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ABSTRACT: Limited diffusion of oxygen in combination with
increased oxygen consumption leads to chronic hypoxia in most
solid malignancies. This scarcity of oxygen is known to induce
radioresistance and leads to an immunosuppressive microenviron-
ment. Carbonic anhydrase IX (CAIX) is an enzyme functioning as
a catalyzer for acid export in hypoxic cells and is an endogenous
biomarker for chronic hypoxia. The aim of this study is to develop
a radiolabeled antibody that recognizes murine CAIX to visualize
chronic hypoxia in syngeneic tumor models and to study the
immune cell population in these hypoxic areas. An anti-mCAIX
antibody (MSC3) was conjugated to diethylenetriaminepentaacetic acid (DTPA) and radiolabeled with indium-111 (111In). CAIX
expression on murine tumor cells was determined using flow cytometry, and in vitro affinity of [111In]In-MSC3 was analyzed in a
competitive binding assay. Ex vivo biodistribution studies were performed to determine in vivo radiotracer distribution. CAIX+ tumor
fractions were determined by mCAIX microSPECT/CT, and the tumor microenvironment was analyzed using
immunohistochemistry and autoradiography. We showed that [111In]In-MSC3 binds to CAIX-expressing (CAIX+) murine cells
in vitro and accumulates in CAIX+ areas in vivo. We optimized the use of [111In]In-MSC3 for preclinical imaging such that it can be
applied in syngeneic mouse models and showed that we can quantitatively distinguish between tumor models with varying CAIX+

fractions by ex vivo analyses and in vivo mCAIX microSPECT/CT. Analysis of the tumor microenvironment identified these CAIX+

areas as less infiltrated by immune cells. Together these data demonstrate that mCAIX microSPECT/CT is a sensitive technique to
visualize hypoxic CAIX+ tumor areas that exhibit reduced infiltration of immune cells in syngeneic mouse models. In the future, this
technique may enable visualization of CAIX expression before or during hypoxia-targeted or hypoxia-reducing treatments. Thereby,
it will help optimize immuno- and radiotherapy efficacy in translationally relevant syngeneic mouse tumor models.
KEYWORDS: carbonic anhydrase IX, hypoxia, animal imaging, immunology, tumor microenvironment

■ INTRODUCTION
Hypoxia is a common feature of many solid malignancies and
has been linked to radiotherapy resistance, increased metastatic
potential, metabolic rewiring, and immune suppression.1−3

Hypoxia can be acute or transient due to temporal occlusions
of leaky tumor vasculature.4 However, a substantial proportion
of hypoxia occurs when the oxygen demand exceeds supply,
leading to hypoxia at an increased distance from vessels,
referred to as chronic or diffusion-limited hypoxia.5 These
chronic hypoxic areas are specifically associated with poor
infiltration of effector immune cells, resulting in an
immunosuppressive microenvironment.3,6

Tumor hypoxia is a prognostic biomarker that can impact
the therapy outcome of cancer patients.7 Visualization and
quantification of tumor hypoxic fractions will have implications
in therapy planning and adaptation for patients with hypoxic
tumors, for instance, in the implementation of radiotherapy
planning based on radiotracer uptake, hypoxia-activated
therapies, and hypoxia-reducing therapies.8−11 There is

increasing evidence that novel immunotherapies are less
effective in the hypoxic tumor microenvironment, highlighting
the importance of hypoxia assessment even more.12−14 In
recent years, the immunological effects of radiotherapy have
become more and more evident, and radio−immunotherapy
combinations have gained a lot of interest after the completion
of several trials with positive outcomes.15−17 To study the
effects of chronic hypoxia and hypoxia modification on these
combination therapies in preclinical models, a method to
visualize chronic hypoxia in immunocompetent mice is
required.
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Below an oxygen concentration of 2%, the hypoxia-inducible
factor (HIF-1α) is stabilized and regulates several pathways in
the adaptation to hypoxia.18,19 This includes the upregulated
expression of carbonic anhydrase IX (CAIX), a transmembrane
enzyme regulating intracellular pH.20 CAIX has been validated
as a prognostic biomarker in several cancers, but its potential
predictive value in the context of radio- and immunotherapy
makes it an even more interesting imaging target.21,22 Existing
tracers to image hypoxia, like [18F]FAZA and [18F]FMISO,
function by the entrapment of 2-nitroimidazoles in hypoxic
areas,23 thereby visualizing both chronic and acute hypoxia. In
contrast, CAIX is an endogenous hypoxia marker that, due to
its long half-life (38 h), is better suited to visualize chronic
hypoxia.24,25 CAIX-expressing cancer cells represent a
population adapted to chronic hypoxia and are, therefore,
highly relevant in the context of cancer immunology
research.26 Therefore, we pose CAIX as a suitable target for
functional imaging of cancer cells that have adjusted to chronic
hypoxic conditions. Radiolabeled tracers to image CAIX in
human xenograft models have been studied in the past, but
radiotracers recognizing murine CAIX, necessary to study mice
with an intact immune system, are not available yet.27

The aim of this study was to develop an antibody-based
imaging tracer for quantitative and noninvasive assessment of
CAIX expression in syngeneic mouse tumor models and to
correlate tracer uptake to CAIX expression, hypoxia, and the
immunological tumor microenvironment.

