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Abstract

Purpose: Hypoxia is commonly observed in regions of primary tumors and metastases, and is
associated with resistance to treatment, more aggressive tumor phenotypes and poor
prognosis. Reliable and validated imaging biomarkers of hypoxia are needed for pre-clinical
studies and clinical use. Expression of cell-surface carbonic anhydrases IX and XlI (CAIX and
CAXIl) in tumor cells has been associated with tumor hypoxia. CAIX and CAXII specific
antibodies conjugated to fluorescent dye were evaluated for the non-invasive detection of
hypoxia in vivo.

Procedures: Human breast cancer cell lines (MCF10A, DCIS, MCF7, ZR-75.1 and MDA-mb231)
were characterized for CAIX and CAXIl expression by real-time RT-PCR and immunocyto-
chemistry (ICC) under normoxic and hypoxic conditions. Immunohistochemical (IHC) staining of
CAIX, CAXIl and the commercially available exogenous hypoxia marker, pimonidazole, was
performed using sections of ZR-75.1 and MDA-mb-231 orthotopic breast cancer xenograft
tumors from nude mice. In vivo fluorescence imaging of ZR-75.1 tumors in animals housed at
varied levels of oxygen was used to quantify the relative uptake of the CAIX and CAXII agents
and a commercially available sulfonamide-based agent. Corresponding tumor sections were
IHC stained for CAIX, CAXIl and pimonidazole.

Results: CAIX mRNA expression was significantly higher (p<0.05) in hypoxia for all cell lines,
which was in agreement with protein expression by ICC. CAXIl expression was mixed, with a
modest hypoxia-related increase in two cell lines (p<0.05) and no change in others. Quantified
IHC staining of ZR-75.1 and MDA-mb-231 tumor sections showed that CAIX and CAXII
expression was elevated in regions with pimonidazole staining, but CAXII levels were lower than
CAIX. Tumor uptake of the CAIX targeted agent, and IHC staining of CAIX and pimonidazole in
corresponding tumor sections were correlated, and co-registered, and shown to be significantly
elevated by level of oxygenation (p<0.001): hypoxia>normoxia>hyperoxia. However, the CAXII
and sulfonamide agents were not significantly correlated with hypoxia.
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Conclusion: These studies suggest that the fluorescently labeled CAlX-specific agent is a more
robust indicator of hypoxia in vivo compared to the CAXII-specific agent or the agent specific to
the CA active site.
Key words: Breast cancer, Carbonic anhydrase IX, Carbonic anhydrase Xll, Targeted agents,
Non-invasive imaging of hypoxia
Abbreviations: CAIX, Carbonic anhydrase IX; CAXII, Carbonic anhydrase XII
Introduction Intrinsic hypoxic markers can be distinguished from 2-

Because of perfusion deficits, solid tumors have heteroge-
neous regions of hypoxia (reduced pO,) [1]. Additionally, it
has been reported that the altered tumor metabolism can also
contribute to tumor hypoxia [2, 3]. In multiple cancer types,
hypoxia has been shown to be associated with cancer
initiation and progression, with resistance to treatment with
radiation and cytotoxic chemotherapeutics [4], and to have
clinical relevance as a prognostic marker of poor survival [5,
6]. The generally negative sequelae of tumor hypoxia have
been a rationale for the development of a new family of
hypoxia-activated pro-drugs [7]. These properties of tumor
hypoxia make relevant the ability to detect hypoxic regions
which can help decide which patients could be benefit from
adjunctive anti-hypoxia therapy as well as to monitor
therapy response [8].

An ideal method for assessment of tumor hypoxia
should be clinically safe, readily available, minimally
invasive with low exposure to radiation, high resolution
and easy to use [9]. Techniques for measuring oxygen can
be divided into direct measurement such as needle electro-
des and indirect measurements of oxygen [8, 10]. Direct
tumor pO, measurement by microelectrode has been used
in clinical studies and is considered a reference standard
[10]. However, use of this method is restricted by the
difficulty of accessing tumors, cost, sampling error,
invasiveness, inter-observer variability [11], failure to
distinguish necrosis from hypoxia [12] and difficulty in
calibration [8].

Detection of hypoxia can be provided by indirect
measurements [13], e.g., immunohistochemical (IHC) anal-
yses of tumor biopsies based on endogenous hypoxia-
associated protein expression such as HIF-lo [14] and
carbonic anhydrase isoform 9, CAIX [15, 16], or exogenous
markers such as pimonidazole and EF5 (2-nitroimidazole)
that are preferentially trapped in hypoxic cells [17, 18].
Clinically, positron emission tomography (PET) probes
based on 2-nitroimidazoles have been developed, such as
'"®F-misonidazole, '*F-HX4, 'SF-FAZA and '’F-EF5
[reviewed by [19]]. These probes measure bioreductive
pathway activation under hypoxia, yet are sometimes limited
by small dynamic range and hence, poor tumor-to-
background ratios. In addition, non-oxygen-dependent me-
tabolism can lead to non-specific signal generated by these
probes [20].

nitroimidazole-based agents in that they are sensitive to
biological hypoxia, i.e., the response of cells to a hypoxic
environment. While this can be variable, they are advanta-
geous in that they may be more predictive of outcome [21].
Hence, it is desirable to complement the ex vivo analysis of
intrinsic targets with a molecular imaging approach based on
selective agents to accessible proteins that are over-
expressed at sites of hypoxia.

