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GENERAL INTRODUCTION AND OUTLINE OF THIS THESIS

Cancer and treatment
Cancer is predominantly a disease of elderly people. With the growing life expectancy
of the world population and no reduction in exposure to carcinogens, such as
smoking and alcohol consumption, the increase of cancer incidence seems
inevitable 1,2. Especially in medicine, prevention is better than cure. Preventive
measures encouraging healthy life styles are only slowly catching on and industry
lobby is countering these preventive efforts 3,4. In order to improve the outcome
of cancer patients, researchers are facing multiple challenges, including earlier
detection, more accurate diagnosis, better understanding of the biology, and more
effective and individualized treatment options.

1

In this thesis we focus on head and neck squamous cell carcinoma (HNSCC), which is
classified as a rare cancer, based on its incidence. However, this group still accounts
for 650,000 cases worldwide and more than 3,000 cases in The Netherlands per
year (source: IKNL). These numbers are rising, which is mainly caused by the human
papilloma virus (HPV) incidence. This virus can be transmitted via oral sex and is
currently responsible for about half of the HNSCC cases.
Historically, surgery was the primary treatment modality for resectable tumors, but
in the last decades a shift towards primary radiotherapy and additional or concurrent
systemic therapy, such as chemotherapy or targeted treatment, has become the
treatment of choice for tumors in various head-and-neck localizations 5,6. Tumors
vary widely in aggressiveness and therapy resistance, resulting in unsuccessful
treatment for many patients. The outcome of HNSCC patients varies, but the overall
5-years survival is 63% in The Netherlands (source: IKNL); outcome depends on the
disease stage at diagnosis, histological subtype, and overall health of the patient.
Advancements in treatment have improved the 5-year survival with 10% in the last
two decades. However, despite better treatment options, a large group of patients
still cannot be cured, due to a lack of effective therapy for more aggressive and
therapy resistant tumors. In this thesis we will concentrated specifically on resistance
to radiotherapy.
Advancements in technology enable a more precise delivery of radiation dose to
the tumor. This accuracy is important, because the maximum tolerable tumor dose
for a patient is limited by collateral damage to critical structures surrounding the
tumor. Despite this progression in precision, radiotherapy is not always successful
in eradicating a tumor 7. Radiosensitivity of a tumor depends on several factors,
including hypoxia, accelerated proliferation, and DNA repair potential 8,9. More
patient tailored radiotherapy regimes can improve the outcome of HNSCC patients.

9
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Detection of mechanisms involved in radioresistance prior to treatment allow a
more personalized treatment plan, counteracting the identified factors of resistance
10. This can be accomplished by e.g. combining a targeted diagnostic tool with a
targeted drug with the same mode of action, an approach known as theranostics.
Theranostics is a rapidly expanding field of study. For example, the promising results
gained by radionuclide therapy targeted at prostate-specific membrane antigen
(PSMA) in prostate cancer have initiated a high demand for PSMA diagnostics.
Another strategy can be to adjust the planned radiation dose according to biological
features of the tumor, referred to as (radiotherapy) dose painting 11.

Hypoxia and Tumor microenvironment
One of the most prominent factors causing radioresistance is the lack of oxygen in
tumor tissue. Due to irregular growth of solid cancers, a chaotic blood vessel
architecture develops which results in gradients of nutrients and oxygen in a tumor.
Tumor cells need to have a functional blood vessel in close proximity (50-100 mm)
in order to function adequately in a normoxic environment 12. Oxygen tension
decreases with an increasing distance from the blood supply. Radiotherapy efficacy,
especially photon- and proton-based radiotherapy, is dependent on the presence
of oxygen. When the pO2 in a tumor tissue drops below 5 mmHg, cells become
resistant to radiotherapy - which is often referred to as radiobiological hypoxia 13.

Figure 1. Schematic depiction of normal tissue vasculature versus tumor vasculature and a
microscopic depiction of a blood vessel with neighboring tumor cells (figure from 14)
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To survive in this hypoxic and nutrient deprived environment, cells adapt via multiple
pathways. A key protein in this adaptation is hypoxia inducible factor 1 alpha (HIF1-α).
Under normoxic conditions, HIF1-α is broken down by prolyl hydroxylase (PHD) and
the Von Hippel-Lindau (VHL) protein. When there is a lack of oxygen, HIF1-α is
stabilized and induces the production of multiple proteins via transcription of hypoxia-responsive genes, including vascular endothelial growth factor (VEGF),
epidermal growth factor receptor (EGFR), and CAIX (Carbonic Anhydrase IX). Via
these proteins, hypoxia affects angiogenesis, cell proliferation, metabolism, and pH
regulation of tumor cells and their microenvironment 15.

1

Tumor cells prefer to metabolize glucose by (aerobic) glycolysis, even if oxygen is
abundant. This so-called Warburg-effect seems paradoxically, because oxidative
phosphorylation is a far more efficient manner of creating energy in the form of
ATP 16,17. Aerobic (as well as anaerobic) glycolysis produces two side products,
lactate and carbon dioxide, that need to be excreted from the cell to maintain a
normal intracellular pH. Lactate can be excreted by monocarboxylate transporters
(MCT) and carbon dioxide can diffuse via the plasma membrane, where it can be
hydrated to bicarbonate and a proton. These excretion processes are facilitated and
accelerated by CAIX (Carbonic Anhydrase IX), which functions as a magnet by
attracting protons 18.

Figure 2. Schematic representation of a cell membrane with a MCT protein co-functioning
with CAIX (figure drawn by Eva-Leonne Göttgens)

11
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It is clear that several cell survival mechanisms exist, which aim at stabilizing intracellular pH at the cost of acidification of the extracellular environment. This acidification
of the extracellular environment contributes to tumor progression via multiple
mechanisms, including reduced strength of the extra cellular matrix resulting in
higher migration and invasion potential, and creating an immunosuppressive tumor
microenvironment, resulting in reduced anti-tumor immunoresponses 19,20.

Carbonic anhydrase IX
CAIX is a part of the carbonic anhydrase family and is encoded in humans by the
CA9 gene. It is a transmembrane dimeric zinc-containing enzyme with an extra cellular active site. CAIX is expressed at low levels in the gastrointestinal tract, where
it excretes acid for the digestion of food. CAIX is overexpressed in many solid
tumors where it can be found at far higher levels compared with its physiological
presence in the gastrointestinal tract. In tumors, CAIX contributes to the creation of
an acidic extracellular tumor microenvironment which is thereby more hostile for
non-cancerous cells such as immune cells. Therefore, a hypoxic microenvironment
is considered immunosuppressive. For example, T-cells have been shown to function
less effectively in an acidic environment 21,22.
CAIX is upregulated under hypoxic conditions via the HIF pathway and therefore, it
is considered a hypoxia-related endogenous biomarker. Multiple clinical studies
have shown a strong association of CAIX expression with the level of tumor hypoxia
23,24. More importantly, a strong relation between CAIX expression and prognosis
has been described in almost all solid tumor types 25. One exception here is clear
cell renal carcinoma, where CAIX shows an extreme high level of expression even
under normoxia. In RCC this is the result of a mutation in the VHL-gene which
results in the incapability to break down HIF1-α.
Because of its prognostic value, tumor-specific expression and transmembrane
location, CAIX is an interesting potential target for cancer therapy. The first drug
that was extensively tested was the anti-CAIX monoclonal antibody Girentuxmab
(cG250). This antibody has a strong affinity for CAIX and partly inhibits the function
of CAIX. However, the drug lacked efficacy when tested in a phase III clinical trial in
renal cell carcinoma patients. Since then, the effort to develop potent CAIX targeting
drugs has been intensified. Several candidate drugs with CAIX inhibiting potential,
such as sulfonamides, phenols, and coumarins, showed only limited inhibition of
the CAIX antigen. The recently developed small molecule, SLC-0111, proved more
potent in inhibiting CAIX and is now in phase II clinical testing. Although optimization

12
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of these small molecule inhibitors to improve efficacy is still ongoing, these drugs
could potentially be used as complement to increase the efficacy of conventional
anti-cancer therapy such as radiation therapy or immunotherapy 26,27.

1

Molecular imaging and radiotracers
Imaging plays an important role in the detection and diagnosis of cancer. Next to
anatomical imaging methods such as CT-scans and static MR imaging, new
molecular imaging methods are arising. Instead of providing information on the
anatomical dimensions of tissue structures, this type of imaging can provide
information on functional characteristics in tissues.
The most commonly used type of molecular imaging is [18F]FDG PET, which is
widely used to detect tumor localizations. Due to the aberrant glucose metabolism,
mainly glycolysis even in the presence of sufficient amounts of oxygen, in cancers,
tumor cells use high amounts of glucose. This phenomenon can be exploited by
administering a radioactive labeled glucose variant ([18F]FDG) to the patient, which
accumulates in tissues with high glucose metabolism. The radioactive signal can be
detected by a positron emitting tomography (PET) or, when using gamma-emitting
radionuclides, with single photon emitting computed tomography (SPECT).
The accumulation of radioactive signals can be transformed into a 3D image of
the patient.
Apart from this cancer detection function, molecular imaging can provide endless
functional information, depending on the radioactive compound (radiotracer)
administered. Potentially, it can play an important role in the personalization of
cancer treatment. Due to the heterogeneity of cancers, optimal treatment varies
per patient. More specific targeted therapies emerge, but are only effective in
tumors which express the right target/antigens. To make this individualization of
treatments a success, adequate patient selection is key. Molecular imaging can be
the ideal tool for patient selection 11. During treatment, the patient can be monitored
by follow up scans to see how the tumor biologically responds to the treatment 28.
Within the field of radiation oncology, molecular imaging can be used to provide
information for radiotherapy planning, allocating different doses to areas with
different radiosensitivity within a tumor29,30. More radioresistant tumor areas can
be given a higher radiation dose, which hypothetically could lead to improved
tumor control.

13
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Imaging radioresistance
Visualizing radioresistant tumor areas is challenging. Primary efforts have focused
on targeting hypoxic areas with bioreductive agents, which undergo chemical
transformation when exposed to a hypoxic environment, resulting in entrapment
within this tissue.
Examples of these hypoxia tracers are: [18F]FMSIO and [18F]FAZA. These tracers
have successfully been introduced in the clinic and have been used in clinical trials
to select patients for tumor hypoxia modifying therapy 31. However, resulting scans
are not always reproducible and suffer from limited tumor-normal tissue contrast
ratios, due to their mechanism of uptake and the dynamic character of hypoxia 32.
Also, visualizing all hypoxic tumor areas may not be specifically relevant, since
radioresistance stems from those populations of cells within these areas that can
survive this harsh hypoxic micro-environment. Instead, imaging of a hypoxia-induced
marker that represents the biological reaction to hypoxia within viable tumor areas
could be used to assess the proportion of clinically significant hypoxia. CAIX, an
endogenous hypoxia-related tumor marker, can be used as a molecular tracer and
may fulfill this function.
Imaging of CAIX expression will enable to visualize tumor cells which have adapted
to a harsh hypoxic environment. Due to the different uptake mechanism compared
to the hypoxia tracers described above it will likely be able to create a higher
contrast between the target tissue and background.

Girentuximab
The first imaging probes designed to target CAIX were based on the antibody
girentuximab (cG250). To enable radiolabeling, cG250 was conjugated with
the chelators DOTA (dodecane tetraacetic acid) or DTPA (diethylenetriaminepentaacetic acid) for 111In-labeling and DFO (desferoxamine) for 89Zr labeling.
Both [111In]In-DTPA-cG250 and [89Zr]Zr-DFO-cG250 were successfully tested for
the detection/targeting of clear cell renal carcinomas renal tumors 33-35. In spite of
the success for the imaging of renal cell carcinomas [111In]In-DTPA-cG250 and
[89Zr]Zr-DFO-cG250 have not been studied for the imaging of hypoxic tumors in
a clinical setting. A pilot study with [89Zr]Zr-DTPA-cG250-F(ab’)2 did show potential
for the method.36

14
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Antibody fragments and other targeting vehicles
Next to intact antibodies, multiple molecules have been studied for their function
as a targeting vehicle, such as antibody fragments, nanobodies and engineered
peptides.

1

The ideal interval between administration of a radiotracer and the moment of
imaging differs per tracer. The main factor in this regard is the rate of blood
clearance, and in its turn clearance is greatly dependent on the size and the
recycling due to interaction of the Fc portion of the molecule with the Brambell
receptor (FcRn). In general, the smaller the molecule the faster the clearance.
A complete antibody has a molecular size of 155 kDa, where the antibody fragment
F(ab’)2 (110kDa) is smaller, and multiple times smaller are nanobodies (15kDa),
affibodies and other engineered molecules (<7 kDa). Therefore, tracers based on
complete antibodies have a long half-life and the optimal time of imaging is several
days after tracer injection 37, while relatively small molecules such as nanobodies
allow imaging within a few hours post injection.
Apart from timing, tumor penetration can differ widely. Penetration depth is
important to reach all the antigens expressed in the tumor lesion. Smaller molecules
are known to have a faster extravasation and interstitial diffusion, resulting in faster
tumor penetration. Especially when imaging a hypoxic marker, which is expressed
at relatively greater distances from functional blood vessels, penetration rate and
depth could have great influence on tumor tracer accumulation.