■ METHODS
Cell Culture. B16ova murine melanoma cells (provided by

Dr. K.L. Rock, Dana-Farber Cancer Institute, Boston28) were
cultured in MEM with 5% fetal calf serum (FCS), 2% sodium
bicarbonate, 1.5% MEM vitamins, 1% sodium pyruvate, 1%
nonessential amino acids, 1% antibiotic/antimycotic, 0.1% β-
mercaptoethanol, 1 mg/mL G418, and 60 μg/mL hygromycin
(all Gibco). B16ova cells are a B16 variant transfected with
ovalbumin that exhibit a different pattern of immune cell
infiltration.29,30 B16F1 murine melanoma (provided by Dr. M.
Schreurs, Radboudumc, Nijmegen) and LLC1 murine lung
carcinoma cells (ATCC) were cultured in DMEM Glutamax
with 10% FCS, 1% sodium pyruvate, and 1% penicillin−
streptomycin (all Gibco). MOC1 and MOC2 (provided by R.
Uppaluri, Dana-Farber Cancer Institute, Boston) murine oral
squamous cell carcinoma cells were cultured in 2:3 IMDM, 1:3
Ham’s F-12 nutrient mix with 5% FCS, 1% penicillin−
streptomycin (all Gibco), 5 ng/mL EGF (EMD Millipore), 40
ng/mL hydrocortisone, and 5 μg/mL insulin (both Sigma
Aldrich). For animal experiments, the in vivo passaged MOC1-
derived clone 3D5 that showed improved tumor take was used.
MC38 (Kerafast) murine colon carcinoma cells were cultured
in DMEM Glutamax with 10% FCS, 1% sodium pyruvate, 1%
nonessential amino acids, and 1% penicillin−streptomycin (all
Gibco). GL261 murine glioblastoma cells (provided by U.
Herrlinger, University of Bonn, Bonn) were cultured in
IMDM, 10% FCS, 0.1% β-mercaptoethanol, and 1%
penicillin−streptomycin. SK-RC-52 human clear cell renal
cell carcinoma cells (provided by Memorial Sloan Kettering
Cancer Center, New York), which ubiquitously express CAIX
independent of oxygenation status, were cultured in RPMI-
1640 with 10% FCS and 1% glutamine (all Gibco). All cell
culture were performed at 37 °C in 5% CO2. For in vitro
experiments, cells were not passaged more than 15 times post

thawing. For tumor cell inoculation in in vivo experiments, cells
were passaged two times post thawing.
Conjugation and Radiolabeling. Human IgG1 anti-

mouse CAIX (mCAIX, clone MSC3, Creative Biolabs)
(molecular weight: 150 kDa), which reacts with both human
and murine CAIX, and human IgG1-irrelevant control
antibody (hIgG1, BioXCell) (molecular weight: 150 kDa)
were conjugated in a molar ratio of 1:15 with isothiocyana-
tobenzyl−diethylenetriaminepentaacetic acid (ITC−DTPA,
Macrocyclis) in NaHCO3 (pH 9.5) for 1 h at room
temperature (resulting in a DTPA/antibody ratio of 3.4:1).
The conjugated antibody was dialyzed against NH4Ac (0.25 M,
pH 5.5) to remove the unbound chelator. DTPA-conjugated
antibodies were radiolabeled with indium-111 (111In, Curium)
after adding a twofold volume of 2-(N-morpholino)-
ethanesulfonic acid (0.5 M MES, pH 5.5) buffer for 30 min
at RT. Radiolabeling efficiency exceeded 95% in all experi-
ments, as determined by instant thin-layer chromatography on
silica gel chromatography strips (ITLC-SG, Agilent Tech-
nologies) in 0.1 M sodium citrate buffer (Sigma Aldrich).