Hypoxia inducible factor 1 (HIF-1) is stabilized in
response to hypoxia, allowing for binding to the hypoxia
response element (HRE) in the promoter region of a large
number of genes involved in cancer progression and tumor
growth [22]. One of the most investigated targets of HIF-1a
is CAIX [16]. CAIX is a transmembrane protein that
catalyzes the reversible hydration of carbon dioxide, and
its high expression has been independently associated with
poor prognosis in a growing number of tumor types (for
reviews, see [23, 24]), making it an attractive target for
diagnostic non-invasive imaging, a potential biomarker of
treatment response and an endogenous marker of hypoxia
(reviewed by [25]).

Carbonic anhydrase 12 (CAXII) is another membrane-
bound carbonic anhydrase that has been shown to be over-
expressed or co-expressed with CAIX in several tumor
types, including breast cancer [26-28]. While CAIX is only
rarely expressed in normal tissues, CAXII is present in many
normal tissues. CAXII expression can also be induced by
hypoxia, but the underlying molecular mechanism remains
unknown [16, 29]. The CAI2 gene promoter does not
contain an HRE that corresponds to the HRE of CA49.
However, the upstream region of the CA/2 gene does
possesses several putative HRE sequences [16], but their
functionality has not been documented. Both CAIX and
CAXII isoenzymes have attracted attention, not only as
functional components of tumor physiology but also as
tumor biomarkers and potential therapeutic targets [27, 30].
A radiolabeled CAIX antibody ('?*1-cG250) that is specific
against CAIX for clear cell renal cell carcinoma (ccRCC)
with constitutively expressed CAIX has been developed for
diagnosis of ccRCC and has shown excellent sensitivity,
specificity, and positive and negative predictive value in
patients with ccRCC [31, 32].

To study the feasibility of using CAIX and/or CAXII as
surrogate markers of tumor hypoxia, their expression
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patterns were evaluated in vitro, ex vivo and in vivo using a
set of breast cancer cell lines and xenograft tumors in the
context of both normoxia and hypoxia. Previously, we had
developed CAIX- or CAXII-specific monoclonal antibodies
conjugated to a near-infrared fluorescent (NIRF) dye excited
at 680 nm (CA9Ab-680 and CA12Ab-680, respectively) as
in vivo imaging probes [27]. Additionally, a commercially
available sulfonamide-based fluorescent agent that binds to
extracellular carbonic anhydrases (HypoxiSense 680,
Perkin-Elmer) was also evaluated [33]. To study the
feasibility of using these as in vivo imaging probes of
hypoxia, they were injected intravenously into animals
bearing xenograft tumors housed in normoxic, hypoxic and
hyperoxic conditions.

Materials and Methods
Cell Culture

MDA-mb-231 and ZR-75.1 cells were grown in RPMI 1640; MCF-
10A and DCIS cells were grown in Mammary Epithelial Cell
Growth Medium (MEGM, Lonza, Allendale, SC) containing 10 %
fetal bovine serum (Life Technologies, Gaithersburg, MD),
0.03 %L-glutamine, 100 units/ml penicillin and 100 pg/ml strepto-
mycin, and cell cultures were grown in 5 % CO, at 37 °C. The cell
lines were obtained from American Type Culture Collection
(ATCC), expanded for two passages, and cryopreserved. All
experiments were performed using cells of passage number less
than 25. Cell morphology was monitored by microscopy and cells
were confirmed to maintain their morphology throughout the study.
Also, cells were authenticated as free of mycoplasma by testing at
ATCC.

In cyto hypoxia response experiments were conducted by
incubating cells for approximately 20 h in <2 % O,, 93 % N, and
5 % CO, (hypoxia) in a hypoxia chamber (BioSpherix, Xvivo
system, G300C, NY) or 20 % O,, 75 % N, and 5 % CO,
(normoxia).

Quantitative Real-Time RT-PCR (qRT-PCR)

RNA was extracted from each clone using an RNA extraction
kit (Qiagen, Valencia, CA). CA9 and CAI2 specific primer sets
were designed using Gene Runner Software for Windows
version 3.05. The CA9 primers were designed to specifically
detect the longer transcript. This is important for studies related
to hypoxia-related expression of CA9, where the presence of the
alternatively spliced variant is hypoxia-independent and can
provide a false-positive signal [34]: forward-CA9, 5'-
TTGAATGGGCGAGTGATTGAG-3' and reverse-CA9 5'-
CAGGGCTAGGATGTCACCAG-3'; and forward-CA12, 5'-
CTGGCATCATGTATTTAGGGGC-3' and reverse-CA12, 5'-
GAGTTGCGCCTGTCAGAAAC-3'. B-actin was used for nor-
malization as described in our previous study [35].
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Conjugation of Antibodies to Dye
and Fluorescence Microscopy Studies

Anti-human CAIX monoclonal antibody (mAb) (Clone 303123,
R&D systems, Minneapolis, MN) and CAXII mAb (Clone 315602,
R&D system) were conjugated to VivoTag-S 680 (Perkin-Elmer,
Cambridge, MA) as described in our previous study [27]. The
immunogen for the CAIX and CAXII antibodies are rhCA9;
accession # NP_001207; aa 59 — 414, and rhCA12; accession #
NP_001209; aa 25 — 291, respectively, and both correspond to the
extracellular domain at the N-terminus. Conjugates were purified
with Sephadex G25 columns (Roche) and eluted into sterile tubes.
Protein (A280) and dye (A680) absorbance was determined using
an ND-1000 spectrophotometer (NanoDrop, Wilmington, DE) and
used to confirm the number of fluorophore molecules conjugated to
each antibody molecule. The conjugates were termed CA9Ab-680
and CA12Ab-680, respectively.