Clinical application
Experiments described in this thesis were designed with the purpose to study CAIX
imaging as a method to assess clinically significant tumor hypoxia and radiotherapy
sensitivity, specifically within head and neck cancer, in the preclinical setting.
Regarding evaluation of tumor radiosensitivity, CAIX imaging could prove to be
valuable indirectly as a marker of hypoxia or directly as a prognostic or predictive
marker on its own.

15
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Outline of this thesis
The focus of the studies in this thesis is to describe the development and characterization of different CAIX-targeting tracers to image hypoxia-related CAIX expression
in xenografted human head and neck tumor models. Tracers based on intact
girentuximab have reached the clinical setting, but do have drawbacks mainly due
their long circulatory half-life. Therefore imaging with girentuximab-based tracers is
optimal after serval days. For this reason, we started out exploring the antibody
fragment F(ab’)2. Chapter 2 describes the characterization of [111In]In-girentuximab-F(ab’)2 both in vitro and in vivo in several different patient derived HNSCC
xenografted tumor models with varying levels of CAIX expression. These tumor
xenografts can be considered a model of the diversity observed in clinical practice 38.
The high correlation of tracer uptake in the tumor with the level of CAIX expression
demonstrates the specificity of this tracer and the potential use for the imaging of
CAIX expression at much earlier time points compared to tracers based on the intact
IgG antibody. Encouraged by these results we set out to optimize the conditions for
imaging with [111In]In-girentuximab-F(ab’)2 in chapter 3. Here, we addressed the
effects of protein dose and timing on the tumor tracer uptake and showed the first
SPECT images acquired with this tracer. The discriminating power and accuracy of
[111In]In-girentuximab-F(ab’)2 was assessed by comparing SPECT images of a low
CAIX-expressing tumor model (SCCNij185) with a high CAIX-expressing tumor
model (SCCNij153). We also showed the intratumoral correlation of the tracer with
the immunohistochemically stained CAIX expression.
After optimizing [111In]In-girentuximab-F(ab’)2, the question arises whether this is
the best tracer for imaging of CAIX in head and neck cancer at the present time.
Although imaging with [111In]In-girentuximab-F(ab’)2 allows for imaging at 24 hours
post injection with a reasonable tumor-to-background contrast, even faster imaging
and higher contrasts with less non-specific tumor uptake are preferable.
To determine a potentially more optimal tracer for the imaging of CAIX, we compared
[111In]In-girentuximab-F(ab’)2 to two of the most promising tracers described in
literature: [111In]In-DTPA-girentuximab and the affibody based tracer [111In]In-DOTACAIX:2. Tumor targeting of these three tracers was compared in mice with renal cell
carcinoma xenografts, which constitutively overexpress CAIX because of a mutation
in the VHL gene, and in two HNSCC tumor models, which upregulate CAIX under
hypoxic conditions. In chapter 4 we showed that all tracers have the capacity to
discriminate between a high CAIX expressing tumor and a low CAIX expressing
tumor, but when imaged with SPECT [111In]In-DTPA-girentuximab showed the
highest tumor-to-background contrast ratios. Chapter 5 also describes a tracer
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comparison; here [111In]In-girentuximab-F(ab’)2 and two anti-CAIX affibodies [111In]
In-DOTA-HE3 -ZCAIX:2 and [99Tc]Tc-DOTA-HE3 -ZCAIX:2, are compared in a renal
cell carcinoma model. This study demonstrates the effect of different radioactive
labeling of the same affibody. Interestingly, in this non-hypoxic renal cell tumor
model the affibody based tracer outperformed [111In]In-girentuximab-F(ab’)2 in
contrast ratios and absolute tracer uptake.

1

In Chapter 6 we describe the development of CAIX-targeting tracer based on a
nanobody, which potentially allows for faster and more contrast-rich imaging.
In the hypoxic SCCNij153 model the targeting capability and specificity of [111In]
In-DTPA-B9 was demonstrated. Although tumor-to-background ratios were high,
the low absolute tumor uptake hindered SPECT imaging of CAIX positive tumor
cells. Therefore, the tracer was modified by attaching an albumin binding domain
(111In]In-DTPA-B9-ABD) in order to prolong the half-life and thereby increase
the absolute tumor uptake. Careful optimization of the albumin binding domain is
required to achieve high tumor uptake in combination with limited circulation
residence time.

In the last part of this thesis, we investigated the potential of [111In]In-girentuximabF(ab’)2 to image changes in CAIX-expression levels (Chapter 7). Mice with high
CAIX-expressing tumors were exposed to hypoxia modulating treatments, including
atovaquone, an inhibitor of oxygen consumption. Although these treatments were
able to induce changes in the level of CAIX expression in these tumors, the amount
of tumor tracer uptake did not mirror this effect, most likely because of treatment
induced changes in tumor vasculatur and necrosis. Therefore, future research on
[111In]In-girentuximab-F(ab’)2 is required before it can be used as an imaging tool to
monitor changes in CAIX expression levels.
Chapter 8 provides a discussion and future perspective of the research described
in this thesis. Finally, chapter 9 concludes this thesis with a summary of the
presented work.

17
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Abstract
Background and Purpose. Hypoxia is a major cause of radio- and chemoresistance.
Carbonic anhydrase IX (CAIX) is an endogenous hypoxia-related marker and an
important prognostic marker. Assessment of CAIX expression may allow patient
selection for hypoxia or CAIX-targeted treatment. The radioactive tracer 111Ingirentuximab-F(ab’)2 targets CAIX and can be used for SPECT imaging. Aim of this
study was to validate and optimize 111In-girentuximab-F(ab’)2 for imaging of CAIX
expression in head and neck tumor xenografts.
Material and Methods. Affinity and internalization kinetics of 111In-girentuximab-F(ab’)2
were determined in vitro using CAIX-expressing SK-RC-52 cells. Tumor targeting
characteristics were determined in athymic mice with six different head and neck
squamous cell carcinoma (SCCNij) xenografts. Tracer uptake was measured by ex vivo
radioactivity counting. Intratumoral distribution of tracer uptake was measured using
autoradiography and CAIX expression was determined immunohistochemically.
Results. 26% of the tracer was internalized into the SK-RC-52 cells within 24 hours.
The half maximal inhibitory concentration (IC50) was 0.69 ± 0.08 nM. In biodistribution studies SCCNij153 tumors showed the highest tracer uptake: 4.1 ±
0.8 %ID/g at 24 h p.i. Immunohistochemical and autoradiographic analyses of
the xenografts showed a distinct spatial correlation between localization of the
tracer and CAIX expression.
Conclusion. 111In-girentuximab-F(ab’)2 has a high affinity for CAIX. In vivo tumor
uptake correlated strongly with CAIX expression in different head and neck
xenografts. These results suggest that 111In-girentuximab-F(ab’)2 is a promising
tracer for imaging of hypoxia-related CAIX expression.
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Introduction
Cancers with large hypoxic areas show an aggressive phenotype and are more
resistant to radiotherapy and chemotherapy 1. Carbonic anhydrase IX (CAIX) is a
hypoxia-associated antigen and is prognostic for a poor outcome in many solid
tumors, including head and neck squamous cell carcinomas (HNSCC) 2. Reliable
assessment of CAIX in tumors could steer individualized treatment strategies that
could improve the outcome of these patients.

2

CAIX is a transmembrane protein and functions as a pH regulator by catalyzing
the reversible reaction of carbonic acid to carbon dioxide. Tumors express CAIX in
hypoxic regions (<20 mm Hg), due to the stabilization of hypoxia inducible transcription
factor (HIF-1α) and thus represent cells, which are adapted to hypoxia 3,4. Considering
the negative prognostic value of CAIX and the fact that hypoxic tumors are more
resistant to radiotherapy and chemotherapy, pre-treatment identification of CAIX
expressing tumors could improve patient management.
Several markers for hypoxia imaging have been identified. The most studied tracers
are the 2-nitroimidazole tracers 18F-FAZA and 18F-FMISO 5,6. These PET tracers rely
on the entrapment of nitroimidazoles in tissues with low oxygen pressure (pO2
<10 mmHg). In contrast, CAIX is an intrinsic hypoxia marker. CAIX positive cells
represent a specific population of cells that have adapted to hypoxic conditions i.e.
these cells are resistant to radiotherapy and can potentially repopulate a tumor.
The extracellular domain of CAIX can be targeted with the chimeric antibody
girentuximab 7,8 and CAIX imaging with girentuximab has been studied extensively
in patients with renal cell carcinomas 9,10. Girentuximab is an intact IgG antibody
and thus displays slow tumor penetration and slow blood clearance. Therefore, we
investigated the use of girentuximab F(ab’)2 fragments. In a pilot study, girentuximab
F(ab’)2 labeled with 89Zr allowed specific imaging of hypoxia-related CAIX expression
in human HNSCC SCCNij3 xenografts in mice 11.
We hypothesize that radiolabeled girentuximab-F(ab’)2 can be used as a tracer to
quantitatively and non-invasively assess CAIX expression in hypoxic head and neck
tumors. Therefore, we quantitatively determined the girentuximab-F(ab’)2 uptake in
mice with a series of human HNSCC xenografts with varying CAIX expression.
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Materials and methods
Production of F(ab’)2 fragments
15 mg girentuximab (chimeric anti-CAIX antibody G250, Wilex AG) was enzymatically
digested with 250 µg pepsine (Boehringer, Ingelheim, Germany), in 0.1 M citrate
buffer, pH 3.8. After 4 hours, the digestion was stopped by adjusting the pH to 7.4
with 0.7 ml 1 M Tris, pH 10. The reaction mixture was purified on a HiTrap protein A
column (Sigma, MO, USA) in binding buffer, to remove the non-digested IgG. Next,
the reaction mixture was concentrated by ultrafiltration in a Centriprep concentrator
(MW cut-off 50 kDa). Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis showed no apparent residual IgG or formation of Fab’ fragments
after purification of the reaction mixture.

Conjugation and radiolabeling
Girentuximab and girentuximab F(ab’)2 fragments were conjugated in a molar ratio
of 1:10 at pH 9.5 with isothiocyanatobenzyl-diethylenetriaminepentaacetic acid
(ITC-DTPA, Macrocyclis, Houston, TX, USA) as described previously 12 DTPAconjugated girentuximab and girentuximab-F(ab’)2 fragments were radiolabeled
with 111In Mallinckrodt, Petten, The Netherlands) after adding a two-fold volume
of 2-(N-morpholino)ethanesulfonic acid (MES) buffer. Radiochemical purity was
determined by instant thin-layer chromatography (ITLC) 12. Radiochemical purity
of both indium-labeled girentuximab and indium-labeled girentuximab-F(ab’)2
exceeded 95% in all experiments.

Half maximal Inhibitory concentration (IC50) assay
and internalization kinetic
CAIX-expressing SK-RC-52 cells, cultured and maintained as monolayer in RPMI
medium (GIBCO; BRL Life Sciences Technologies) at 37 ⁰C in a 5% CO2 atmosphere,
were used in both in vitro experiments. The IC50 and Internalization assay were
performed as described by Heskamp et al. 12.

Xenograft tumor models
The Radboud University Medical Center maintains several patient derived HNSCC tumor
models: SCCNij3, 153, 167, 172, 185 and 202. Tumor pieces of 2 mm3 were transplanted
subcutaneously in the right flank of thirty 6-8 weeks old female athymic BALB/c nu/
nu mice (Supplier: Janvier Labs, Le Genest-Saint-Ile, France). Animals were housed in
pathogen-free filter-topped cages. Experiments were started when tumors reached
an average diameter of 6-8 mm. The Nijmegen Medical Center animal ethics committee
approved the study protocol (RU-DEC-2015-0071). All procedures were performed
according to the Institute of Laboratory Animal Research guide for Laboratory.
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Biodistribution studies
The uptake of 111In-girentuximab F(ab’)2 was assessed in all 6 xenografts. Groups of
4-5 mice per tumor line were injected intravenously with 10 µg 111In-girentuximab-F(ab’)2 (1 MBq/mouse). 24 hours after injection, animals were euthanized by
cervical dislocation.
Tissue samples were weighed and radioactivity uptake was measured in a y-counter.
To correct for radioactive decay, the radioactivity of injection standards was
measured simultaneously. Percentage of injected tracer dose per gram tissue
(%ID/g) was calculated 12.

2

Immunohistochemistry and autoradiography
Animals were injected with the immunohistochemistry marker Hoechst 33342 (15
mg/kg i.v., 1 minute before death (Sigma, Zwijndrecht, The Netherlands). Half of the
tumor was snap frozen directly after harvesting and was cut into sections of 5 µm.
These were mounted on poly-l-lysine coated slides and stored at -80 ⁰C. The
sections were fixed with acetone for 10 minutes at 4 °C. The other half of each
tumor was used for biodistribution measurements. Immunohistochemical staining
of tumor sections for CAIX and vessels was performed as previously described 11.
The intratumoral distribution of the radiolabeled antibody fragment was determined
by autoradiography 11.

Immunohistochemistry image acquisition and analysis
Tumor sections were analyzed using a digital image analysis system, as described
previously 13. After whole-tissue sections had been scanned, gray-scale images
(pixel size, 2.59 x 2.59 µm) for vessels and CAIX were obtained and subsequently
converted into binary images. Thresholds for segmentation of the fluorescent
signals were interactively set above the background staining for each individual
marker. Binary images were used to calculate fraction CAIX relative to the total
tumor. Areas of necrosis, determined using hematoxylin- and eosin-stained
neighboring tumor sections, were excluded from analysis.