In Vitro Assays. Cells were cultured in 6-well plates to
confluency. To induce CAIX expression, cells were cultured
under hypoxic conditions of 1% O2 for 24, 48, or 72 h in a
Whitley H35 Workstation (Don Whitley Scientific). The
binding of radiolabeled antibodies and 50% inhibitory
concentration (IC50) were determined as described by
Heskamp et al.31 The percentage of CAIX+ cells was
determined by flow cytometry analysis on a FACSCanto II
(BD Bioscience). Cells were harvested, and fixable viability dye
eFluor 780 (eBioscience, 65-0865-14) was added to distin-
guish dead and live cells. Cells were stained with Human IgG1
anti-mouse CAIX (MSC3) for 30 min at 4 °C and with goat
anti-human Alexa Fluor 488 (Invitrogen, A-11013) for 15 min
at 4 °C. Data were analyzed using FlowJo V10.7 (Tree Star).
Animal Experiments. All animal experiments were

conducted in accordance with the principles laid out by the
Dutch Act on Animal Experiments (2014) and approved by
the Animal Welfare Body of the Radboud University Nijmegen
and the Central Authority for Scientific Procedures on
Animals. Female C57BL/6 mice (10−12 weeks, Charles
River) were inoculated subcutaneously with 1.0 × 106

B16ova or B16F1 in phosphate-buffered saline (PBS) or with
1.0 × 106 MOC1.3D5 cells in 1:3 matrigel/PBS (BD
Bioscience) on the right flank. Experiments were started
when tumors reached a size of approximately 100 mm3.
CAIX-Specific Accumulation of [111In]In-MSC3 in

Hypoxic Tumor Regions, Hypoxia, and Perfusion
Markers. B16ova-tumor-bearing mice were injected intra-
venously (i.v.) via the tail vein with 10 μg of (1.2 MBq/μg)
[111In]In-MSC3 or [111In]In-hIgG1. At 72 h post tracer
injection, mice were sacrificed, and tumors were collected for
immunohistochemistry (IHC) and autoradiography (AR). To
mark hypoxia and perfusion in all subsequent experiments,
mice were injected with pimonidazole (J. A. Raleigh,
Department of Radiation Oncology, University of North
Carolina) intraperitoneally 1 h prior to sacrifice, 80 mg/kg,
and Hoechst 33342 (Sigma) at 1 min prior to sacrifice, i.v., 15
mg/kg.
Dose Optimization and Pharmacokinetics of [111In]In-

MSC3. For antibody dose optimization, four groups of six mice
with subcutaneous B16ova tumors received an i.v. injection in
the tail vein of 3 μg of (0.33 MBq/μg) [111In]In-MSC3 or an
i.v. injection with 3 μg of (0.33 MBq/μg) [111In]In-MSC3
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supplemented with unconjugated antibody to reach an
antibody dose of 10, 30, or 100 μg. At 72 h post tracer
injection, mice were sacrificed by cervical dislocation. Prior to
that, mice received pimonidazole and Hoechst, as described
above. Blood, muscle, tumor, lymph nodes, brown fat, thymus,
heart, lungs, spleen, pancreas, liver, kidneys, stomach,
duodenum, jejunum, ileum, colon, bone marrow, and bone
were dissected, weighed, and activity was measured using a γ-
counter (2480 Wizard, Perkin-Elmer). Results are presented as
the percentage injected dose per gram tissue (%ID/g).

To determine the pharmacokinetics, mice with subcuta-
neous B16ova tumors received an i.v. injection via the tail vein
of 3 μg of (0.33 MBq/μg) [111In]In-MSC3 or [111In]In-hIgG1,
both supplemented to 30 μg of protein with unconjugated
antibody. At 24, 48, or 72 h post tracer injection (n = 6), mice
were sacrificed by cervical dislocation, and tumor and normal
tissue uptake was determined as described previously.
Quantitative CAIX MicroSPECT/CT Imaging. Mice with

subcutaneous B16ova, B16F1, or MOC1.3D5 tumors (n = 6)
received an i.v. injection in the tail vein of 10 μg (1.5 MBq/μg)
[111In]In-MSC3 supplemented to 30 μg of protein with an
unlabeled antibody. At 24 h post tracer injection, images of
B16ova and MOC1.3D5 bearing mice were acquired with a U-
SPECT-II/CT (MILabs) and of B16F1 bearing mice with a U-