Immunocytochemistry and Fluorescence
Microscopy

Four hundred thousand cells were plated onto glass coverslips at
the bottom of six-well plate and incubated in normoxic and hypoxic
conditions as described above under “Cell Culture” and were fixed
with a 1:1 mixture of cold methanol, air-dried, block and stained
with CA9Ab-680 or CA12Ab-680, wheat germ agglutinin (WGA),
Oregon Green 488 conjugate (Invitrogen) and 4',6-diamidino-2-
phenylindole (DAPI) as described previously [27].

Tumor Xenograft Studies and in vivo
Fluorescence Imaging

All procedures were carried out in compliance with the Guide for
the Care and Use of Laboratory Animal Resources (2012), National
Research Council, and approved by the Institutional Animal Care
and Use Committee, University of South Florida.

To study the CA9ADb-680, CA12Ab-680 and HypoxiSense 680
(Perkin-Elmer) imaging probes in vivo, female nu/nu mice 6—
8 weeks old, average weight of 23 g (Harlan Sprague Dawley, Inc.,
Indianapolis, IN) were implanted subcutaneously (s.c.) with a 60-
day estrogen-release pellet containing 0.72 mg of estradiol
(Innovative Research of America, Sarasota, FL) under 3 to 4 %
isoflurane anesthesia. Two days after implantation, 5x10° ZR-75.1
cells were injected in the right mammary fat pad (MFP). Tumor
volume was determined with calipers using the formula: volume=(-
lengthxwidth?)/2. Imaging studies were performed for three groups
of animals with tumors in varied levels of oxygenation: hypoxia,
normoxia and hyperoxia [7, 33, 36]:

Tumor hypoxia was induced by placing animals in an induction
chamber with a continuous flow of 5 I/min of 7 % oxygen (residual
N,) for 2 h. Then, 50 pg of the CA9Ab-680 or CA12Ab-680
imaging probes, or 2 nmol of the HypoxiSense 680 imaging probe
per manufacturer’s protocol, were i.v. injected into each mouse.
Animals were re-exposed to 7 % oxygen for an additional 5 h.

To increase oxygenation, animals were i.v. injected with
500 mg/kg of nicotinamide (Sigma-Aldrich) and then were placed
in an induction chamber with a continuous flow of 5 l/min of
carbogen (95 % 02, 5 % CO2, NTG Sol) for 2 h, followed by i.v.
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injections of probes and re-expose to carbogen for additional 5 h as
described above [36]. For normoxic conditions, animals were
housed in standard caging breathing air for 2 h following agent
administration and imaging 5 h post-injection. The same method
has been used by Dubois and colleague to evaluate fluorescent
labeled sulfonamide probes [33].

Animals were imaged 5 h post agent administration using the
Optix MX3 (ART Advanced Research Technologies Inc., Mon-
treal, Canada) imaging system. Fluorescence images were acquired
with raster scan points 1 mm apart (scan resolution) using a 670-nm
pulsed laser diode with 40 MHz frequency and a 12 ns time
window per raster point. According to the manufacturer, the
excitation maxima of unconjugated VivoTag-S™680 dye is 673
+5 nm and the emission maxima is 691+5. Autofluorescence
background was subtracted by determining the mean tumor
fluorescence signal in normalized counts prior to injection. Images
were analyzed using Optix-MX3 Optiview Software (version
2.01.00) and normalized count values were obtained within a
circular region of interest (ROI) on the images. Fluorescence
tomographic images were generated via time-domain optical
imaging [37] using the Optix MX-3 imager and Optiview Software.
Fluorescence lifetime gating was conducted using gating for peak
Vivo-Tag 680 dye fluorescence lifetime of approximately 1.2 ns
and the Optiview Software was used for 3D reconstruction based
on time-domain data as described by Kumar et al. [37].

Ex vivo Microscopy Studies
and Immunohistochemistry Analysis

To assess hypoxia ex vivo, tumor-bearing mice were injected via
the tail vein with 60 mg/Kg of the hypoxia cell marker
pimonidazole hydrochloride (1-[(2-hydroxy-3-piperidinyl) propyl]-
2-nitroimidazole hydrochloride (Natural Pharmacia International
Inc., Burlington, MA)) 30 min before in vivo imaging (above)
followed by euthanasia. To assess tumor perfusion, the in vivo
DNA binding dye Hoechst 33342 (10 mg/Kg, Invitrogen) was i.v.
injected 1 min before euthanizing the animals. Excised tumors were
cut into two parts; one half of each excised tumor was fixed in
formalin and embedded in paraffin, the other half was placed in
Tissue-Tek Optical Cutting Temperature (OCT) cryoembedding
media (Sakura Finetek, Torrance, CA) and snap frozen in liquid
nitrogen until cryosectioned into 4-um sections which were stored
at —80 °C until staining for microscopic studies.

For confocal fluorescence microscopy studies, frozen sections
were thawed and fixed in cold acetone (4 °C) for 10 min followed
by rinsing and incubation overnight at 4 °C with mouse monoclonal
anti-pimonidazole antibody (clone 4.3.11.3) (Natural Pharmacia
International Inc., Burlington, MA) diluted 1:10 in PBS containing
0.1 % bovine serum albumin and 0.1 % Tween 20. The sections
were then incubated with goat anti-mouse Alexa flour-488
secondary antibody, 1:3,000 diluted in phosphate buffered saline
Tween-20 (PBST; Invitrogen, Grand Island, NY) for 1 h. Sections
were then stained for CAIX or CAXII using our fluorescent probes
(CA9ADb-680 or CA12ADb-680) as described for immunocytochem-
istry (ICC) and confocal fluorescence micrographs acquired with an
SP5 laser scanning confocal microscope with Acousto-Optical
Beam Splitter (AOBS, Leica Microsystems GmbH, Wetzlar,
Germany). Hoechst nuclear staining was performed in vivo prior
to euthanization as described above. ROIs within the micrographs
were drawn that included necrotic areas that had cells without
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nuclear staining or viable areas that had cells with nuclear staining.
Pixel-by-pixel binning distribution analyses were performed using
LAS AF software version 1.6.0 build 1016 (Leica Microsystems
GmbH, Wetzlar, Germany) for quantification of each ROI.
Regional colocalization results were plotted and reported as overlap
coefficients using the colocalization analysis module within the
LAS AF software.