Correlating immunohistochemistry and autoradiography
To correlate the immunohistochemistry images with the autoradiographic images,
autoradiographic images were inverted and were overlaid using Photoshop (CS4,
version 11.0.2, San Jose, USA) 13. The pixel and figure size of the immunohistochemistry images were bicubically rescaled to match the autoradiography images
(25 x 25 µm per pixel). Only viable tumor areas were analyzed for correlation of
image signals.
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A parametric mapping technique was applied to reduce the spatial information in
the images 14. Hereto, all grayscale images were subdivided in squares of 20 x 20
pixels, corresponding to a size of 36 x 36 µm. Grey-values within these coregistered
squares were analyzed as continuous values for spatial correlation between the
imaging modalities.

Statistics
Statistical analyses were performed using GraphPad Prism (version 6.0e). The one-way
ANOVA test was used to compare group means. Linear regression analysis was
used to assess correlations between different parameters, and a P value of 0.05 or
less was considered significant. Results are expressed as mean value ± SD, unless
stated otherwise.

Results
IC50 and Internalization kinetics
111In-girentuximab-F(ab’) was
2

internalized by SK-RC-52 cells (Fig. 1A). Specific internalization gradually increased to 26% of the cell-associated activity after 24 hours.
The IC50 of girentuximab-F(ab’)2 was 0.69 ± 0.14 nM, which is not significantly
different from that of girentuximab IgG; 0.62 ± 0.08 nM (Fig. 1B).
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Figure 1. Internalisation assay and half maximal inhibitory concentration (IC50). SK-RC-52
cells were incubated with 111In-cG250-F(ab’)2. Associated activity was determined with the
use of a y-counter. Membrane bound and internalized fractions are presented as percentage
of total cell-associated activity (A). The relative affinity was determined for girentuximab and
girentuximab-F(ab’)2 in a competitive binding assay with 111In-girentuximab. Per well an increasing
concentration of either unlabeled girentuximab and girentuximab-F(ab’)2 was added together
with 111In-girentuximab (B). Mean ± SE.
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Biodistribution
Biodistribution of 111In-girentuximab-F(ab’)2 in normal organs was similar for all
mice. The average tracer accumulation after 24 hours was low in blood (0.12 ±
0.04 %ID/g) and muscle (0.34 ± 0.24 %ID/g) and relatively high in kidney (65 ± 12
%ID/g) liver (5.3 ± 1.1 %ID/g) and spleen (5.2 ± 1.5 %ID/g) (Fig. 2A).
Tracer accumulation in the HNSCC xenografts showed large differences in the six
SCCNij models. SCCNij153 (uptake 4.0 ± 0.8 %ID/g) had a significantly higher
uptake (p <0.01) compared to the other SCCNij xenografts: SCCNij167 1.4 ± 0.7
%ID/g; SCCNij172 1.6 ± 0.3 %ID/g; SCCNij185 1.0 ± 0.4 %ID/g and SCCNij3 1.8 ± 0.4
%ID/g. SCCNij202 (2.5 ± 0.6 %ID/g) showed a relatively high uptake as well (Fig. 2C).
Tumor-to-blood ratios at 24h ranged from 7.0 ± 3.0 (SSCNij 185) to 30.8 ± 5.6
(SCCNij 153).

A

C

B

D

2

Figure. 2. (A) Biodistribution of 111In-girentuximab-F(ab’)2 in normal tissue 24 hours post
injection of the tracer as determined by ex vivo biodistribution analysis. (B) Scatterplot of
CAIX-positive fraction as determined immunohistochemically versus uptake of 111In-girentuximab-F(ab’)2 in tumors (%ID/g) as determined by ex vivo biodistribution analysis (Pearson
correlation r = 0.69). (C) Biodistribution of 111In-girentuximab-F(ab’)2 in 6 mouse human
tumor xenograft models. (D) Fractions of CAIX-positive cells based on immunohistochemistry per xenograft tumor model. Graph bars show Mean ± SD; * p<0.05, ** p<0.01.
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Immunohistochemistry
The CAIX-positive fractions of the xenografts were derived from the immunohistochemically stained sections of the tumor xenografts. SCCNij153 0.45 ± 0.07 and
SCCNij202 0.50 ± 0.22 showed significantly higher (p<0.01) CAIX expression than
the other models: SCCNij167 0.02 ± 0.01; SCCNij172 0.02 ± 0.01; SCCNij185 0.01
± 0.01; SCCNij3 0.10 ± 0.02 (Fig. 2D).

Correlating immunohistochemistry and tracer uptake
The fraction of CAIX-positive cells correlated with the tumor tracer uptake as
determined ex vivo (Pearson correlation coefficient r = 0.69) (Fig. 2B). A spatial
correlation analysis was performed on the CAIX positive tumor models SCCNij153,
202 and 3. In general, CAIX staining showed a positive spatial correlation with tracer
uptake (Fig. 3A,B). However, there were also areas with low CAIX expression and
relatively high tracer uptake. Spatial correlation of immunohistochemical staining
and autoradiography was positive on average (r = 0.3) and it was high in SCCNij3
and low in other tumor lines (Fig. 3C).

A

B

C

Figure 3. Spatial correlation. (A) Immohistochemical image and (B) autoradiographic image
of a SCCNij3 tumor section. In (A): Vessels blue and CAIX red. (C) Spatial correlation of CAIX
expression with intratumoral tracer uptake for tumor models SCCNij153, SCCNij202 and
SCCNij3 as determined by coregisteration analysis of the two modalities.
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Discussion
The aim of the present study was to investigate the potential applicability of
111In-girentuximab-F(ab’) as a CAIX imaging tracer in head and neck cancer.
2
We showed that 111In-girentuximab-F(ab’)2 may be used to detect CAIX expression
in HNSCC xenografts noninvasively, e.g. with SPECT.
CAIX expressing cells have adapted to a hostile hypoxic microenvironment and overexpression prognosticates aggressive behaviour for various solid tumors including
HNSCC 2. Therefore, quantitative CAIX imaging could steer treatment choices.
CAIX can be targeted with antibodies, such as the chimeric IgG1 monoclonal
antibody girentuximab. In our experiments, we used girentuximab-F(ab’)2 fragments,
instead of the intact antibody, since F(ab’)2 fragments show faster tumor tissue
penetration and a faster blood clearance. This allows early imaging post injection
and repeated imaging within a few days (before and after initiating treatment) to
assess and/or predict treatment response 15.

2

111In-girentuximab-F(ab’)
2

displayed a high affinity for CAIX in constitutively CAIXexpressing SK-RC-52 renal cell carcinoma cells (6.9 nM), which is similar to that of
intact girentuximab IgG. In HNSCC, CAIX expression is mostly induced by hypoxia.
Uptake of the tracer in the tumor xenografts markedly varied per tumor model.
Within the same model, tracer uptake variation was limited. The variation in tumor
uptake between the different xenograft models correlated with the level of CAIX
expression, suggesting that 111In-girentuximab-F(ab’)2 imaging can be used to
quantify CAIX expression non-invasively.
A good correlation was found between intratumoral localization of 111In-girentuximab-F(ab’)2 uptake, as determined by autoradiography, and the CAIX expression as
determined immunohistochemically. This demonstrates the specific accumulation
of the tracer in CAIX expressing areas in tumors. However, in individual tumor
sections such a clear correlation could not be established. This could be due to the
non-specific tracer accumulation caused by differences in tumor vasculature and
the enhanced permeability and retention (EPR) effect 16. Also, a low and dispersed
CAIX expression signal could hamper accurate correlation analysis between
immunohistochemistry and autoradiography, because of dissipation of specific
autoradiography signal into the background pixelage of the tumor section.
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Tracer uptake in the kidneys was high due to the renal clearance and tubular
reabsorption of the tracer and subsequent retention of the radiolabeled tracer in
the proximal tubuli, which was also seen in previous studies with 111In-labeled
F(ab’)2 fragments 17-19. Proteins larger than 60 kDa cannot pass the glomerular
filtration barrier. It has been suggested that F(ab’)2 fragments (110 kDa) are
catabolized in the circulation or in the glomeruli and filtered subsequently 20.
High kidney uptake could hamper visualization of CAIX expression in tumors in the
vicinity of the kidneys. Obviously, this is not a limitation in case of HNSCC tumors.
Recently, a CAIX-targeting affibody was produced; (HE)3 -ZCAIX:2, which showed a
high affinity and similar tumor to background ratio as our tracer already within 2 h
post injection in mice with s.c. SK-RC-52 tumors 21. With these promising compound
characteristics, very fast imaging is possible. Because of the use of a different tumor
model, a direct comparison with our tracer cannot be made at this moment.
Several clinical studies have already successfully demonstrated the potential of
CAIX imaging in cancer patients 22,23. CAIX imaging could be used to steer treatment
by determining whether tumors are hypoxic and thus relatively resistant to radio(chemo)therapy.
Targeting tumor hypoxia can be achieved in several ways: by means of radiosensitizing drugs like nimorazole; dose escalation of radiotherapy specifically
directed to hypoxic subvolumes or with novel hypoxia targeting prodrugs 24.
Also, CAIX imaging can be used to identify patients who are eligible for therapy with
CAIX targeted therapies. This could be an important application, given the recent
maturation in the development of these new drugs. Until now the most promising
CAIX inhibitors are sulfonamides. A highly selective sulfonamide-based compound
showed a strong growth delay in in vivo experiments with CAIX expressing breast
tumors and phase I trials are ongoing 25,26.
In conclusion, we explored the potential of 111In-girentuximab-F(ab’)2 as a radio tracer for the imaging of CAIX expression in a HNSSC model. We showed that the
uptake of the tracer in HNSCC xenoraft tumors correlated with CAIX expression,
indicating the possibility to assess CAIX expression in vivo. This study paves the way
for future translational research in CAIX imaging for HNSCC.
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Graphical abstract

Abstract
Introduction. Tumor hypoxia plays a major role in radio- and chemotherapy resistance
in solid tumors. Carbonic Anhydrase IX (CAIX) is an endogenous hypoxia-related
protein, which is associated with poor patient outcome. The quantitative assessment
of CAIX expression of tumors may steer cancer treatment by predicting therapy
response or patient selection for anti-hypoxia or CAIX-targeted treatment. Recently,
the SPECT tracer [111In]In-DTPA-girentuximab-F(ab’)2 was developed and validated
for targeting CAIX. The aim of this study was to optimize quantitative microSPECT/
CT of CAIX expression in vivo in head and neck tumor models.
Methods. Athymic mice with subcutaneous SCCNij153 and SCCNij202 head and
neck squamous cell carcinoma xenografts were injected with [111In]In-DTPA-girentuximab-F(ab’)2. First the protein dose, timing and image acquisition settings were
optimized. Tracer uptake was determined by quantitative SPECT, ex vivo radioactivity
counting, and by autoradiography of tumor sections. The same tumor sections
were immunohistochemically stained for CAIX expression and hypoxia.
Results. Highest tumor-normal-tissue contrast was obtained at 24 hours after
injection of the tracer. A protein dose of 10 µg resulted in the highest tumor-to-muscle
ratio at 24 hours p.i. Ex vivo biodistribution studies showed a tumor uptake of 3.0 ±
0.6 %ID/g, and a tumor-to-muscle ratio of 8.7 ± 1.4 (SCCNij153). Quantitative
analysis of the SPECT images enabled us to distinguish CAIX antigen blocked from
non-blocked tumors, fractions positive for CAIX expression: 0.22 ± 0.02 versus
0.08 ± 0.01 (p < 0.01). Immunohistochemical, autoradiographic, and microSPECT/
CT analyses showed a distinct intratumoral spatial correlation between localization
of the radiotracer and CAIX expression.
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Conclusion. Here we demonstrate that [111In]In-DTPA-girentuximab-F(ab’)2 specifically
targets CAIX-expressing cells in head and neck cancer xenografts. SPECT imaging
with indium labeled girentuximab-F(ab’)2 allows quantitative assessment of the
fraction of CAIX positive tissue in head and neck cancer xenografts. These results
indicate that [111In]In-DTPA-girentuximab-F(ab’)2 is a promising tracer to image
hypoxia-related CAIX expression.

Introduction
Hypoxia is a common feature of solid tumors and has been associated with
increased metastatic behavior, resistance to chemotherapy and radiotherapy and
a poor patient outcome1, 2. Carbonic anhydrase IX (CAIX) is a well-known hypoxia
related biomarker. It is a transmembrane protein expressed on cells that have
adapted to hypoxic conditions and its expression is strongly associated with treatment
resistance 3. CAIX is also a potential target for cancer treatment 4, 5. A quantitative
method to image CAIX expression could have prognostic and predictive value and
may steer treatment decisions in cancer patients.