SPECT6/CT (MILabs). Scans were acquired under general
anesthesia (isoflurane/O2) for 30 min using the mouse HS 1.0
mm pinhole collimator (U-SPECTII/CT) or the GP-M 0.60
mm pinhole collimator (U-SPECT6/CT), followed by a CT
scan (U-SPECTII/CT: spatial resolution 160 μm, 65 kV, 0.615
mA or U-SPECT6/CT: spatial resolution 100 μm, 50 kV, 0.4
mA). Scans were reconstructed with MILabs reconstruction
software, using an ordered-subset expectation maximization
algorithm, with a voxel size of 0.2 mm3 and a Gaussian filter of
0.6 mm. Maximum intensity projections were created using
VivoQuant. A three-dimensional (3D) volume of interest
(VOI) was drawn around the tumor and CAIX+ area within
the tumor using a fixed voxel intensity threshold (tumor area:
USPECTII = 1.5 × 108, USPECT6 = 2.7 × 103 and CAIX+

area: USPECTII = 4.0 × 108, U SPECT6 = 7.3 × 103). The
signal originating from liver or lung uptake in these regions of
interest was identified using the corresponding CT image and
was excluded. Using a standard series with known radioactivity,
a calibration curve was determined for both scanners. In vivo
tracer uptake within a VOI was quantified as the percentage
injected dose per milliliter (%ID/mL).
Autoradiography (AR) and Immunohistochemistry

(IHC). For AR analysis, frozen tumor sections (5 μm) from
mice injected with [111In]In-MSC3 were mounted on poly-L-

Figure 1. [111In]In-MSC3 bind specifically to CAIX+ tumor cells in vitro. (A) Percentage of CAIX+ tumor cells cultured at normoxic and hypoxic
conditions for 24, 48, and 72 h by flow cytometry analysis for several mouse tumor cell lines. An example of gating of CAIX+ B16ova cells. (B)
Specific binding of [111In]In-MSC3 to B16ova and SK-RC-52 cells. (C) IC50 analysis of [111In]In-MSC3 on B16ova cells (hypoxic conditions, 1%
O2) and SK-RC-52 cells (normoxic conditions).

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.3c00045
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00045?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00045?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00045?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.3c00045?fig=fig1&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.3c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lysine coated slides and exposed to a Fujifilm BAS cassette
2025 (Fuji Photo Film). Cassettes were scanned using an AS-
1800 II bioimaging analyzer at a pixel size of 25 × 25 μm. The
same or consecutive sections were fixed in ice-cold acetone for
10 min, and IHC staining was performed to evaluate CAIX,
pimonidazole, perfusion, and vessels, as described by Hoeben
et al.32 For the IHC staining of CD45.2, sections were
incubated (30 min, 37 °C) with biotinylated mouse anti-
CD45.2 (Biolegend, 109804), diluted 1:100, followed by
incubation with mouse anti-biotin Cy3 (Jackson Immunor-
esearch Laboratories), diluted 1:100 (45 min, 37 °C). Whole-
tissue section grayscale images (pixel size, 2.59 × 2.59 μm) for
vessels, perfusion, pimonidazole, CAIX, and CD45.2 were
obtained and subsequently converted into binary images as
previously described.33 Thresholds for segmentation of the
fluorescent signals were manually set above the background
signal for each individual marker. Binary images were used to
calculate the CAIX fraction or pimonidazole relative to the
total tumor area. The quantification of CD45.2 and CAIX
fractions at different distances to perfused vasculature was
done as previously described.34

Spatial Correlation of Autoradiography and Immu-
nohistochemistry. For the correlation of IHC images with
AR images, AR images were inverted and overlaid using ImageJ
(version 1.51s). The figure and pixel size of the IHC images
were bicubically rescaled to match the AR images in iVision
(version 4.5.5 r7). By parametric mapping, all viable tumor
areas within IHC and AR grayscale images were divided into
squares of 10 × 10 pixels.33 Gray values within these
coregistered squares were compared between imaging modal-
ities for spatial correlation analysis.
Statistical Analyses. Statistical analyses were performed

using GraphPad Prism (version 8.0). A paired t-test, unpaired
t-test, or t-test with Welch correction, if SD was considered
unequal, was used to compare groups. To compare >2 groups,
one-way ANOVA or the Friedman test was used. The
Spearman test was used to assess correlations between values.
P values of 0.05 or less were considered significant. Results are
expressed as mean value ± SD.