Slides were IHC stained using a Ventana Discovery XT
automated system and OmniMap anti-mouse HRP detection system
(Ventana Medical Systems, Tucson, AZ) as per manufacturer’s
protocol. Formalin-fixed sections (5 um) were stained with a 1:500
dilution of anti-CAIX rabbit polyclonal antibody (abcam, Boston,
MA), a 1:500 dilution of anti-CAXII rabbit antibody (Prestige
Antibodies Powered by Atlas Antibodies, Sigma-Aldrich) or a 1:50
dilution of the same monoclonal anti-pimonidazole antibody,
described above. A light hematoxylin nuclear staining was also
performed as a counter-stain.

The Aperio ScanScope XT digital slide scanner (Aperio, CA)
was used for scanning the slides at x20 magnification. The whole
slide CAIX and CAXII images were sub-segmented into blocks of
superpixels (5%5 pixels) using Definiens Developer v1.2. For each
stained tumor section, pattern recognition software was trained to
identify and classify necrotic and viable tumor regions based on the
nuclear staining pattern with quality control provided by a board
certified pathologist (Dr. Bui). The training was completed by
choosing 20 regions which were identified by Dr. Bui as viable (10)
or necrotic (10). The Definiens random forest algorithm was then
capable of computationally completing the classification of either
viable or necrotic tissue. Finally, the pathologist reviewed and
confirmed the training and classification was accurate. Next, pixel-
by-pixel staining intensities of CAIX and CAXII were quantified in
regions of viable tumor and analyzed in relation to spatial distances
from areas of necrosis. The distance in pixels was calculated from
the center of all super pixels classified as viable tumor to the center
of the nearest object classified as necrosis. The shortest straight line
determined the minimum distance from tumor to necrosis. To
provide a graphic representation comparing all of the distributions
within a slide, three separate classifications for the necrosis distance
were created: near necrosis, medium distance to necrosis and far
from necrosis. “Near necrosis” included all of the superpixel
objects within 400 pixels, “medium distance” included objects
between 401 and 900 pixels and “far from necrosis” included
hypoxic units greater than 901 pixels from the necrosis. Every
2 pixels are approximately 1 um (0.502 pm/pixel).

For measuring the staining intensity in hypoxia, normoxia and
hyper-O,, immunopositivity of each biomarker was quantitatively
scored using commercial algorithms from the Positive Pixel Count
v9 Aperio Toolbox®. The staining intensity for strong (3+),
moderate (2+), weak (1+) and negative (0) pixels were thresholded
by the 0-255 8-bit dynamic range value (220; 175; 100;
respectively). The algorithm was optimized for this study by a
board-certified pathologist and applied to the entire slide’s digital
image to determine the number and percentages of pixels express-
ing each intensity subset.

Statistics

Data are represented as meantstandard deviation (S.D.). All
statistical analyses were performed using SAS version 9.3 (Cary,
NC), Matlab version 7.9.0 (Natick, MA), and GraphPad Prism
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version 5.01. A one-way ANOVA and the two-sided Tukey-
Cramer 95 % simultaneous confidence intervals were used to
determine significance among three independent groups, i.e.,
normoxia, hypoxia and hyperoxia. The critical point for the
Tukey-Cramer simultaneous confidence intervals and the
corresponding p values were computed by the method of Kim
[38]. For comparison of multiple groups, a p value of less than
0.025 was considered statistically significant, otherwise a p value
of <0.05 was considered significant.

Results

In vitro Analysis of Hypoxia-related CA9
and CAI12 mRNA Expression

In order to determine whether CA9 or CAI2 expression
differed by incubation in normoxic vs. hypoxic con-
ditions, the mRNA levels of these genes were determined
in a set of breast cancer cell lines (MCF-10A, DCIS,
MCF-7, ZR-75.1 and MDA-mb-231) cultured in nor-
moxic and hypoxic conditions using qRT-PCR. In
normoxia, CA9 mRNA was detectable in all five cell
lines in normoxia, but at significantly lower levels
compared to hypoxia (p<0.05) (Fig. 1). Normoxic
expression of CA9 was lowest in MCF-7 and ZR-75.1
cells and highest in the pre-neoplastic MCF-10A and pre-
malignant DCIS cells. In comparison, C4/2 had higher
levels of expression in normoxia compared to CA9 in
every case, which were comparable to CA9 levels in
hypoxia or higher, and had only a slight, but significant
(»<0.05) induction by hypoxia in two cell lines: MCF-
10A and ZR-75.1 [39].