3

Hypoxic tumor areas are found dispersed throughout the tumor. Below an oxygen
pressure of 20 mmHg, hypoxia inducible factor (HIF-1α) is stabilized and catalyzes
multiple hypoxia-adaptation pathways including upregulation of CAIX expression 6, 7.
The primary function of CAIX is to maintain a stable intracellular pH by excreting
hydrogen ions. Recent studies also suggested a function in the efflux of lactate 8
and in tumor migration and invasion 9.
Many solid tumors express CAIX in hypoxic regions, including head and neck
squamous cell carcinomas (HNSCC). A meta-analyses by Van Kuijk et al. showed
that CAIX expression was associated with poor outcome in patients with various
tumor types 10. The expression of CAIX in normal tissue is very low, only the gallbladder
and gut express CAIX 5. CAIX expression occurs heterogeneously throughout the
tumor and expression patterns change over time 11. Detection of CAIX on biopsies
does not provide the clinician with an overview of the total CAIX expression, nor
will it be adequate for tracking CAIX over time.
CAIX imaging can be used as a prognostic tool since CAIX has been validated as a
prognostic biomarker in solid tumors, but even more interesting is the potential
application in a predictive setting. Imaging of CAIX could be used for patient
selection for multiple treatments. For example, radiotherapy tumor dose could be
escalated in hypoxic tumor areas to overcome hypoxia mediated radioresistance 12.
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Furthermore, imaging could allow patient selection for anti-hypoxic or CAIXtargeting drugs.13
The chimeric antibody girentuximab (cG250) targets the extracellular domain of
humane CAIX and when labeled with a fluorophore or radionuclide, it can be used
for molecular imaging of CAIX-positive tumors 14-16. Because girentuximab is an
intact IgG, blood clearance is relatively slow. This slow clearance hampers imaging
at early time points after injection. To address this issue, we developed a tracer
based on girentuximab-F(ab’)2 fragments 17, 18.
The aim of this study was to develop a non-invasive imaging technique to measure
CAIX-expression in two different HNSCC xenografts using the CAIX-targeting
compound [111In]In-DTPA-girentuximab-F(ab’)2, and correlate the intratumoral
distribution of this radiotracer to the expression of CAIX and hypoxic tumor areas
visualized using pimonidazole.

Experimental Section
Conjugation, Radiolabeling and quality control
15 mg girentuximab (5mg/ml chimeric anti-CAIX antibody G250, Wilex AG) was
enzymatically digested with 250 µg pepsine (Boehringer, Ingelheim, Germany),
in 0.1 M citrate buffer, pH 3.8. After 4 hours, digestion was stopped by adjusting
the pH to 7.4 with 0.7 ml 1 M Tris, pH 10. The reaction mixture was purified on a
HiTrap protein A column (Sigma-Aldrich Chemie NV, Zwijndrecht, The Netherlands)
in binding buffer, 3 M NaCl/ 1.5 M glycine buffer, pH 8.9, to remove the non-digested
IgG. Next, the reaction mixture was concentrated and pepsine was removed by
ultrafiltration in a Centriprep concentrator (MW cut-off 50 kDa). Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the purified
sample showed no apparent residual IgG or presence of Fab’ fragments.
Girentuximab and girentuximab F(ab’)2 fragments were conjugated in a molar ratio
of 1:10 at pH 9.5 with isothiocyanatobenzyl-diethylenetriaminepentaacetic acid
(ITC-DTPA, Macrocyclis, Houston, TX, USA) as described previously 19 DTPA-conjugated girentuximab and girentuximab-F(ab’)2 fragments were radiolabeled with
111InCl (Mallinckrodt, Petten, The Netherlands) and twice the volume of 0.5 M 2-(Nmorpholino)ethanesulfonic acid (MES) buffer, pH 5.4 was added. The reaction mix
was incubated at room temperature for 30 minutes. Labeling efficiency was
between 45 and 84%, with a molar activity of 0.15 MBq/µmol. Tracers were purified
on a PD10 column that was eluted with PBS 0.5% bovine serum albumin (BSA).

38

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 38

QUANTITATIVE IMAGING OF THE HYPOXIA-RELATED MARKER CAIX

Radiochemical purity was determined by instant thin-layer chromatography (ITLC)
on silicagel chromatography strips (Biodex, Shirley, NY, USA), using 0.1 M citrate
buffer pH 6.0 as the mobile phase. In case of labeling efficiency <95% the labeled
product was purified on a PD-10 column (GE, Woerden, The Netherlands) that was
eluted with 25mM phosphate-buffered saline containing 0.5% bovine serum
albumin (PBS-BSA). Radiochemical purity of 111In-labeled girentuximab-F(ab’)2
exceeded 95% in all experiments.

Tumor models
The Radboud university medical center maintains several patient derived HNSCC
xenograft models, including SCCNij153 and SCCNij202. These two tumor models
are previously characterized and differ in tumor biology 18, 20, 21, but both showed
consequent high levels of CAIX expression in previous experiments 16, 20. Phenotype
and morphology of the tumor are regularly assessed by HE and IHC staining
(pimonidazole, CD31 and Ki67). 6- to 8-week-old athymic BALB/c nu/nu mice were
implanted subcutaneously with small tumor pieces (2 mm3) subcutaneously on
the right hind leg (Janvier Labs, Le Genest-Saint-Ile, France). Both sexes were used
with regard to translatability and because of ethical reasons. At the start of the
experiment, mean diameter of tumors was 8 mm (range, 6–9 mm, 4–5 weeks after
inoculation). Animals were housed in filter-topped cages in a specific pathogen-free
unit in accordance with institutional guidelines. Group allocation was randomized
and stratified by tumor size. The Nijmegen Medical Center animal ethics committee
(RUDEC) and the Dutch animal ethics committee (CCD) approved the project
(2016-053). All procedures were performed according to the Institute of Laboratory
Animal Research guidelines.

3

Dose-escalation and pharmacokinetics of 111In-girentuximab-F(ab’)2
The optimal dose of girentuximab-F(ab’)2 to visualize CAIX expression was
determined in a dose–escalation study. Five groups of 5 mice with subcutaneous
SCCNij153 tumors were injected intravenously with [111In]In-DTPA-girentuximabF(ab’)2 at increasing protein doses of 1, 3, 10, 30 and 100 µg of girentuximab-F(ab’)2
(0.8-2.5 MBq). To demonstrate the specificity for CAIX, a separate group was
pre-injected with a blocking dose of 300 µg unlabeled girentuximab IgG to block
all CAIX in vivo, and subsequently (72 hours later) injected with 10 µg 111In-girentuximab-F(ab’)2. Mice were euthanized by cervical dislocation 24 h after injection of
the radiotracer.
To determine the optimal time-point for CAIX imaging, the biodistribution of
111In-girentuximab-F(ab’) (10 µg, 0.8-1.2 MBq) was evaluated at 4, 24, and 48 h after
2

injection (5 mice per group). To demonstrate the specificity for CAIX, a separate
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group (n = 3) received a blocking dose of unlabeled girentuximab as decribed
previously. Two additional mice were administered 111In-girentuximab-F(ab’)2 (10 µg,
11-13.7 MBq) and underwent microSPECT/CT imaging (U SPECT-II; MILabs) at all
3 timepoints. Mice were scanned in prone position under general anesthesia
(isoflurane/air) using the 1.0-mm-diameter multipinhole mouse collimator tube.
SPECT scans were acquired for 45 min, 126 bed positions, followed by 180 second
CT scans (615 uA, 65 kV). Mice were injected with the nitro imidazole derivative
pimonidazole 80 mg/kg i.p. (J.A. Raleigh Department of Radiation Oncology,
University of North Carolina, USA) to mark hypoxia 50 minutes prior to cervical
dislocation. Scans were reconstructed with MILabs reconstruction software, using
an ordered-expectation maximization algorithm with a voxel size of 0,375 mm2,
3 iterations, Gaussian filter 1.0 mm. From all mice, tumors and tissue samples
(blood, skin, muscle, small intestine, lung, heart, kidney, and liver) were harvested
and weighed. Subsequently, radioactivity uptake was determined in a g-counter
(2480 Wizard 3’’, LKB/Wallace, Perkin-Elmer,Boston, MA). Radioactivity concentrations
in the tissues were calculated as percentage of the injected dose per gram of
tissue (%ID/g). To correct for radioactive decay, injection standards were counted
simultaneously.

Quantitative microSPECT imaging of HNSCC
Ten mice with SCCNij202 tumors were injected with 10 µg 111In-girentuximab-F(ab’)2
(12.9 ± 1.7 MBq). Half of them were used to assess the specificity for CAIX, and
received 300 µg unlabeled girentuximab 72 hours prior to the tracer injection. At 24
hours post injection, two microSPECT/CT scans were acquired as described
previously 18. In addition, an extra SPECT scan of the tumor region was acquired for
45 minutes with 12 scan positions. All mice were injected with pimonidazole as
described previously 18.
Uptake of the radiolabel in the tissues was determined ex vivo in a γ-counter. Scans
were reconstructed as described in the previous paragraph. Volumes of interest
(VOIs) were drawn around the tumor and the contralateral hind leg muscle
(background region) to quantitatively determine the uptake (%ID/ml). The measured
counts were converted to %ID/ml using standards with known radioactivity
concentrations scanned with the same SPECT settings.
CAIX positive tumor fractions were determined using a fixed voxel intensity
threshold. Areas with voxel intensity above threshold were considered CAIX-positive.
Thresholds were corrected for variances in injected dose and decay per individual
mouse. Analyses were performed using the Inveon Research Workplace software
(version 3.0; Siemens Preclinical Solutions).
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Immunohistochemistry and autoradiography
Half of the tumor was used for biodistribution measurements. The other half of
each tumor was snap frozen directly after excision and was cut into sections of 5
µm. These were mounted on poly-l-lysine coated slides and stored at -80 °C. The
sections were fixed with acetone for 10 min at 4 °C. The intratumoral distribution of
the radiolabeled antibody fragment was determined by autoradiography. Tumor
sections were exposed to a Fujifilm BAS cassette 2025 overnight (Fuji Photo Film).
Phospholuminescence plates were scanned using a Fuji BAS-1800 II bioimaging
analyzer at a pixel size of 25 × 25 µm. Images were analyzed with Aida Image
Analyzer software (Raytest). Immunohistochemical staining was performed on the
same tumor sections for CAIX, pimonidazole and vessels as described previously 17.

Immunohistochemistry image acquisition and analysis
Tumor sections were analyzed using a digital image analysis system, as described
previously 22. After whole-tissue sections had been scanned, gray-scale images
(pixel size, 2.59 x 2.59 µm) for vessels, CAIX and pimonidazole were obtained and
subsequently converted into binary images. Thresholds for segmentation of the
fluorescent signals were interactively set above the background staining for each
individual marker. Binary images were used to calculate the CAIX-positive fraction
and hypoxic faction relative to the total tumor. Areas of necrosis, determined using
hematoxylin- and eosin-stained neighboring tumor sections, were excluded from
analysis.

3

Statistics
Statistical analyses were performed using GraphPad Prism (version 6.0e). The
unpaired t-test and one-way ANOVA were used to compare groups and multiple
groups. Linear regression analysis was used to assess correlations between different
parameters, and a P value < 0.05 was considered statistically significant. Results are
expressed as mean value ± SD, unless stated otherwise.

Results
Antibody protein dose- and time optimization in SCCNij153
The dose-escalation study with 111In-girentuximab-F(ab’)2 showed highest tumor
uptake in mice which received doses up to 10 µg (1, 3, 10 µg 3.0 ± 0.6, 3.7 ± 1.4 and
3.1 ± 0.6 %ID/g, respectively). When specific binding was blocked with an excess
unlabeled girentuximab IgG to determine unspecific tracer uptake, tumor uptake
decreased to 1.5 ± 0.1 %ID/g as shown in Fig. 1 (p < 0.05).
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Figure 1. Dose-escalation of 111In-girentuximab-F(ab’)2. Uptake of 111In-girentuximab-F(ab’)2
in subcutaneous SCCNij153 tumors 24 hours after injection. * p < 0.05

Biodistribution of the tracer at 4, 24 and 48 hours after injection showed significant
increasing tumor-to-blood (t:b) ratios from 4 to 24 hours, but no further increase at
48 hours: 1.1 ± 0.4, 19 ± 15 and 24 ± 13 (p<0.05). Tumor-to-muscle ratio (t:m) were
more stable: 6.2 ± 2.2, 8.7 ± 1.9 and 7.6 ± 4.5. When specific binding was blocked
with an excess unlabeled girentuximab IgG, t:b ratios dropped to 0.5 ± 0.1, 5.8 ± 1.3
and 8.0 ± 1.0; t:m ratios decreased to 2.8 ± 0.7, 2.9 ± 0.4 and 3.8 ± 1.8 (Table 1).
Table 1. Time optimization data
Timepoint
(H)
Non-blocked

Blocked

Tumor
tracer uptake
(%ID/g)

Tumor-to-muscle Tumor-to-blood

4

3.0 ± 1.5

6.2 ± 2.2

24

3.0 ± 1.8

8.7 ± 1.9

1.1 ± 0.4
19 ± 15

48

1.7 ± 0.8

7.6 ± 4.5

24 ± 13

4

1.5 ± 0.5

2.8 ± 0.7

0.5 ± 0.1

24

1.1 ± 0.3

2.9 ± 0.4

5.8 ± 1.3

48

0.6 ± 0.1

3.8 ± 1.8

8.0 ± 1.0

Time optimization experiment of 111In-girentuximab-F(ab’)2 performed on mice baring SCCNij153 tumors.
Specific binding was blocked by pre-injecting an excess amount of unlabeled girentuximab IgG.
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4 h p.i

24 h p.i

48 h p.i

3
Figure 2. MicroSPECT images at different time points. Serial MicroSPECT images of mice
bearing a SCCNij153 xenograft were obtained 4, 24 and 48 hours post injection of 111In-girentuximab-F(ab’)2. The circles indicate the tumor.