■ RESULTS
[111In]In-MSC3 Specifically Binds to Hypoxic CAIX+

Tumor Cells In Vitro. Flow cytometry showed inducibility of

Figure 2. [111In]In-MSC3 specifically accumulates in CAIX+ tumor areas in B16ova tumors. (A) Immunohistochemical images and
autoradiographic images of a B16ova tumor section injected with [111In]In-MSC3 or [111In]In-hIgG1. Vessels: red (9F1), perfusion: blue (Hoechst
33342), hypoxia: green (pimonidazole) (left column), and CAIX: green (middle column). (B) Spatial correlation between CAIX expression and
tracer uptake as determined by coregistration and quantitative analysis of IHC and AR.
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CAIX expression under hypoxic conditions in several murine
tumor cell lines (Figure 1A). When cultured at normoxic (20%
O2) conditions, none of the cell lines exhibit CAIX expression.
When cultured at hypoxic conditions (1.0% O2), the number
of CAIX+ cells increased in a time-dependent manner. MC38
and B16ova cells showed the highest inducibility of CAIX (71
and 60% at 72 h, respectively), while GL261 and B16F1
showed intermediate inducibility (24% and 5.7% at 72 h,
respectively). In LLC1, MOC1, and MOC2 cells, almost no
CAIX+ cells were detected regardless of the time of hypoxia.

To evaluate the binding specificity of [111In]In-MSC3 to
murine and human CAIX, in vitro binding studies were

performed using B16ova and control SK-RC-52 cells that
constitutively overexpresses CAIX independent of the oxygen
concentration.35 Under normoxic conditions, [111In]In-MSC3
showed specific binding to SK-RC-52 cells (13.3 ± 0.94%)
(Figure 1B). In contrast, B16ova cells cultured under normoxic
conditions showed no specific binding (0.02 ± 0.28%).
However, when cultured for 72 h under hypoxic conditions,
specific binding to B16ova cells was significantly increased
(5.72 ± 1.09%, P = 0.0009). These data demonstrate that
[111In]In-MSC3 binds specifically to hypoxic tumor cells.
Furthermore, the IC50 of [111In]In-MSC3 for mCAIX was
determined to be 1.36 ± 0.59 nM (B16ova cells, cultured

Figure 3. Dose and time-dependent biodistribution of [111In]In-MSC3 and [111In]In-hIgG1 in B16ova tumors and selected normal tissues. (A)
Dose optimization for 3, 10, 30, and 100 of μg protein at 72 h post injection. (B) Time-dependent biodistribution at 24, 48, and 72 h post injection
using 30 μg of protein. (C) Spatial correlation of CAIX expression with intratumoral tracer uptake as determined by the coregistration analysis of
IHC and AR.
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under hypoxia), which did not differ significantly from that for
hCAIX of 3.06 ± 0.24 nM (SK-RC-52 cells, cultured under
normoxia) (Figure 1C).
[111In]In-MSC3 Specifically Accumulates in Hypoxic

CAIX+ Tumor Tissue In Vivo. To verify the binding
specificity of [111In]In-MSC3 to CAIX+ cells in hypoxic
tumor areas in vivo, B16ova-tumor-bearing mice were injected
with [111In]In-MSC3 or [111In]In-hIgG1. Tumor tissue was

collected, and sections were analyzed by AR and IHC.
[111In]In-MSC3 AR showed a clear colocalization of the
radiotracer with the hypoxic cell marker (pimonidazole) and
CAIX protein expression, while [111In]In-hIgG1 did not.
(Figure 2A). Spearman correlation coefficients between AR
and CAIX IHC were significantly higher (P = 0.002) for mice
injected with [111In]In-MSC3 (Rs = 0.75 ± 0.06) compared

Figure 4. [111In]In-MSC3 specifically accumulates in CAIX+ tumors and can be used to discriminate tumor models with a larger CAIX+ fraction
from tumor models with a smaller CAIX+ fraction by autoradiography. (A) Immunohistochemical images and autoradiographic images of a B16ova,
MOC1.3D5, and B16F1 tumor sections of mice injected with [111In]In-MSC3. Vessels: red (9F1), perfusion: blue (Hoechst 33342), hypoxia:
green (pimonidazole) (left column), and CAIX: green (middle column). (B) Mean gray value intensity per pixel of the CAIX signal in the CAIX+

area. (C) Mean gray value intensity per pixel of the AR signal in the AR+ area. (D) Spatial correlation of CAIX expression with intratumoral tracer
uptake as determined by the coregistration analysis of the two modalities.
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with mice injected with [111In]In-hIgG1 (Rs = 0.00 ± 0.26)
(Figure 2B).
Antibody Protein Dose and Time Optimization of