CA9 and CA12 Expression
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Fig. 1 mRNA expression, (2=CT 9ene jo=CT B-actiny { 00, of
CA9 and CA72 in MCF-10A, DCIS, MCF-7, ZR-75.1 and
MDA-mb-231 breast cancer cells in normoxic and hypoxic
conditions. Cells were grown under either normal oxygen
conditions (20 %) or limiting oxygen conditions (<2 %) for
approximately 16 h prior to mRNA extraction and gRT-PCR.
Data are represented as mean+S.D. Note the Log 10 scale.
Significant p values, normoxia compared to hypoxia, are
indicated by asterisks.
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In vitro Analysis of Hypoxia-Related CAIX
and CAXII Protein Expression

We have previously developed monoclonal antibody-based
CAIX and CAXII targeted NIRF molecular imaging probes
(CA9AD-680 and CA12Ab-680) for the non-invasive detec-
tion of breast cancer lymph node (LN) metastases and the
high selectivity of the probes was confirmed in vitro and
in vivo [24]. Here, to investigate the potential of using these
probes to image biological hypoxia, we used them to detect
CAIX and CAXII protein in cells cultured in hypoxic and
normoxic conditions. The same cell lines and conditions
reported above to determine mRNA expression were used.
They were fixed, permeabilized and stained with either
CA9ADb-680 or CA12Ab-680 in combination with a nuclear
stain (DAPI) and a cell membrane marker (WGA). The ICC
results were largely in agreement with the prior qRT-PCR
results: CAIX levels were highly elevated in hypoxia relative
to normoxia in all of the cell lines (Fig. 2a), whereas CAXII
expression was highly elevated in hypoxia relative to
normoxia only in MCF-10A cells and only slightly elevated
in ZR-75.1 cells (Fig. 2b). As with the mRNA results, MCF-
7 cells had high constitutive CAXII expression in normoxia.
The constitutive (normoxic) CAXII expression was lower in
DCIS cells than would have been predicted by mRNA.
Therefore, mRNA levels were generally predictive of protein
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Fig. 2 a and b ICC staining of breast cancer cells incubated
in normoxic and hypoxic conditions using the CA9Ab-680
and CA12Ab-680 probes. Confocal micrographs of cells
incubated with the nuclear marker DAPI (blue), the plasma-
and cytoplasmic-membrane marker, WGA (green) and
CA9ADb-680 or CA12Ab-680 (red). a Stronger CA9Ab-680
staining is observed for all breast cancer cell lines grown in
hypoxia relative to normoxia. b Hypoxia-induced CA12Ab-
680 staining is observed in MCF-10A and ZR-75.1 cells, and
comparable levels of constitutive expression in normoxia and
hypoxia are observed in DCIS, MCF-7 and MDA-mb-231
cells. Cytoplasmic staining is observed due to permeabiliza-
tion of cells after fixation.
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levels but the two measurements were not precisely
associated.

Ex vivo Analysis of Hypoxia-related CAIX
and CAXII Expression

To evaluate CAIX and CAXII expression levels in hypoxic
tumor regions, we generated mammary fat pad tumor
xenografts using MDA-mb-231 cells which had increased
CAIX expression but not CAXII in hypoxia in vitro; and
ZR-75.1 cells which had increased expression of both
markers in hypoxia in vitro. Tumors were harvested
following administration of pimonidazole, a known hypoxia
marker [40], and the CAIX and CAXII IHC staining, and
pimonidazole staining patterns were evaluated regionally in
center sections of the tumors. CAIX, CAXII and pimonida-
zole staining intensities and spatial distances from regions of
necrosis were quantified pixel-by-pixel (Fig. 3). In both
tumor types, pimonidazole staining was observed out to
600 pm from the edge of necrosis, with the highest staining
occurring closer to the edge of necrosis, which strongly
suggests hypoxic conditions in the tumor regions adjacent to
necrosis. Similar to pimonidazole staining, both CAIX and
CAXII had elevated IHC staining in the 600 pm adjacent to
necrosis in both tumor types (Fig. 3a, b), albeit CAXII
staining was much weaker relative to CAIX. CAIX staining
was observed to a distance of 1,300 um from the edge of
necrosis indicating a persistence of expression beyond the
limits of pimonidazole staining. Interestingly, in MDA-mb-
231 tumors (Fig. 3b), CAXII staining was not detectable
past 600 pm from the edge of necrosis, similar to
pimonidazole staining. But for ZR-75.1 tumors, CAXII
staining remained elevated out to 1,900 um from necrosis.

In vivo Correlation of Probe-related
Fluorescence, Marker Expression and Hypoxia

Since ZR-75.1 cells demonstrated elevated mRNA (Fig. 1)
and protein (Fig. 2) for both CAIX and CAXII when
cultured in hypoxic conditions relative to normoxia, and
elevated expression of both markers in hypoxic tumor
regions adjacent to necrosis (Fig. 3), this tumor line was
selected to evaluate our NIRF probes in vivo. However,
constitutive expression of both CAIX and CAXII were
observed in ZR-75.1 cells in vitro (Fig. 2), i.e., expression in
normoxia. In order to better distinguish marker expression
related to hypoxia non-invasively and in vivo by fluores-
cence imaging using our CA targeted fluorescent probes,
mice were housed in varied levels of O,. For comparison,
the commercially available sulfonamide-based HypoxiSense
680 probe (Perkin-Elmer) that is generally specific for the
carbonic anhydrase active site but is not isoform specific
was also administered to the same treatment groups.

Three (n=8 each) groups of animals bearing ZR-75.1
xenograft MFP tumor were studied: (1) placed in a hypoxia
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induction chamber for 2 h; (2) in a hyperoxic induction
chamber for 2 h; and (3) in normoxic conditions (open air).
Each group was divided into two sub-groups (n=4 each) and
either CA9ADb-680 or CA12Ab-680 was i.v. injected into
each sub-group. Following injection, animals were quickly
returned to hypoxic, hyperoxic or normoxic conditions for
an additional 5 h. Then each animal was administered
pimonidazole, returned to their respective chambers for an
additional 30 min and imaged using the Optix MX3 imaging
system (ART, Inc., Montreal, CA). Normalized fluorescence
values were quantified for each group of animals (Fig. 4a).
After imaging, tumors were excised and IHC stained to
determine CAIX and CAXII expression and pimonidazole
for hypoxia levels. Slides were scanned and staining
intensities determined.