Detecting intratumoral heterogeneous expression of CAIX
in HNSCC xenografts
Qualitative analysis of the microSPECT/CT images confirmed the results obtained
from the ex vivo biodistribution studies in the SCCNij153 model. At 4 hours post
injection, high background signal resulted in relatively low contrast between tumor
and normal tissue, while images acquired at 24 and 48 hours showed better tumor-to-background contrast (Fig. 2). The absolute signal from tumor was higher at
24 hours post injection compared with 48 hours post injection. Next to tumor
uptake, high tracer uptake in kidneys, liver and spleen was observed at all time
points (Fig. 3)
Quantitative microSPECT imaging in SCCNij202 showed tumor tracer uptake per
volume (%ID/ml) derived from the whole body SPECT imaging was in line with
the biodistribution results (Pearson correlation coefficient 0.78, Fig. 4A). Tumor-tomuscle and tumor-to-liver ratios derived from quantitative scans were 3.2 ± 0.7 and
0.34 + 0.08. Next to tracer uptake per volume, we also determined the CAIX-positive
fraction per tumor. CAIX positive fractions of tumors without blocking were
significantly higher than tumors of mice that received an excess unlabeled antibody:
0.22 ± 0.02 versus 0.08 ± 0.01 (p < 0.01) (Fig. 4B). These data demonstrate the
specificity of 111In-girentuximab-F(ab’)2 for CAIX-positive tumor areas.
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Figure 3. Time optimization Biodistribution of 111In-girentuximab-F(ab’)2 in SSCNij153 tumors
and selected normal tissues at 4, 24 and 48 hours post injection.

A

B

Figure 4. SPECT quantification. A. Scatterplot correlating tumor SPECT quantification with
tumor tracer uptake in the SCCNij202 xenograft. B. CAIX positive fraction determined by
SPECT quantification. Both groups were injected with 10 micrograms of 111In-girentuximab-F(ab’)2 , blocked group was preinjected with 300 micrograms of unlabeled girentumab
IgG (p< 0.001)
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Tracer uptake shows spatial correlation with CAIX expression
and pimonidazole uptake
Nine xenograft sections were successfully stained for pimonidazole and CAIX.
The SCCNij202 xenografts showed mean CAIX-positive fractions of 0.25 ± 0.06
and mean hypoxic fractions of 0.44 ± 0.13. Autoradiography of the tumor sections
showed a heterogeneous uptake pattern of 111In-girentuximab-F(ab’)2 in the nonblocked group (specific uptake), while uptake in the blocked group was significantly
lower and showed a diffuse pattern (non-specific uptake) (Fig. 5).

3

Figure 5. Autoradiography. Autoradiography images acquired overnight. Top row shows
tumors from blocked group (mice were pre-injected with 300 micrograms of unlabelled
girentuximab IgG) bottom row shows tumors from the non-blocked group.

Intratumoral distribution pattern of 111In-girentuximab-F(ab’)2 was similar to the
distribution patterns observed for CAIX expression as determined immunohistochemically. Figure 6 shows an example where in vivo microSPECT imaging of
111In-girentuximab-F(ab’) shows a similar distribution pattern as observed with
2
autoradiography and immunohistochemistry for CAIX).
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A

B

C

D

Figure 6. Visualization of tumor heterogeneity. Example SCCNij202 xenograft imaged after
immunohistochemical staining A and B (green = pimonidazol, red = CAIX, blue = vessels),
autoradiography C and microSPECT D.

Discussion
In this study we determined the optimal conditions to visualize CAIX expression
with 111In-girentuximab-F(ab’)2 in 2 different HNSCC xenografts models. The protein
dose escalation experiment showed optimal tracer uptake at antibody doses
≤ 10 microgram/mouse, which is comparable to intact girentuximab IgG 23. Biodistribution studies showed high tumor-to-blood ratios as early as 24 hours. Also,
biodistribution studies showed high tracer uptake in kidneys, liver and spleen, which
is non-specific, since girentuximab does not target murine CAIX 24. Our intended
application is to assess the distribution of hypoxia as a radioresistance feature within
the primary tumor. In this situation we know the exact localization of the tumor and
the application of the new tracer is to study the heterogeneity of tracer uptake
within the tumor. Therefore, non-specific uptake in liver and kidneys is not an issue
for this application.
Quantitative analysis of the images indicated that a threshold could be defined to
discriminate CAIX-positive from CAIX negative areas. Furthermore, pre-injection of
an excess of unlabeled girentuximab demonstrated that the uptake of 111In-girentuximab-F(ab’)2 was specific for CAIX. Importantly, the heterogeneous uptake of
111In-girentuximab-F(ab’) within tumors showed a spatial correlation with the
2
expression of CAIX and hypoxia measured by pimonidazole staining indicating the
potential applicability for radiation dose painting studies.
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In recent years, a series of CAIX targeted imaging agents have been tested, which
were elegantly reviewed in the article of Lau and colleagues recently 25. The excellent
tumor uptake of intact radiolabeled Girentuximab (chimeric G250) has not been
surpassed, but due to their high tumor-to-background ratios several other radiotracers
(i.e Tc-99-acetazolamide and Tc-99-ZCAIX:2) also show great promise (Table 2).
Fair comparison of these tracers is challenging due to the differences in study design,
different tumor models, mice, time points, doses, etc. In general, larger compounds
require a later time point to obtain images with optimal tumor-to-normal tissue contrast.
Particularly, small molecule and affibody-based tracers reveal high tumor-to-background contrast already within 4 hours post tracer injection. A head to head
comparison of these promising tracers is warranted to select the most optimal
compound for non-invasive imaging of CAIX expression.
The importance of early imaging is mostly interesting for clinical applicability and
the possibility to rapidly repeat scans to track change in live uptake induced by
treatment. Because of the long half-life of CAIX 26, change in CAIX is slower than
change in pO2. Therefore, when CAIX imaging is used for therapy monitoring early
imaging is possibly less relevant compared to imaging with a nitroimidazole derivative
based hypoxia radiotracer.

3

Although CAIX is considered to be an intrinsic hypoxia related marker in tumors,
there are a few limitations with the use of CAIX imaging that should be taken into
account. Besides hypoxia, there are different mechanisms that are also involved in
upregulation of CAIX. For example, decreasing extracellular pH precludes CAIX
expression27. Furthermore pathways such as, PI3K 28 or the unfolded protein
response 29, can also induce CAIX expression. Finally, not all hypoxic tumors
express CAIX 30. Apart from these uncertainties in the mechanism of upregulation,
CAIX expression in solid tumors clearly has a negative prognostic value and is
associated with poor treatment outcome 10.
Immunohistochemical staining of vessels, CAIX and hypoxia showed similar
patterns as seen before in these HNSCC xenografts by our group 21, 30. Generally,
CAIX was expressed at a shorter distance from the vessels compared to hypoxia
(pimonidazole staining). Also, areas of mismatch were found, with a positive
pimonidazole staining and no CAIX expression or visa versa (supp Fig. 1). This can
be explained by multiple reasons, which are mentioned above. Another explanation
can be found in changes in perfusion, because it takes several hours for cells to
adapt to hypoxia and express CAIX 26.
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Tracer type

Antibody

Antibody

Antibody
fragment

Antibody
fragment

Antibody
fragment

Small
molecule

Affibody

Small
molecule

Small
molecule

Author

Brouwers
et al. 2004

Carlin
et al 2010

Processed on: 28-9-2020

Ahlskog
et al. 2009

Carlin
et al 2010

Huizing
et al. 2017

Yang and Minn
et al. 2015

Garousi
et al. 2016

Krall
et al. 2016

Lau
et al. 2016
Ga-68-NOTGA-(AEBSA)3

Tc-99-acetazolamide

Tc-99-ZCAIX:2

In-111-XYIMSR-01

In-111-DTPA-cg250-F(ab’)2

In-111-DOTA-cg250-F(ab’)2

Lu-177-SIP(A3)

In-111-DOTA-cg250

Lu-177-DOTA-cG250

Compound

HT-29 (colonca.)

SK-RC-52 (renalca.)

SK-RC-52 (renalca.)

SK-RC-52 (renalca.)

SCCNij153 (HNSCC )

HT-29 (colonca.)

LS174T (colonca.)

HT-29 (colonca.)

SK-RC-52 (renalca.)

In vivo tumor

Table 2. Overview of papers published on promising CAIX targeting tracers 18, 33-39

2.3

22

16

21

4.0

9.3

2.4

26.4

74.5

%ID/g

2.7

70

44

32

31

4.6

16.7

6.6

12.4

T:B

4.2

-

108

21

12

8.9

-

69

124

T:M

1 hour

3 hours

4 hours

4 hours

24 hours

24 hours

24 hours

7 days

7 days

Time p.i.
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Most CAIX-targeting radiotracers have been studied in renal cell carcinoma models
(i.e. SK-RC-52) in which CAIX is expressed constitutively at a high level on the tumor
cells. The CAIX antigen is expressed in the SK-RC-52 due to a mutation in the Von
Hippel Lindau (VHL) gene, which leads to constitutive overexpression of HIF1,
which is not related to hypoxia. Although this homogeneous high expression allows
determining the specificity of CAIX-targeting of these tracers, the CAIX expression
levels in this model are much higher than the expression levels found in hypoxic
tumors without the VHL mutation. Thus, these renal cell carcinoma models are
relevant for targeting, but not to study CAIX in hypoxic tumor areas. Therefore, we
selected HNSCC xenograft models to characterize 111In-girentuximab-F(ab’)2 and
because in patients with solid tumors, such as HNSCC, hypoxia and CAIX expression
are highly correlated with treatment resistance.
Our high resolution SPECT images of two different HNSCC xenografts, SCCNij202
and SCCNij153, showed heterogeneous tumor uptake. Autoradiographic and
immunohistochemical analysis of the same tumor sections showed that uptake
correlated with CAIX-expression. Also, positive areas were mainly located around
necrotic areas. Our results demonstrate that it is feasible to image and quantify the
fraction of hypoxic areas in HNSCC tumors. Although immunohistochemistry provides
information on a micrometer scale, it generally does not allow measurement of
whole tumor lesions and potentially also its metastases. Thus, non-invasive imaging
provides a better overview of the total hypoxic fraction of a certain tumor and
allows sequential imaging over time of the same lesion.

3

In the clinical setting this overview is important, since it provides important
information of the tumor biology. For example, accurate CAIX imaging could
enable intensity modulated radiotherapy ‘dose painting’ with specific boosting of
CAIX positive, radioresistant tumor regions 31.
Girentuximab-F(ab’)2 has been successfully labeled with Zirconium 89, which has a
similar half life as indium, therefore PET imaging with this tracer is also feasible 17.
Previously, we showed that In-111-labeled and Zr-89-labeled girentuximab-F(ab,)2
have a similar biodistribution18. Preclinically In-111 is the preferred isotope with
(ultra high resolution) SPECT scanning, but in clinical studies Zr-89 is preferable,
because of the higher resolution of PET in clinical applications. We think the
selection and optimization of an optimal radiotracer is crucial.
Even with promising results in rodent studies, translation and implementation of
CAIX imaging to the clinic will be a challenge. Girentuximab IgG has been tested in
several clinical studies and showed high tumor to background ratios, being among
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the highest reported in studies of solid tumors32. Therefore, we expect it to be an
excellent tracer to image CAIX in head and neck tumors. However, future clinical
studies have to demonstrate that this indeed the case.
First step for the clinical development of this tracer could be a feasibility study
(phase I) in patients with head and neck cancer. In later studies the correlation
between the CAIX PET signal and radiation sensitivity could be investigated. The
most straightforward clinical application of CAIX imaging is in the function of
treatment prediction. As a stable hypoxia related marker CAIX potentially is a
predictive marker for hypoxia targeting or modulating treatment. At the moment
several promising CAIX targeting and hypoxia modulating treatments are studied in
clinical trials (NCT03450018, NCT02020226). If these studies prove to be successful
accurate pretreatment discrimination between CAIX positive and negative tumors
could help patient selection and thus improve clinical outcome for patients with
solid tumors, such as head and neck cancer.