[111In]In-MSC3 in B16ova. To evaluate in vivo distribution
and optimize the protein dose of [111In]In-MSC3 to visualize
the CAIX+ tissue, we performed a dose escalation study in
mice bearing B16ova tumors. Tumor uptake of [111In]In-
MSC3 was the highest at 30 μg of antibody (30.3 ± 9.4%ID/g)
(Figure 3A). A protein dose of 3 μg resulted in a significantly
lower tumor uptake compared to 30 μg (P = 0.004) and 100
μg (P = 0.006). A comparison between IHC and AR images
revealed a stable correlation between radiotracer uptake and
tumor CAIX expression for different doses, but an increased
standard deviation for a dose of 3 μg was observed (P = 0.02)
(Figure 3C). Significantly decreased radiotracer uptake was
also observed in the liver at all dose levels compared to 3 μg
protein (P < 0.0001) and for the lung at 100 μg (all P <
0.0003). Radiotracer concentration in the blood significantly
increased at antibody doses 30 and 100 μg compared to 3 and
10 μg (all P < 0.0005), resulting in a decrease of the tumor-to-
blood ratio (all P < 0.03) (Supporting Table S1). The tumor-
to-muscle ratio remained high at all doses.

An antibody dose of 30 μg [111In]In-MSC3 was selected for
a subsequent study to determine radiotracer retention in tumor
and normal tissues. At 24 h post injection, tumor uptake of
[111In]In-MSC3 was 40.0 ± 7.6%ID/g and remained stable up
to 72 h post injection (Figure 3B and Supporting Table S2).
Over time we observed clearance of the radiotracer from blood
(all P < 0.005), resulting in a significantly increased tumor-to-
blood ratio at 72 h compared to 24 h (P = 0.002) and 48 h (P
= 0.02). Many other organs like brown fat, thymus, heart,
pancreas, bone marrow, bone, colon, ileum, and kidneys
showed decreased uptake at 72 h compared to 24 h post
injection (all P < 0.009). Only uptake in the liver was increased
at this time point (P < 0.0001). At 72 h post injection,
[111In]In-MSC3 tumor uptake was significantly higher
compared to uptake of irrelevant [111In]In-hIgG1 (P =
0.0002), while blood levels were lower (P = 0.0008). Liver,
lung, spleen, pancreas, kidneys, stomach, duodenum, jejunum,
ileum, and colon tissue showed lower uptake of [111In]In-
hIgG1 compared with [111In]In-MSC3 (all P < 0.01). Full
biodistribution data are described in Supporting Table S2.
mCAIX MicroSPECT/CT Quantitatively Discriminates

Tumor Models with High vs Low CAIX+ Fractions.

To evaluate the potential of [111In]In-MSC3 to discrim-
inate tumors with a larger CAIX+ fraction from tumors

with a smaller CAIX+ fraction, IHC, AR, and microSPECT/
CT were performed in three different tumor models: B16ova,
B16F1, and MOC1.3D5. IHC analysis revealed hypoxic tumor
areas (pimonidazole) in B16ova, MOC1.3D5, and B16F1
tumors (Figure 4A). These hypoxic areas colocalized strongly
with CAIX expression in B16ova and mildly in B16F1 but not
in MOC1.3D5 tumors, which lack CAIX expression.
Quantitative IHC demonstrated a comparable fraction of
CAIX+ area in B16ova and B16F1 (Supporting Figure S1) but
a significantly higher intensity of the CAIX signal in B16ova
compared to B16F1 (P = 0.01) (Figure 4B).

AR images showed high [111In]In-MSC3 uptake in the
tumor tissue of B16ova, moderate uptake in B16F1 tumors,
and the lowest uptake in MOC1.3D5 tumors. For MOC1.3D5,
tracer uptake was observed in the well-perfused rim of
MOC1.3D5 tumors, but this did not correlate with CAIX
expression and was thus regarded as nonspecific uptake (Figure

4A). Quantification of the tracer uptake on AR demonstrated a
significantly higher intensity in AR+ areas of B16ova compared
to B16F1 tumors (P = 0.0002) (Figure 4C), which is in line
with the IHC findings. A clear spatial correlation of CAIX
expression and tracer uptake was observed for B16ova and
B16F1 but not for MOC1.3D5 (Figure 4D).

Representative examples of mCAIX microSPECT/CT scans
for the three tumor models are presented in Figure 5A. The

intensity of the CAIX signal in the scans was quantified as the
%ID/mL in the whole tumor volume (Figure 5B), which was
significantly higher for B16ova compared to MOC1.3D5
tumors (P = 0.02) but not compared to B16F1 tumors. By
determining the CAIX+ tumor volume and the total tumor
volume, the CAIX+ fraction per tumor was calculated (Figure
5C). B16ova tumors showed a significantly higher CAIX+

fraction compared to B16F1 (P = 0.002) and MOC1.3D5
tumors (P < 0.0001). Intratumoral heterogeneity of radiotracer
uptake was visualized and related to a plane in the vicinity of