CA9Ab-680 normalized in vivo fluorescence values
(Fig. 4a, left), CAIX IHC staining (Fig. 4b, left) and
pimonidazole staining (Fig. 4c) decreased stepwise from
hypoxic-to-normoxic-to-hyperoxic conditions. When com-
paring these decreases pairwise by Student’s ¢ test,
normoxia-to-hypoxia and normoxia-to-hyperoxia, all
changes were significant (p<0.025) except for normoxia to
hyperoxia for IHC staining (p=0.06). By one-way ANOVA,
the values for all three conditions were significantly different
(»p<0.001) for fluorescence, IHC and pimonidazole staining
(Table 1). The Tukey-Cramer 95 % simultaneous confidence
intervals were significant for all pairings except when
comparing hypoxia to normoxia by CAIX IHC staining
(Table 2).

Notably, CAXII-related fluorescence and IHC staining
values were generally lower than CAIX and were not
significantly altered among the three groups of animals as
determined by pairwise Student’s ¢ test, one-way ANOVA
and Tukey-Cramer confidence intervals (Fig. 4a, b, middle
and Tables 1 and 2).

For the sulfonamide-based probe, which should specifi-
cally bind to both markers, the observed differences among
the three groups were not statistically significant due to
increased variability within each group (Fig. 4a, right and
Tables 1 and 2). The image intensity values for the
sulfonamide probe were higher and comparable to the CAIX
and CAXII fluorescence values combined.

For CAIX, these in vivo results are in agreement with the
in vitro and ex vivo results from this study, where for ZR-
75.1 cells and tumors, CAIX expression was significantly
induced by hypoxic conditions. For CAXII, these results
were not necessarily inconsistent with the in vitro results,
where increased CA12Ab-680 probe uptake in hypoxia was
only modestly increased from constitutive levels in ZR-75.1
cells in vitro (Fig. 2), and CAXII staining was only
marginally elevated in hypoxic regions adjacent to necrosis
(Fig. 3a).

An overlay of the CAIX and pimonidazole staining for a
representative tumor section shows a strong association of
CAIX-related fluorescence with pimonidazole-related fluo-
rescence. However, CAIX fluorescence is also observed
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Fig. 3 Regional relative (normalized) expression of CAIX and CAXII protein in breast cancer xenograft tumors by quantitative
image analysis of IHC and pimonidazole stained tumor sections. Protein staining intensities of a ZR-75.1 and b MDA-mb-231
tumors graphed by distance from necrosis. Representative images are shown from each tumor xenograft below each graph.
The arrows correspond to the tumor/necrotic edge (left arrow) and the bin limit of 100 pixels. Please note that thresholds for
strong positive stained tumor tissue varied between stains. The strong positive threshold for CAIX was set much higher than
the threshold for CAXII. This was due to the intrinsic expression differences and was held constant for these experiments.

beyond the limits of pimonidazole staining, particularly at ~ were also generated at higher magnification to determine
the outer tumor edge (Fig. 5a). Fluorescence micrographs colocalization at the cellular level of blood perfusion
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Fig. 4 In vivo expression of CAIX and CAXIl in hypoxic, normoxic and hyperoxic conditions. a Quantification of CA9Ab-680,
CA12Ab-680 and HypoxiSense680 (a sulfonamide-based probe from Perkin-Elmer)-related fluorescence in ZR-75.1 tumors of
animals treated with 7 % oxygen (hypoxia, black), no treatment (normoxia, dark gray), or nicotinamide and carbogen (hyper-Os,
light gray). Representative images are shown from each group of animals below each graph. Note that the scales are different
and the images were acquired 5 h after agent administration. b Quantification of CAIX and CAXIl IHC staining of ZR-75.1
tumors from the same animals presented in panel Images of representative IHC staining are underneath each graph. ¢
Quantification of pimonidazole staining (hypoxia marker) for the same set of animals presented above with representative of low
and high magnification images of staining underneath each graph. Data represent the mean+SD of at least four independent
animals. Asterisk indicates significant difference (p<0.05) compared to no treatment.

(Hoechst stain), hypoxia (pimonidazole) and CA9ADb-680 or
CA12Ab-680 fluorescence (Fig. 5b). In agreement with the
macroscopic quantifications, CA9Ab-680 and CA12Ab-680
fluorescence co-localized with pimonidazole stained cells
but also had staining that did not correspond to pimonida-
zole staining. Pimonidazole-associated fluorescence was
spatially correlated with CAIX- and CAXIlI-associated
fluorescence using pixel-by-pixel binning distribution anal-
yses shown plotted in Fig. 5Sc. As can be seen in the plots,
nearly all pimonidazole staining correlated with some CAIX
or CAXII staining (center sector), whereas practically no

pimonidazole staining is seen in the absence of CA staining
(lower sector), but in both cases (CAIX and CAXII) there
was some staining observed in the absence of pimonidazole
(upper sector). The overlap coefficients generated by these
analyses indicate a high correlation of CA expression with
pimonidazole deposition (CA9Ab-680 overlap coeffi-
cient=0.88 and CA12Ab-680 overlap coefficient=0.82).
However, in all cases (IHC and fluorescence) CAXII
staining was weaker than CAIX staining. Hence, these
results were consistent with those for ZR-75.1 cells and
tumors throughout the study presented herein.
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Table 1. One-way ANOVA analysis results