Conclusion
Here we demonstrate the feasibility to quantify the CAIX-positive fraction in two
different HNSCC xenograft models, using SPECT and 111In-girentuximab-F(ab’)2.
These results show that 111In-girentuximab-F(ab’)2 is a promising tracer to image
hypoxia-related CAIX expression and may be used in the future to identify patients
with therapy resistant tumors to individualize cancer treatment.
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(green = pimonidazol, red = CAIX, blue = vessels)
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Abstract
Background. Hypoxia-induced carbonic anhydrase IX (CAIX) expression is a
prognostic marker in solid tumors. In recent years many radiotracers have been
developed, but a fair comparison of these compounds is not possible because of
the diversity in tumor models and other experimental parameters. In this study we
performed a direct in vivo comparison of three promising CAIX targeting radiotracers
in xenografted head and neck cancer models.
Materials and methods. The biodistribution of [111In]In-DOTA-ZCAIX:2 was directly
compared with [111In]In-DTPA-G250-F(ab’)2 and [111In]In-DTPA-G250 in female
BALB/C nu/nu mice bearing two HNSCC xenografts with different levels of CAIX
expression. In vivo biodistribution was quantified by means of microSPECT/CT
scans and ex vivo biodistribution was determined with the use of a g-counter.
Tumors were snap frozen and sections were stained for CAIX expression, vessels,
hypoxia (pimonidazole) and tumor blood perfusion.
Results. Tracer uptake was significantly higher in SSCNij153 tumors compared
to SCCNij185 tumors for [111In]In-DOTA-HE3-ZCAIX:2: 0.32 ± 0.03 versus 0.18 ±
0.01 %ID/g,(p =0.003) 4 h p.i., for [111In]In-DTPA-girentuximab-F(ab’)2: 3.0 ± 0.5
%ID/g and 1.2 ± 0.1 %ID/g (p=0.03), 24 h p.i. and for [111In]In-DTPA-girentuximab:
30 ± 2.1 %ID/g and 7.0 ± 1.0 %ID/g (p=0.0002) 72 h p.i. SPECT imaging with both
[111In]In-DTPA-girentuximab-F(ab’)2 and [111In]In-DTPA-girentuximab showed a clear
difference in tracer distribution between the two tumor models. The whole IgG, i.e.
[111In]In-DTPA-girentuximab, showed the highest tumor-to-muscle ratio.
Conclusion. We showed that different CAIX-targeting radiotracers can discriminate
a low CAIX-expressing tumor from a high CAIX-expressing head and neck cancer
xenografts model. In these hypoxic head and neck xenograft models [111In]In-DTPA-girentuximab showed the most promising results.
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Introduction
In oncology, molecular imaging is a rapidly growing field due to its potential to
personalize treatment. Clinical studies have demonstrated that CAIX is a prognostic
biomarker in almost all solid tumor types and its expression is associated with
therapy resistance. Therefore, CAIX is one of the imaging targets of interest 1,2.
The tumor microenvironment (TME) plays a crucial role in chemo-, radio- and
immunotherapy. From a multitude of environmental factors, hypoxia and acidosis
appear to be dominant in determining therapy resistance 3,4. Tumor vasculature
almost always develops in an irregular fashion, resulting in tumor regions that are
deprived from sufficient blood supply and thus lack supply of sufficient oxygen and
nutrients. In these hypoxic regions, cells have to adapt in order to survive. They
undergo metabolic changes as they switch to anaerobic energy production,
thereby producing more carbon dioxide, lactate and protons, which generate a
lower extracellular pH 5. In this increased acidic TME, immune activity is suppressed
and extracellular matrix is catabolized, resulting in migration of tumor cells 6.
Furthermore, the lack of oxygen is a well-known cause for radioresistance. Oxygen
molecules are essential for the effectiveness of radiotherapy, possibly explained by
the oxygen fixation hypothesis, which states that DNA-damage is chemically fixated
by oxygen molecules. Hypoxic cells can be up to 3 times more resistant to radio therapy than normoxic cells 7,8. Overall, tumor hypoxia leads to more aggressive
and therapeutic resistant tumor cells 9.

4

Carbonic anhydrase IX (CAIX) is a hypoxia-related enzyme expressed on the
membrane of cancer cells. Expression of CAIX is regulated by the transcription
factor hypoxia inducible factor-1alpha (HIF-1α), and it catalyzes the conversion of
carbon dioxide to bicarbonate and hydrogen ions by the extracellular domain.
Furthermore, it interacts with lactate pumps and bicarbonate transporters, thereby
regulating the internal and external pH in tumors 10,11. Therefore, CAIX plays a key
role in the adaptation of tumor cells to hypoxia.
In normal tissue, CAIX expression is absent, with the exception of the gastro-intestinal tract, where CAIX is expressed at low levels by enterocytes on the basolateral
membranes. Under hypoxic conditions, tumor cells upregulate CAIX in a HIF-1α
dependent manner. Under normoxic conditions HIF-1α is degraded rapidly by
multiple proteins, including the Von Hippel-Lindau (VHL) protein. However, under
low oxygen conditions, HIF-1α is stabilized and complexes with HIF-1β to form
HIF-1, which regulates the transcription of different genes, including CAIX. A
well-known mechanism of ubiquitous CAIX upregulation is a mutation in the VHL,
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which is present in the majority of renal cell carcinomas (RCC). This mutation
prevents degradation of HIF-1α, resulting in HIF-1α accumulation and subsequent
upregulation of CAIX. It is import to distinguish tumors with hypoxia-induced CAIX
from tumors with VHL mutations, as the expression level and the number CAIX
positive cells are much higher in tumors with a VHL mutation, and the expression is
independent of hypoxia. For example, solid tumors without VHL mutation contain
0% - 60% hypoxic tumor areas with CAIX expression -as assessed immunohistochemically- whereas tumors with the VHL-mutation show CAIX expression above
85% on average 12,13.
Detecting CAIX with a non-invasive imaging technique can be used to identify
hypoxic and therapy resistant tumor areas in solid tumors in patients. This
information is of great value to select the most appropriate treatment approach,
such as CAIX-targeting drugs, hypoxia targeting drugs, optimal radiotherapy
regimen and immunotherapy 14,15.
In recent years, an increasing number of CAIX-targeting radiotracers have been
developed and evaluated. First, the anti-CAIX monoclonal antibody G250 was
successfully tested to image VHL-mutation-induced CAIX expression of renal cell
carcinoma in 1993 16,17. Further developments based on this monoclonal antibody
led to a chimeric variant (girentuximab or cG250). However, complete monoclonal
antibodies have a slow blood clearance, which results in high background and low
tumor-to-normal tissue contrast at early time points post injection. To address this
shortcoming, girentuximab antibody fragments, Fab’ and F(ab’)2, were produced
and evaluated in renal cell carcinoma, but also in hypoxic tumors, including head
and neck carcinoma and colorectal carcinoma xenografts. These fragments show
a much faster blood clearance, but also a lower absolute tumor tracer uptake.
Successful imaging with radiolabeled girentuximab-F(ab’)2 is possible as early as 24
hours post tracer injection 18,19. In recent years other approaches have proven to be
successful as well 20, including application of engineered molecules, called affibody
molecules. Affibody molecules are small (approximately 7 kDa) affinity proteins
based on non-immunoglobulin scaffold 21. Small size and high affinity to molecular
targets makes affibody molecules suitable for the use as targeting vectors for
radionuclide imaging 22. These molecules are much smaller than the F(ab’)2 fragments
(110 kDa) and can reach high affinity for CAIX, typically in the low nanomolar range.
Garousi et al. developed several of these affibody molecules and tested them in an
in vivo renal cell carcinoma model with outstanding results. The most promising
affibody (ZCAIX:2) shows high tumor uptake with a very low blood and muscle
uptake already at 4 hours post tracer injection 23. The optimized variant, DOTA-HE3ZCAIX:2, contains a histidine-glutamate-histidine-glutamate-histidine-glutamate (HE3)
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tag at N-terminus to minimize off-target interactions 24. A maleimido derivative of a
macrocyclic DOTA chelator was site-specifically conjugated to the C-terminal cysteine
residue. Unlike acyclic chelators, DOTA enables stable labeling of this variant with
a variety of radionuclides, including 111In for SPECT and 68Ga for PET imaging.
A stable labeling using DOTA requires heating and DOTA-HE3-ZCAIX:2 demonstrated
a high-fidelity refolding after heating to 90 °C and affinity of 1.2 ± 0.5 nM 24.
Multiple tracers have been tested for the purpose of CAIX imaging, both as a marker
for CAIX-expressing clear cell renal cell carcinomas (ccRCC), as well as for hypoxia
imaging. However, selecting the optimal tracer to image hypoxia-induced CAIX
based only on literature data is difficult if not impossible. Previous studies have used
varying experimental factors such as tumor model, time points, protein dose, etc.
Therefore, a head-to-head comparison of the most promising tracers for imaging
of hypoxia related expression of CAIX is warranted. For this reason, we evaluated
the affibody ZCAIX:2, the antibody fragment girentuximab-F(ab’)2 and the complete
antibody-based tracer in different head and neck xenograft models.

4

Results
Biodistribution
Tumor and normal tissue uptake of [111In]In-DOTA-HE3 -ZCAIX:2, [111In]In-DTPA-girentuximab-F(ab’)2 and [111In]In-DTPA-girentuximab was determined in both
SCCNij153 (high CAIX expression) and SCCNij185 (low CAIX expression) human
head and neck tumor xenografts at time points reported to be optimal for each
construct. At 4 hours post tracer injection, tumor uptake of [111In]In-DOTA-HE3 ZCAIX:2 was significantly higher in SSCNij153 tumors compared to SCCNij185
tumors (0.32 ± 0.03 versus 0.18 ± 0.01 %ID/g, p =0.003), resulting in average
tumor-to-muscle ratios of 3.3 ± 1.5 and 1.3 ± 0.8 (p=0.06). Normal tissue uptake
was on average below 0.5 %ID/g, except for the kidneys (190 ± 27 %ID/g and 188 ±
17 %ID/g in the SCCNij153 and SCCNij185 model, respectively).
[111In]In-DTPA-girentuximab-F(ab’)2 tumor uptake was 3.0 ± 0.5 %ID/g and 1.2 ± 0.1
%ID/g in the SCCNij153 and SCCNij185 models (p=0.03), respectively, at 24 hours
post tracer injection. Tumor-to-muscle ratios for the high CAIX model (SCCNij153)
were 16 ± 12 and 3.7 ± 2.1 (p=0.16). Normal tissue uptake was highest in the kidneys,
spleen and liver: 71 ± 5, 6.9 ± 2.1 and 4.7 ± 1.2 %ID/g in the SCCNij153 model.
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Highest tumor uptake was observed for [111In]In-DTPA-girentuximab: 30 ± 2.1 %ID/g
and 7.0 ± 1.0 %ID/g in the SCCNij153 and SCCNij185 models (p=0.0002),
respectively, at 72 hours post tracer injection. This resulted in a tumor-to-muscle
ratio of 26 ± 3.5 and 7.5 ± 1.1 for SCCNij153 and SCCNij185, respectively (p=0.001).
Normal tissue uptake values were below 8.0 %ID/g, with 12.6 % ± 3.8%ID/g still
present in the blood. (Figure 1 and Figure 2A)

Figure 1. Tracer uptake (%ID/g) as determined ex vivo (A) and as derived from SPECT images
(%ID/ml) (B) in the SCCNij153 (high CAIX-expressing) model and the SCCNij185 (low CAIXexpressing model). *p<0.05;**p<0.01; ***p<0.001
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Figure 2. Tumor-to-muscle ratios calculated from ex vivo biodistribution measurements (A)
and calculated from quantified SPECT measurements (B).

MicroSPECT/CT imaging
MicroSPECT images showed a higher concentration of [111In]In-DTPA-girentuximabF(ab’)2 and [111In]In-DTPA-girentuximab in (high CAIX-expressing) SCCNij153 tumors
than in (low CAIX-expressing) SCCNij185 tumors (Figure 3). Quantitative analysis
showed that tumor tracer uptake per volume (%ID/ml) was in agreement with the
ex vivo biodistribution results. The tumor uptake and tumor-to-muscle ratios for the
affibody-based tracer, the F(ab’)2-based and the whole antibody tracer were higher
in SCCNij153 than in SCCNij185. (Figure 1B and 2B)

4

Immunohistochemistry
SCCNij153 showed significantly higher CAIX expression than SCCNij185; tumor
sections showed an antigen-positive fraction of 0.11 ± 0.02 versus 0.02 ± 0.01
(p<0.01), respectively. As a reference, the SK-RC-52 renal cell carcinoma model,
which constitutively overexpresses CAIX due to the VHL mutation, had a much
higher CAIX positive fraction of 0.59 ± 0.15 (compared to SCCNij153 p=0.03)
(Figure 4). Tumor tracer uptake of all three tracers correlated positively with the
positive fraction for CAIX, with an R of 0.42 (p=0.29), 0.91 (p=0.01), and 0.32
(p=0.48), respectively, for affibody-based, F(ab’)2-fragment based and whole
antibody-based tracer. SCCNij153 was significantly more hypoxic than SCCNij185,
with pimonidazole-positive fraction of 0.17 ± 0.03 versus 0.67 ± 0.02 (p<0.01).
SK-RC-52 sections were negative for pimonidazole, thus non-hypoxic.

63

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 63

CHAPTER 4

Figure 3. Examples of microSPECT/CT images of the right hind leg (tumor region) of the
mice. For both HNSCC models, SCCNij153 and SCCNij185, images on the left were acquired
4h post [111In]In-DOTA-HE3 -ZCAIX:2 administration, images in the middle were acquired 24h
post [111In]In-DTPA-girentuximab-F(ab’)2 administration and images on the right 72h post
[111In]In-DTPA-girentuximab administration.

Figure 4. Example sections of 3 different tumor models. From left to right: SCCNij185,
SCCNIj153 and SK-RC-52. Stained for CAIX (red), perfusion (blue) and vessels (green). Scalebar
is 1000 µm.
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Intratumor correlation of CAIX expression and tracer uptake
Autoradiography of SCCNij153 showed heterogeneous tracer uptake for all three
radiotracers (Figure 5). Colocalization analysis per tracer group showed a positive
correlation between the spatial distribution of tracer uptake and CAIX expression
for the affibody-based, F(ab’)2-fragment based and whole antibody-based tracer,
with a mean R of 0.25 ± 0.28 (p=0.17), 0.19 ± 0.22 (p=0.39) and 0.61 ± 0.15
(p=0.001), respectively. One sample t-test showed only for the whole antibody-based
tracer group a significant positive correlation.

