’s coefficient of rank correlation = 0.800, Kendall’s Tau = 0.640, significance
level p < 0.0001.

Similar to our ELISA, when we examined sCA IX in plasma using the R&D ELISA, we
found that tCA IX+ patients did not have significantly higher sCA IX levels compared to
tCA IX- patients (Figure A10). The average concentration of sCA IX in patients with tCA
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IX+ was 86.8 pg/mL, while in patients with tCA IX- it was 75.52 pg/mL. Of the 21 patients
with tCA IX+, 16 had sCA IX higher than the cut off value. The remaining five had sCA
IX below the cut off value, and in one of them we did not detect the presence of sCA IX at
all. Out of 44 patients with tCA IX-, up to 33 patients had sCA IX above the cut off value.
Differences between sCA IX levels in tCA IX+ and tCA IX- groups were not statistically
significant (p = 0.5613).
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tCA IX groups confirmed what we detected via our ELISA kit, namely that patients with 
low tCA IX had the highest plasma sCA IX levels (Figure A11). Most patients from both 
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Groups n Minimum Median Maximum Mean (SD) Lower 95% CI 
of mean 

Upper 95% CI 
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p-value 

tCA IX+ 21 0.0 71.80 359.8 86.80 (77.21) 51.65 121.9 
0.5264 

tCA IX− 44 0.0 58.90 271.7 75.52 (61.31) 56.88 94.16 

Figure A10. Analysis of sCA IX levels in plasma patients with CA IX-positive versus CA IX-negative
tissue using R&D ELISA. Violin graphs with dots (plot all data) showing the distribution of sCA IX
levels in tCA IX+ and tCA IX- groups determined by IHC. Cut off value, 37.8 pg/mL, is shown as
red horizontal line. The table shows summary statistical data of sCA IX (pg/mL) for each group:
number of patients (n), minimum, median, maximum, mean with standard deviation (SD), lower
95% confidence interval (CI) for mean, upper 95% CI for median, and the result of the unpaired t-test
(p = 0.5264).

Analysis of sCA IX levels in patients divided by CA IX score into low, focal, and high
tCA IX groups confirmed what we detected via our ELISA kit, namely that patients with
low tCA IX had the highest plasma sCA IX levels (Figure A11). Most patients from both
groups, high tCA IX (five of eight) and focal tCA IX (five of seven), also had sCA IX levels
above the cut off. Statistical analysis did not confirm significant differences between groups
(p = 0.7221).
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Figure A11. Analysis of sCA IX levels in the plasma of patients with the CA IX+ tumor tissue using
R&D ELISA. Violin graphs with dots (plot all data) showing sCA IX levels of patients divided based
on CA IX score into groups: low, focal, and high tCA IX. Cut off value, 37.8 pg/mL, is shown as red
horizontal line. Differences between groups were assessed by Kruskal–Wallis test with Dunn’s post
hoc test with the result p = 0.7221.
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