Ttem Hypoxia Normoxia Hyper-O, MSE p value
CAIX IHC staining Mean 0.84 0.74 0.62 0.0048 <0.001
CA9AD680 fluorescence nMean 2,055 2,620 2,035 290,900 <0.001
CAXII IHC staining nMean 3.23 (3;.21 3.24 0.0092 0.88
CA12Ab680 fluorescence nMean 2566.7 ;920.0 §895.0 654,881 0.32
HypoxiSense 680 }1\1/Iean ?6,300 ?4,000 1,960 0.35
Pimonidazole staining rl\l/[ean 33.6 ?5.4 ;.2 5.97 <0.001

n 4 4 4

The p value was computed by the method by Kim [38].
MSE mean square error

Time-domain fluorescence tomography was used to
generate a slice-by-slice map of CA9ADb-680 fluorescence
throughout a ZR-75.1 xenograft tumor in a living mouse
(Fig. 6a). Heterogeneity of CA9Ab-680-related fluorescence
was observed throughout the tumor, consistent with regions
of hypoxia and normoxia (Fig. 6b). The ex vivo center
section, along with H&E, CAIX and pimonidazole staining
of adjacent sections are shown in Fig. 6¢c. The brightest
fluorescence signal aligned with the region of darkest CAIX
IHC staining, which co-registered with the pimonidazole
staining, indicating a relationship between CAIX expression
and hypoxia.

Discussion

Our first aim in this study was the verification of CAIX and
CAXII expression as markers for detection of hypoxia.
Therefore, comparative analyses of the combined expression
of these genes and proteins were performed in cell lines and

Table 2. The Tukey-Cramer 95 % simultaneous confidence interval

breast tumor xenografts in the context of normoxia and
hypoxia. According to our mRNA and protein determina-
tions in breast cancer cell lines, CAIX expression was up-
regulated in hypoxia to some degree in every breast cell line,
regardless of some constitutive expression in normoxic
conditions. However, CAXII expression was induced by
hypoxia in some cell lines (e.g., MCF-10A) with constitutive
expression in normoxia observed for every line. Similar
results have been reported by other groups, where the
expression of CA9 and CA/2 mRNA were analyzed in
several cell lines derived from different tissue types and the
amplitude of induction by hypoxia was high for CA9 in all
the cell lines, while differential induction of CA72 was also
observed [16, 26, 41].

CAIX and CAXII IHC staining and pimonidazole
staining of MDA-mb-231 and ZR-75.1 xenografts revealed
that both markers have elevated expression in tumor regions
adjacent to necrosis and that these regions are hypoxic. In
both tumor types, CAIX staining extended farther from

Item Arm Comparisons Lower Upper Note
CAIX IHC staining Hypoxia - Normoxia —0.006 0.21 Not Significant
Normoxia - Hyper-O, 0.002 0.23 Significant
Hypoxia - Hyper-O, 0.12 0.32 Significant
CA9AD680 fluorescence Hypoxia - Normoxia 259 2,612 Significant
Normoxia - Hyper-O, 408 2,762 Significant
Hypoxia - Hyper-O, 1,931 4,120 Significant
CAXII IHC staining Hypoxia - Normal -0.12 0.16 Not Significant
Normal - Hyper O2 —-0.17 0.11 Not Significant
Hypoxia - Hyper O2 —-0.13 0.11 Not Significant
CA12Ab680 fluorescence Hypoxia - Normal -1,299 2,592 Not Significant
Normal - Hyper O2 —2,795 845 Not Significant
Hypoxia - Hyper O2 —2,148 1,491 Not Significant
HypoxiSense 680 Hypoxia - Normal —20,751 25,271 Not Significant
Normal - Hyper O2 —13,978 32,045 Not Significant
Hypoxia - Hyper O2 -11,718 34,305 Not Significant
Pimonidazole staining Hypoxia - Normoxia 3.42 13.06 Significant
Normoxia - Hyper-O, 3.39 13.03 Significant
Hypoxia - Hyper-O, 11.7 21.3 Significant

The simultaneous confidence intervals were computed by using the critical point by Kim [38]. In CAIX IHC staining, the difference between Hypoxia and

Normal is not significant
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Fig. 5 a Masked representation of pimonidazole (red) and CAIX (green) staining of a representative ZR-75.1 tumor from an
animal housed in hypoxic conditions. The far right panel is an overlay of staining for the two markers (yellow: overlay of CAIX
and Pimo). Note the strong staining of CAIX at the edge of the tumors indicated by orange arrows. b Fluorescence confocal
micrographs of ZR-75.1 tumor sections. Tumors were removed 24 h post intravenous injection of CA9Ab-680 or CA12Ab-680
probe. Pimonidazole was injected 30 min before euthanasia. Hoechst 3342 dye was injected 1 min before euthanasia for tumor
cell morphology; n=regions of necrosis and N=normal. ¢ Pixel-by-pixel binning distribution analyses of pimonidazole staining
(green) and CA9ADb-680 (red, top panel) and CA12Ab-680 staining (red, bottom panel). Yellow color shows co-registration of
pixels. CA9Ab-680 overlap coefficient=0.88 and CA12Ab-680 overlap coefficient=0.82.

necrosis compared to pimonidazole staining. This could be
due to the relative oxygenation thresholds of pimonidazole
staining compared to CAIX expression induction, i.e., the
threshold for pimonidazole staining is <1.3 % oxygen,
whereas upregulation of molecular markers such as CAIX
occur at pO2 values over a larger range, 0.2-2 % oxygen