4

Figure 5. Examples of tumor sections of the SCCNij153 model. The left column shows autoradiography images. The same tumor sections were stained for CAIX expression (the second
column), hypoxia (pimonidazole) (third column) and perfusion (Hoechst) (the right column)

Discussion
Several new CAIX imaging agents have been developed and characterized in
different tumor models in recent years. However, so far, no head-to-head
comparison of these tracers for hypoxia-induced CAIX imaging has been performed.
In the review of Lau et al. multiple CAIX-targeting tracers with very high tumor
uptake levels and tumor-to-muscle ratios were discussed 20. The highest ratios
were found in experiments in mice with ccRCC xenografts, but these tracers were
not tested in a hypoxia driven model 19,24-28. One of the remaining questions is
which tracer are most promising for the discrimination of low CAIX expressing
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tumors from high CAIX expressing tumors. Here we compared three promising
CAIX-targeting radiotracers at optimal time points in two head and neck xenograft
models that upregulate CAIX under hypoxic conditions in order to assess their
discriminating capabilities. The affibody based, F(ab’)2 fragment based and intact
IgG based tracers all were able to distinguish the high CAIX-expressing tumor
model from the low CAIX-expressing tumor model. The intact IgG based tracer
showed the highest contrast between these two tumor models and resulted in the
highest tumor-to-muscle ratios.
The amount of tumor tracer uptake differs roughly a factor 10 between the affibody
based, F(ab’)2 fragment based tracer and also between F(ab’)2 fragment based and
whole antibody based tracer. The primary cause of these large gaps in accumulation
is most likely the differences in blood circulation time of the tracers. The longer a
compound is present in the blood the more time it has to penetrate and accumulate
in the tumor. On the other hand, for imaging purposes low blood levels of
radiotracer are needed at the time of scanning to create a contrast between tumor
and background.
Although the tumor-to-muscle ratio of [111In]In-DOTA-HE3 -ZCAIX:2 is approximately
4, the low absolute amount of tumor uptake limits the quality of the microSPECT
images. The ex vivo biodistribution demonstrated that the uptake of [111In]In-DOTAHE3 -ZCAIX:2 was significantly higher in high CAIX expressing xenografts than in low
CAIX expression xenografts. However, with an average tumor uptake of only 0.3
%ID/g, it was difficult to visualize and quantify uptake by SPECT imaging, using 10
MBq of radiotracer and a scan time of 45 minutes. For F(ab’)2, we were able to
visualize SSCNij153 tumors, which is in line with our previous results 19. With the IgG
based tracer, tumor uptake was the highest and we were able to image the tumor
most clearly. High liver uptake with in IgG based tracers or kidney uptake with the
affibody and F(ab’)2 based tracers could interfere with the visualization of CAIX
expression in tumors located in the abdomen.
In a related study we assessed [111In]In-DOTA-HE3 -ZCAIX:2 and F(ab’)2 in the nonhypoxic renal cell carcinoma model (SK-RC-52) which constitutively overexpresses
CAIX because of a VHL mutation. In these experiments, affinity constants were
determined: 1.2 nM for 111In]In-DOTA-HE3 -ZCAIX:2 and 0.12 nM for [111In]In-DTPA-girentuximab-F(ab’)2 24. The in vivo experiments in this study showed great
similarities for normal tissue distribution, but a large difference in tumor tracer
uptake compared to the SCCNij185 and SCCNij153 models. In the SK-RC-52 model,
the tumor uptake of the affibody based tracer at 4h and F(ab’)2-based tracer at 24h
p.i. was 15 ± 3 %ID/g and 5 ± 1 %ID/g, respectively. The approximately 50-fold
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higher tracer uptake of the affibody in the ccRCC model compared with the head
and neck carcinoma models might be due to the fact that the level of CAIX
expression in the SCCNij153 model is appreciably lower than the level of CAIX
expression in SK-RC-52. In our immunohistochemical analysis we found an
approximately 5 times higher fraction of CAIX-positive cells in SK-RC52 tumors than
in SSCNij153. Unfortunately, we have no data on the number of receptors per cell
in these models. Therefore, the difference in available CAIX proteins may be even
larger. Our previous studies demonstrated that affibody molecules, with affinity in
the low nanomolar range, were suitable for imaging of expression on the level of
several hundred thousand antigens per cell, but subnanomolar affinities are required
for imaging of lower expression levels 29. Apparently, affinity of [111In]In-DOTA-HE3 ZCAIX:2 is good enough for imaging of CAIX in ccRCC with stable high ubiquitous
expression, but might not be sufficient for imaging of low (and more dispersed)
expression levels induced by hypoxia.
Earlier studies showed faster extravasation and faster diffusion through the interstitium for smaller molecules and thereby a deeper penetration into the tumor,
resulting in a relatively high tracer accumulation 30. We expected this mechanism
to be beneficial for [111In]In-DOTA-HE3 -ZCAIX:2 uptake and hypothesized that this
would result in a higher tracer uptake in a poorly perfused tumor. The SK-RC-52
tumor is very well perfused, compared to both the SCCNij185 and SCCNij153 tumor
(Figure 4). Possibly, the fast clearance of the affibody based tracer counteracts the
advantages of the affibody based tracer by not allowing sufficient time to diffuse
through the tumor tissue 31. Hence, tumor perfusion might have a more pronounced
influence on radiotracer accumulation with a relative short half-life compared to
those with a longer half-life.

4

Our autoradiography images showed a distinct ribbon- or band-like tracer
distribution pattern, as observed in our earlier studies. The autoradiography signal
positively co-localizes with the CAIX expression pattern in SCCNij153 32 and thereby
showed specificity of the tracers. Derived correlation coefficients from this co-localization did not differ significantly per tracer.
Furthermore, the staining of CAIX does only partly overlap with the hypoxia staining
(pimonidazole), which was also seen in several other studies 33,34. CAIX expression
is the result of adaptation to hypoxia and therefore takes time 35. As a result,
CAIX-targeting tracers will not visualize acute hypoxia, but will visualize the possibly
more relevant chronic hypoxia. Due to a mechanism of entrapment, traditional
hypoxia tracers such as [18F]FMISO) and [18F]FAZA, will accumulate in tissue where
the oxygen level is below 10 mmHg at any point during circulation of the compound.
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An optimal tracer for CAIX imaging in the clinic should preferably allow imaging at
early time points post tracer injection, as this is most practical for patients and it
opens opportunities for repeated imaging to monitor therapy response. Therefore,
rapid tumor accumulation and blood clearance is preferable. From this perspective,
affibody molecules seem ideal candidates as they are known for their rapidly
accumulation in tumor tissue and clearance from non-target tissues. Our previous
study has demonstrated that [111In]In-DOTA-HE3 -ZCAIX:2 seems superior for CAIX
imaging in renal cell carcinoma xenografts, because of its high tumor to background
ratios at early time points 24. However, in the head and neck cancer models [111In]
In-DTPA-girentuximab seems to be the best candidate, due to its high tumor uptake
and normal tissue contrast with the drawback that imaging is only possible 72 hours
post tracer administration. It also has to be noted that as a predictive tool in
locoregional head and neck cancer the contrast between tumor and organs, such
as kidneys and liver is less relevant, since the primary tumor is not in the vicinity of
these organs. Therefore, the [111In]In-DTPA-girentuximab-F(ab’)2 could still be
favorable in situations where fast imaging is needed.
In this study we showed that different CAIX-targeting imaging compounds are able
to distinguish a low CAIX-expressing tumor from a high CAIX-expressing tumor in
head and neck cancer xenografts models. In these hypoxic head and neck
xenograft models the IgG based tracer, [111In]In-DTPA-girentuximab, showed the
most promising results. Furthermore, big differences in tracer uptake in these
xenografts were seen compared to studies using ccRCC models. This raises the
question how these tracers would perform in patients with a hypoxic tumor.
In clinical practice tracer uptake is affected by multiple factors such as blood
clearance, which are different in mice and humans and therefore these compounds
might behave different in patients. Girentuximab IgG based tracers have been
studied in renal cancer patients and proofed to be safe and valuable36,37. Until the
present day, CAIX imaging has not been used routinely for the management of
head and neck cancer patients. A clinical study using a girentuximab IgG based
tracer could provide interesting insights in the feasibility and value of CAIX imaging
in this patient group.

68

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 68

COMPARISON OF CAIX-TARGETING RADIOTRACERS IN HYPOXIC HEAD AND NECK TUMORS

Methods
Protein production
Affibody molecule HE3 -ZCAIX:2 was produced and conjugated with DOTA chelator
as described by Garousi et al 23. Girentuximab-(Fab’)2 was produced by enzymatic
digestion of the monoclonal chimeric anti-CAIX antibody girentuximab (G250
Wilex AG) as described by Huizing et al 33.
cG250 and cG250-F(ab’)2 fragments were conjugated with isothiocyanatobenzyl-diethylenetriaminepentaacetic acid (ITC-DTPA, Macrocyclis, Houston, TX, USA)
in 0.1 M NaHCO3, pH 9.5, for 1 hour at room temperature using a ten-fold molar
excess. Unconjugated ITC-DTPA was removed by extensive dialysis against 0.25 M
ammonium acetate buffer, pH 5.4 using a Slide-a-Lyzer dialysis cassette (Thermo,
Ma, USA).

Radiolabeling
Labeling of DOTA-HE3 -ZCAIX:2 with 111In was performed as described by Garousi
et al 24,38. Briefly, 50 µg DOTA-HE3 -ZCAIX:2 in 75 µL 0.2 M ammonium acetate, pH
5.5, was mixed with 53 MBq (50 µl) [111In]InCl3 (Petten, The Netherlands). The
mixture was incubated for 60 min at 95 oC. Thereafter, a 5,000-fold excess of
tetrasodium salt of ethylenediaminetetracetic acid (Na4EDTA) was added to the
mixture. Labeling efficiency was determined by instant thin-layer chromatography
(ITLC) on chromatography paper impregnated with a silica gel (Agilent Technologies),
using 0.1 M citrate buffer, pH 6.0 as a mobile phase. Mean labeling efficiency was
91%, [111In]In-DOTA-HE3 -ZCAIX:2 was purified using NAP-5 column (GE Healthcare,
Uppsala, Sweden) pre-equilibrated and eluted with phosphate-buffered saline
(PBS).

4

DTPA-conjugated cG250 and cG250-F(ab’)2 fragments were radiolabeled with
[111In]InCl3 by adding a two-fold volume of 0.5 M 2-(N-morpholino)ethanesulfonic
acid (MES), pH 5.5, buffer in relation to the volume of [111In]InCl3. Mean labeling
efficiency was 92% for 111In]In-DTPA-cG250 and 67% for [111In]In-DTPA-cG250F(ab’)2, the radiotracer was purified on a PD-10 column (GE, Woerden, The
Netherlands) pre-equilibrated and eluted with phosphate-buffered saline containing
0.5% bovine serum albumin (PBS-BSA).
Radiochemical purity of radiolabeled products exceeded 98% in all experiments
and the specific activity of the preparations was 7.5 MBq/µg ([111In]In-DOTA-HE3 ZCAIX:2), 1.5 MBq/µg ([111In]In-DTPA-cG250-F(ab’)2) and 1.2 MBq/µg ([111In]InDTPA-cG250).
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Xenograft tumor models
Six to eight weeks old female BALB/c nude mice (Janvier Labs, Le Genest-Saint-Ile,
France) were used in all in vivo experiments. Starting weights of the animals was
between 18 and 22 grams. After tumor growth, animals were distributed over the
experimental groups. Stratified randomization was used based on tumor size, in
order to have a similar mean tumor size per study group. Animals were housed
together in pathogen-free filter-topped cages. The studies were approved by the
Central Authority for Scientific Procedures on Animals (RU-DEC-2016-053) and
carried out under supervision of the local Animal Welfare Body.
Tumor models SCCNij153 and SCCNij185 originated from biopsies taken from head
and neck cancer patients at the Radboud University Medical Center 39. An earlier
study demonstrated that SCCNij153 expresses high levels of CAIX while SCCNij185
expresses very low levels of CAIX 33. Tumor pieces of 2 mm3 were implanted on the
right hind leg of the mice. These tumor models were used for biodistribution and
microSPECT imaging. For the purpose of immunohistochemical analysis, 2 x 10 6
SK-RC-52 cells, were injected on the right hind leg for the growth of CAIX-positive
renal tumors. Mice were injected intravenously with the radiolabeled preparations
when tumors reached a diameter of 6-8 mm.