Figure 5. [111In]In-MSC3 specifically accumulates in CAIX+ tumors
and can be used to discriminate tumor models with a larger CAIX+

fraction from tumor models with a smaller CAIX+ fraction by
microSPECT/CT. (A) Maximum intensity projections of mCAIX
microSPECT/CT images of three tumor models. Tumors are
indicated by white circles. (B) In vivo tracer uptake (%ID/mL) in
total tumor volume. (C) CAIX+ fraction of tumors determined by
microSPECT quantification.
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the section used for AR (Supporting Figure S2). These data
illustrate the sensitivity of mCAIX microSPECT/CT and AR
to detect tumors with varying CAIX expression.
CAIX+ Areas are Less Infiltrated by Leukocytes in

B16ova Tumors. We next quantified the number of
leukocytes present in CAIX− and CAIX+ areas of B16ova
tumors. Infiltration of CD45.2+ leukocytes in these tumor areas
was assessed on tumor sections in four representative regions
(636 × 636 μm) of viable tumor tissue. Gray value images
showed a disparity between the localization of the CAIX signal
and the CD45.2 signal that was also observed in a color merge
of both images (Figure 6A). When quantified, the CD45.2
fraction in CAIX+ areas was significantly lower compared to
that in CAIX− areas (P = 0.03) (Figure 6B). Analysis of
MOC1.3D5 tumors, which lack CAIX expression but are
hypoxic, showed a similar disparity between CD45.2
infiltration and pimonidazole localization (P = 0.02)
(Supporting Figure S3), underlining the diminished immune
cell presence in hypoxic tumor areas. Further analysis revealed
an inverse correlation between CAIX expression and CD45.2
localization relative to the vasculature. The CAIX fraction
increased at a greater distance to perfused vessels, while the
CD45.2 fraction decreased further away from the vasculature
(Figure 6C−D), indicative of chronic, diffusion-limited
hypoxia being associated with CAIX positivity and immune
cell limitation. CAIX and CD45.2 fractions did not correlate to
tumor size.

■ DISCUSSION
Tumor hypoxia plays an important role in resistance to radio-
and immunotherapy. To overcome this, new therapeutic
approaches are being developed aiming at reducing tumor

hypoxia. However, in clinical trials using hypoxia modification
and targeted therapies, hypoxia assessment is rarely used for
patient stratification. Due to this lack of patient selection, a
therapeutic effect for the subset of the patient population with
hypoxic tumors is potentially overlooked.36 In light of this,
accurate assessment of hypoxia in clinical and preclinical
studies is essential.10,11,37,38 However, as also shown in our
study, hypoxia and the hypoxic biomarker CAIX are
distributed heterogeneously throughout the tumor. Therefore,
tumor biopsies or sections may not be representative of the
whole tumor lesion.39 Moreover, immunohistochemistry of
tumor sections does not allow longitudinal monitoring of the
hypoxia biomarker CAIX. Here, we develop mCAIX micro-
SPECT/CT and demonstrate its potential to evaluate chronic
hypoxia in syngeneic mouse tumors and show that the
presence of CAIX correlates with hypoxia and low infiltration
of immune cells.
In vitro, we show that the inducibility of CAIX is highly

variable between different murine tumor cell lines. Although a
strong correlation exists between CAIX expression and
hypoxia, discrepancies can also be found in human
tumors.40−42 This disparity makes CAIX imaging unsuitable
for hypoxia assessment in some tumor models. For instance,
MC38 colon carcinoma cells show the highest in vitro CAIX
inducibility, but in vivo CAIX expression is very low.43 The
absence of CAIX in MC38 tumor tissue suggests that hypoxia
kinetics are important for the induction of CAIX. The time
MC38 cells are hypoxic before they become necrotic might, for
instance, be too brief to accumulate a significant amount of
CAIX.

To this end, we selected B16ova for the in vitro and in vivo
characterization of [111In]In-MSC3. Our in vivo studies show

Figure 6. CD45.2+ leukocytes are less present in CAIX+ areas in B16ova tumors at a greater distance to vessels. (A) Gray value images of the
selected viable tumor tissue of a B16ova tumor showing CAIX, leukocytes (CD45.2) and a color merge of CAIX: green, leukocytes: red, and nuclei:
blue (Hoechst 33342). Magnification 20×. The scale bar represents 100 μm. (B) CD45.2 fraction in CAIX+ and CAIX− areas of the elected viable
tumor tissue, n = 5. Four regions (636 × 636 μm2) per mouse. (C) CAIX fraction at variable distances to perfused vessels, n = 6. (D) CD45.2
fraction at variable distances to perfused vessels, n = 6.
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accumulation of [111In]In-MSC3, specifically in CAIX+ areas,
which largely colocalizes with hypoxia (determined by
pimonidazole). If any discrepancy in CAIX expression and
tracer uptake is observed, this can be largely attributed to
nonspecific uptake in highly perfused areas. This is especially
the case for the negative correlation in mice injected with
isotype control antibody [111In]In-hIgG1.