[42]; or this expression further from necrosis could alterna-
tively be a result of short-lived fluctuations in tumor
perfusion combined with slow rates of CAIX degradation
[43], i.e., transient (acute) hypoxia; or this expression could
be related to constitutive expression of the marker in
normoxic conditions, as was observed in the ICC staining
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Fig. 6 Fluorescence tomographic imaging of ZR-75.1 xenograft tumor. a 3D reconstruction of CA9Ab-680 fluorescence in a
ZR-75.1 tumors 5 h post administration of probe. Inset shows ex vivo image of the whole tumor. b Top to bottom slices of the
same tumor. Slices are 1 mm thick each, ranging from the upper left (top of tumor) to the lower right (bottom of tumor). ¢ From
left to right, ex vivo fluorescence image of a 1 mm center section of the tumor and corresponding CAIX IHC staining,
pimonidazole staining and H&E staining of adjacent sections taken from the 1-mm center section. The 1-mm center section
was cut in the coronal orientation in order to register with the tomographic image as best possible.

of ZR-75.1 cells for CAIX (Fig. 2). This incomplete
registration of CAIX expression with pimonidazole staining
has also been reported by other groups [12, 41-44]. For
CAXII, IHC staining was co-localized with pimonidazole
staining in MDA-mb-231 tumors. However, in ZR-75.1
tumors, CAXII staining was observed to extend farther from
necrosis relative to pimonidazole, similar to CAIX staining
in both tumor types. Interestingly, the CAXII expression
pattern in the tumors did not perfectly match the ICC results,
where the MDA-mb-231 ICC showed relatively high
expression in normoxia, but the tumor expression highly
corresponded with pimonidazole staining. Other groups have
also reported focal induction of CAXII in areas adjacent to
necrosis [23, 25], but that CAXII expression is less
predictable compared to CAIX [25, 45].

To investigate how probe retention and accumulation in
tumor is related to marker expression and hypoxia, we
further studied ZR-75.1 tumor-bearing animals housed in
hypoxic, normoxic and hyperoxic conditions and demon-
strated that the accumulation of CA9Ab-680-related fluo-
rescence and CAIX expression are both increased in a
hypoxia-dependent manner. Hypoxia-induced accumula-
tion and induction was not observed for CA12Ab-680 or
CAXII respectively. This result is not necessarily in
conflict with the in vitro studies that show CAXII
induction by hypoxia in ZR-75.1 cells and increased
CAXII in ZR-75.1 tumors at the necrotic interface in
ex vivo studies as the observed induction was only
marginally higher than the constitutive CAXII expression

observed in tumor cells farther away from the necrosis
(Fig. 3a), possibly making induction of CAXII expression
in hypoxia not detectable above background in this model
by in vivo imaging. The combination treatment used in this
study has been shown to reduce tumor hypoxia in pre-
clinical [44] and clinical [36] settings, and pimonidazole
staining was used herein to confirm the level of hypoxia
present in tumors of each treatment group. We have also
done the same study for a sulfonamide-based NIRF probe
(HypoxiSense 680) to test whether sulfonamide-based
probes that detect both CAIX and CAXII by targeting the
CA active site are capable of detecting hypoxia. Our
results with the sulfonamide probe showed a trend, but no
significant difference, among the treatment groups. This
could be due to the lack of substrate specificity for CAIX,
i.e., sulfonamides are also avid for CAXII as the image
intensity values for the sulfonamide probe were compara-
ble to the addition of the CAIX and CAXII specific
signals. Therefore, imaging probes that specifically target
CAIX may provide superior results compared to probes
that non-specifically target the CA active site and can
cross-react with expression of other cell-surface CA
isoforms, e.g., CAXIIL.

The results of fluorescence images and micrographs
acquired from ZR-75.1 tumor sections revealed that both
CAIX and CAXII expression nearly completely overlap with
the regions of hypoxia (pimonidazole staining), but are also
present in perfused areas without pimonidazole staining,
including strong staining of CAIX at the tumor periphery
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(Fig. 5a). High CAIX expression at the edge of the tumors
could be related to the development of an invasive
phenotype of cells in this region [45]. It has been proposed
that CAIX activity may participate in acidification of the
extracellular microenvironment [46]. Hence, some tumors
appear to have a baseline level of constitutive CAIX
expression that is not related to hypoxia induction and that
could be involved in tumor cell invasion at the tumor
periphery.

Our study revealed mixed results for CAXII, where all
of the breast cell lines tested had a baseline level of
constitutive expression, but only a subset of the cells had
additional expression induced by hypoxia. The mecha-
nism of hypoxia-related induction of CAXII expression is
not known; however, there is some evidence of a
differentiation related mechanism. A recent study demon-
strated that the C4/2 gene, and not CA9, is regulated via
the estrogen receptor A in breast cancer cells, and that this
regulation involves a distal estrogen-responsive enhancer
region [49].

Conclusion

We have shown that CAIX but not CAXII is a reliable
surrogate marker of hypoxia in breast cancer. Although
CAIX expression may be observed in areas throughout the
tumor regardless of hypoxia, it was consistently up-
regulated in regions of hypoxia and by induction of
hypoxia. Hence, CAIX has greater potential for use as an
imaging biomarker of hypoxia. However, this study
implies that caution should be taken when using agents
that target the carbonic anhydrase active site as hypoxia
surrogates in breast cancer, e.g., sulfonamide-based imag-
ing probes [47], as CAXII expression was constitutively
elevated in a number of the breast tumors surveyed.
Therefore, CAIX-specific imaging agents such as
CA9ADb-680 for fluorescence, '''In-ITC-DTPA-cG250 for
SPECT [48] and '**I-cG250 [31] for PET have potential
for non-invasive hypoxia assessment. There is also
potential for use of a CAIX-specific imaging agent to
follow alterations in CAIX expression as an indicator of
treatment response in a wide range of tumors. Antibody-
based agents have the advantage of high specificity, but
due to their large molecular size, these agents have long
circulation times and slow rates of tumor accumulation and
clearance from the body. Therefore, development of a
smaller, high affinity and high specificity CAIX targeting
agents (e.g., peptides) are needed.
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