High tumor uptake is observed for antibody doses of 10−
100 μg [111In]In-MSC3. By escalating antibody dose, tracer
uptake in the liver and lungs can be saturated, resulting in
higher antibody concentrations in the blood and as a
consequence, enhanced tumor uptake. Significantly higher
uptake of [111In]In-MSC3 compared to irrelevant [111In]In-
hIgG1 in several organs suggests CAIX-mediated uptake. CAIX
expression in the mouse gastrointestinal tract has been
described as well as mild expression in the lungs, kidneys,
pancreas, liver, and spleen.44,45 Over time, [111In]In-MSC3
clears from the blood and other tissues, resulting in a lower
background signal. Despite this, we decided to image at 24 h
post tracer injection because of the growth characteristics of
our model systems. Murine tumor models like B16ova and
B16F1 have a doubling time of approx. 2 days.28,46 Therefore,
imaging at an early time point would introduce fewer changes
in spatial tumor characteristics between tracer injection and
imaging. Imaging modalities using rapidly clearing radiotracers
such as affibody molecules or antibody fragments allow for
imaging at even earlier time points post injection. However, as
we have shown previously, the rapid clearance of these tracers
likely exceeds the time that is necessary for sufficient tracer
accumulation in hypoxic areas, thereby hampering its potential
for CAIX imaging in this setting.47

[111In]In-MSC3 discriminates between tumors with high
versus low CAIX expression. For example, radiotracer uptake
was higher in CAIX+ tumor areas compared with CAIX− tumor
areas (ex vivo AR). Furthermore, CAIX+ tumors show a higher
CAIX+ fraction compared with CAIX− tumors (in vivo
microSPECT/CT). The total tumor uptake (%ID/mL)
shows only small differences between CAIX+ and CAIX−

tumor models. This is probably due to the relatively small
fraction of the tumor where the tracer specifically binds
compared to the nonhypoxic tumor volume. CAIX−

MOC1.3D5 tumors sometimes show radiotracer uptake in
the tumor rim, which is, based on the IHC analyses, most likely
attributed to uptake in the well-perfused stroma and thus
considered as nonspecific binding.

In recent years, it has become clear that the characteristics of
the tumor microenvironment, including tumor hypoxia,
contribute to tumor progression and therapy resistance.36

Hypoxic areas are also known to have a decreased infiltration
of immune cells.16 In B16ova tumors, we demonstrate that
CAIX+ tumor areas contain a lower number of infiltrating
leukocytes compared with CAIX− tumor areas. In MOC1.3D5
tumors, which are hypoxic but do not show CAIX expression, a
similar effect is observed. Moreover, in relation to distance to
the vessels, CAIX expression increases with an increased
distance from the perfused vasculature, which is in line with
the hypoxia marker pimonidazole.34 In contrast, leukocyte
presence is more concentrated in close proximity to the vessels.
However, further analysis of specific immune cell subsets, like
NK and T cells, in syngeneic mouse models is needed to fully
understand the consequences of hypoxia on antitumor
immunity. Recently, others have described such relations
between CAIX and immune cell infiltration. In head and neck

cancer, an inverse correlation between CAIX expression and
CD3+ tumor-infiltrating lymphocytes (TIL) was reported.48

Additionally, head and neck patients with a CAIXhigh/CD3+

TILlow phenotype do worse in terms of locoregional control.49

In colorectal cancer, a similar correlation was observed, where
CD3, CD4, and CD8 immune cold phenotypes were
associated with increased hypoxia and CAIX expression and
were prognostic for poor overall survival.50 The upregulation
of PD-L1 and other immune checkpoints was associated with
increased CAIX expression in lung and breast cancer.51,52

Interestingly, response to PD-1 blockade therapy was
associated with a CAIXlow/CD8high phenotype in melanoma
and head and neck squamous cell carcinoma patients,
suggesting that CAIX might be one of the predictive markers
for immunotherapy response.13,14

■ CONCLUSIONS
Together, our results demonstrate that mCAIX microSPECT/
CT can successfully detect heterogeneous CAIX-expressing
areas in syngeneic murine tumor models that, compared to
normoxic tumor areas, show less infiltration by immune cells.
In the future, this imaging modality holds the potential for
noninvasive response monitoring of hypoxia-targeted therapies
in immunocompetent mouse models, which is especially
important in the context of immunotherapy research.
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