Biodistribution and quantitative microSPECT imaging
The biodistribution of three tracers ([111In]In-DOTA-HE3 -ZCAIX:2, [111In]In-DTPA-girentuximab-F(ab’)2, [111In]In-DTPA-girentuximab) was tested in high (SCCNij153)
and low (SCCNij185) CAIX-expressing xenograft models (6 groups, n=4 mice/
group). For each tracer, time point with optimal tumor uptake and tumor-to-normal
tissue contrast was derived from literature: 72 h for [111In]In-DTPA-girentuximab, 24
h for [111In]In-DTPA-girentuximab-F(ab’)2 and 4 h for [111In]In-DOTA-HE3 -ZCAIX:2
19,24,25. These time points were selected for microSPECT/CT imaging and ex vivo
biodistribution studies. For the head-to-head comparison of the three radiotracers,
equivalent protein amounts (91 pmol) were used for [111In]In-DTPA-girentuximabF(ab’)2 and [111In]In-DTPA-girentuximab. A higher amount (237 nmol) of protein was
used for 111In]In-DOTA-HE3 -ZCAIX:2 in order to radiolabel the protein with sufficient
activity. The injected protein mass per mouse was 14 µg [111In]In-DTPA-girentuximab,
10 µg [111In]In-DTPA-girentuximab-F(ab’)2, and 2 µg [111In]In-DOTA-HE3 -ZCAIX:2.
Average injected activity was 11 ± 2.5 Mbq per mouse.
Mice were scanned with microSPECT/CT scanner (U-SPECT II, MILabs, Netherlands)
in a prone position under general anesthesia (isoflurane/N2O) using the 1.0-mmdiameter multipinhole mouse collimator. SPECT scans were acquired in 45 min
with 12 bed positions, followed by 180 second CT scans (615 µA, 65 kV). 50 minutes
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before euthanasia all mice were injected with pimonidazole 80 mg/kg i.p. (J.A.
Raleigh Department of Radiation Oncology, University of North Carolina, USA) for
hypoxia and 1 minute before euthanasia with Hoechst 33342 15mg/kg (Sigma,
Zwijndrecht, The Netherlands) i.v.
From all mice, tumors and tissue samples (blood, skin, muscle, small intestine, lung,
heart, kidney, and liver) were harvested and weighed. Subsequently, radioactivity
uptake was determined in a γ-counter (2480 Wizard 3’’, LKB/Wallace, Perkin-Elmer,Boston, MA). Activity concentrations in the tissues were calculated as percentage of
the injected dose per gram of tissue (%ID/g). To correct for radioactive decay,
injection standards were counted simultaneously.
Scans were reconstructed with MILabs reconstruction software, using an ordered-expectation maximization algorithm with a voxel size of 0.375 mm. Tumor-to-muscle mean pixel value ratios were determined by drawing volumes of
interest (VOIs) around the tumor and in the muscle of the hind leg. %ID/ml was
calculated per VOI with the use of a standard series with known radioactivity
concentrations measured with the same device and settings. (Inveon Research
Workplace software, version 3.0; Siemens Preclinical Solutions)

4

Immunohistochemistry and autoradiography
Immunohistochemical staining was performed following the same protocols as
described by Huizing et al 19. Briefly, half of each tumor was used for biodistribution
measurements while the other half was snap frozen directly after harvesting, cut
into sections of 5 µm, mounted on poly-l-lysine coated slides and stored at -80 °C.
Sections were fixed with acetone for 10 min at 4 °C. The intratumoral distribution
of the radiotracers was determined by autoradiography. Tumor sections were
exposed to a Fujifilm BAS cassette 2025 overnight (Fuji Photo Film). Phospholuminescence plates were scanned using a Fuji BAS-1800 II bioimaging analyzer at a
pixel size of 25 × 25 µm. Autoradiography images were analyzed with Aida Image
Analyzer software (Raytest). After autoradiography, the same slides were scanned
(Axio Scope A1 (Zeiss), Coolsnap HQ2 (Hamamatsu Photonics), MAC 6000 system
(Ludl Electronic Products Ltd) for Hoechst followed by immunohistochemistry
staining and scanning for CAIX, pimonidazole and vessel visualization. Slides were
stained successively with: rabbit anti CA9_Biotin 1:500 in primary antibody diluent
(PAD) (30 min ), goat anti rabbitFabCy3 1:400 in PAD (30 min), donkey anti goatCy3
1:400 in PAD (45 min), 9F1 (45 min), rabbit anti pimonidazole 1:1000 in PAD (45 min),
donkey anti rabbitAlexa488 1:600 + chicken anti ratAlexa647 1:100 in PAD (30 min).
All steps were performed at 37 oC and between steps slides were rinsed 3 times
with PBS. Afterwards they were mounted with fluoromount.
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Intratumoral correlation of autoradiography
and immunohistochemistry
To correlate spatial distribution of the radiotracer with the intratumoral CAIX
expression, autoradiography images and immunohistochemistry images were
overlaid. Autoradiography images were inverted and immunohistochemistry
images were rescaled to match the autoradiography (25 x 25 µm per pixel) using
ImageJ. To select only viable tumor area, a layer was drawn to exclude non-tumor
tissue area from the image.
Images were registered using iVision software (BioVision technologies, USA).
Subsequently, a parametric mapping technique was applied to reduce the spatial
information in the images 40. Hereto, all grayscale images were subdivided in
squares of 10 x 10 pixels, corresponding to a size of 18 x 18 µm. Gray-values within
these co-registered squares were analyzed as continuous values for spatial correlation
between the imaging modalities. Spearman-test was used to test for correlation.

Statistical analysis
Statistical analysis was performed using GraphPad Prism (version 6.0e). Descriptive
data were stated as means with standard deviations. The unpaired t-test and one-way
ANOVA were used to compare groups and multiple groups. Pearson correlation
coefficients were used to assess correlation between autoradiography images and
immunohistochemistry images.
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Supplementary information
Supplementary table 1. Biodistribution data of [111In]In-DOTA-HE3 -ZCAIX:2 4h p.i.
SCCNij153
Tissue

Mean(%ID/g)

SCCNij185

SD(%ID/g)

N

Mean(%ID/g)

SD(%ID/g)

N

Blood

0.0651378

0.03851578

4

0.06189735

0.01458324

4

Salivary glands

0.3804742

0.03642972

4

0.3905837

0.0956353

4

Lung

0.2368805

0.03174399

4

0.2885302

0.05026733

4

Liver

0.2559889

0.02583422

4

0.2851363

0.07446552

4

Spleen

0.2652014

0.04878566

4

0.227976

0.05166009

4

Stomach

0.2067512

0.02865861

4

0.2133583

0.0260585

4

duodenum

0.1778417

0.02028324

4

0.1800843

0.05776634

4

colon

0.2220501

0.08761856

4

0.2181757

0.0592407

4

Kidney

188.4234

16.57659

4

189.9241

26.66915

4

tumor

0.3240742

0.0564798

4

0.1837626

0.01932129

4

muscle

0.1116655

0.04692388

4

0.2371295

0.2202472

4

bone

0.1276376

0.04864071

4

0.1416588

0.03405686

4

GI tract

0.508677

0.639853

4

0.2793746

0.1152066

4

tail

0.1752128

0.04733546

4

0.5448871

0.5437524

4

4

Supplementary table 2. Biodistribution data of [111In]In-DTPA-cG250-(Fab’)2 24h p.i.
SCCNij153

SCCNij185

Tissue

Mean(%ID/g)

SD(%ID/g)

N

Mean(%ID/g)

SD(%ID/g)

N

Blood

0.2536704

0.1274991

3

0.1414372

0.02107245

3

salivary glands

0.6741324

0.0851181

3

0.9013447

0.2691289

3

Lung

0.6568447

0.07058452

3

0.8673878

0.1103974

3

Liver

4.687017

1.217335

3

6.709292

1.284829

3

Spleen

6.871529

2.099776

3

7.57554

1.536436

3

Stomach

0.7570792

0.1655017

3

0.7050366

0.09772237

3

duodenum

0.9536418

0.1099314

3

1.132837

0.07030472

3

colon

0.9182714

0.1917884

3

0.8540085

0.05954214

3

Kidney

71.47349

4.886881

3

107.5551

8.128808

3

tumor

3.056882

1.175911

3

1.236267

0.1408671

3

muscle

0.2963944

0.2208789

3

0.5194938

0.4763279

3

bone

1.084702

0.418383

3

1.150307

0.2048742

3

GI tract

0.8917675

0.2216521

3

1.166606

0.4961318

3

tail

1.093436

0.4148805

3

2.410962

0.4475081

3
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Supplementary table 3. Biodistribution data of [111In]In-DTPA-cG250 72h p.i.
SCCNij153

SCCNij185

Tissue

Mean(%ID/g)

SD(%ID/g)

N

Mean(%ID/g)

SD(%ID/g)

N

Blood

12.65301

3.838871

5

8.418246

1.476941

3

salivary glands

4.463443

0.7836447

5

5.088856

1.318051

3

Lung

5.856074

1.6369

5

4.452848

0.5159787

3

Liver

6.342065

0.08283318

5

6.218151

2.043484

3

Spleen

7.002428

1.479345

5

5.954615

1.223489

3

Stomach

1.907595

0.263288

5

1.650485

0.03437597

3

duodenum

1.909452

0.3355312

5

1.97863

0.2385516

3

colon

1.311759

0.1477102

5

1.418511

0.2328355

3

Kidney

7.225246

0.7987807

5

6.928051

1.216905

3

tumor

30.3646

4.593

5

6.992333

1.708357

3

muscle

1.177323

0.07133935

5

0.9329388

0.1825535

3

bone

2.158064

0.2247012

5

1.335469

0.2629641

3

GI tract

6.850879

11.37474

5

1.600483

0.02519431

3

tail

2.494606

0.1792261

5

2.000704

0.1682154

3

Supplementary figure 1. Correlation of ex vivo tumor uptake measurements with in vivo
SPECT measurements per tumor R = 0.92 (p=0.001).
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Supplementary figure 2. Radiolabeling [111In]In- DOTA-HE3 -ZCAIX:2, ITLC measurements
before (A) and after (B) purification.
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Supplementary figure 3. Radiolabeling [111In]In-DTPA-cG250-(Fab’)2, ITLC measurements
before (A) and after (B) purification.
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Supplementary figure 4. Radiolabeling [111In]In-DTPA-cG250, ITLC measurements before (A)
and after (B) purification.
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Abstract
Carbonic anhydrase IX (CAIX) is a cancer-associated molecular target for several
classes of therapeutics. CAIX is overexpressed in a large fraction of renal cell
carcinomas (RCC). Radionuclide molecular imaging of CAIX-expression might offer
a non-invasive methodology for stratification of patients with disseminated RCC for
CAIX-targeting therapeutics. Radiolabeled monoclonal antibodies and their
fragments are actively investigated for imaging of CAIX expression. Promising
alternatives are small non-immunoglobulin scaffold proteins, such as affibody
molecules. A CAIX-targeting affibody ZCAIX:2 was re-designed with the aim to
decrease off-target interactions and increase imaging contrast. The new tracer,
DOTA-HE3-ZCAIX:2, was labeled with 111In and characterized in vitro. Tumor-targeting properties of [111In]In-DOTA-HE3 -ZCAIX:2 were compared head-to-head with
properties of the parental variant, [99mTc]Tc(CO)3 -HE3 -ZCAIX:2, and the most
promising antibody fragment-based tracer, [111In]In-DTPA-G250(Fab’)2 , in the same
batch of nude mice bearing CAIX-expressing RCC xenografts. Compared to the
99mTc-labeled parental variant, [111In]In-DOTA-HE -ZCAIX:2 provides significantly
3
higher tumor-to-lung, tumor-to-bone and tumor-to-liver ratios, which is essential
for imaging of CAIX expression in the major metastatic sites of RCC. [111In]In-DOTAHE3 -ZCAIX:2 offers significantly higher tumor-to-organ ratios compared with [111In]
In-G250(Fab’)2. In conclusion, [111In]In-DOTA-HE3 -ZCAIX:2 can be considered as a
highly promising tracer for imaging of CAIX expression in RCC metastases based
on our results and literature data.
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Introduction
Targeting of gene products that are aberrantly expressed (e.g. overexpressed) in
cancer has refined treatment of disseminated cancers by increasing efficacy and
reducing toxicity to normal tissues. One promising cancer-associated drug target is
carbonic anhydrase IX (CAIX)1-3. CAIX is a membrane-bound cell-surface enzyme,
which catalyzes conversion of carbon dioxide to bicarbonate and participates in
regulation of intracellular and extracellular pH4. By acidity regulation, CAIX reduces
adhesion of cancer cells and promotes their migration and invasion, thus enhancing
their malignant behavior3.
CAIX is normally expressed on basolateral membranes of proliferating enterocytes
in intestinal mucosa5. Expression of CAIX is mediated by the hypoxia inducible
factor-1  (HIF1). In normoxic condition, the presence of HIF1 is tightly regulated
by the von Hippel-Lindau protein (pVHL), which binds hydroxylated HIF1α followed
by proteasome degradation of the whole complex. In hypoxic conditions, HIF1is
not hydroxylated and consequently it cannot be recognized by pVHL and starts
accumulating in the cell. This results in overexpression of CAIX in hypoxic tumor
areas6. It has to be noted that the hypoxia-mediated mechanism of CAIX expression
is not the only one. The pVHL gene is inactivated in a large fraction of renal cell
carcinomas (RCC)7, 8, resulting in constitutive overexpression of CAIX in these
tumors.
Currently, several approaches aimed at development of anti-cancer therapeutics
targeting CAIX are under evaluation, including small molecule CAIX inhibitors9,10,
small-molecule-drug conjugates11,12, anti-CAIX monoclonal antibodies13,14, anti-CAIX
antibody-drug conjugates15, and anti-CAIX monoclonal antibodies labeled with
cytotoxic radionuclides for targeted radionuclide therapy16,17. A sufficiently high
expression of CAIX is a precondition for successful application of such therapeutics.
However, CAIX has a heterogeneous expression pattern. The overexpression
frequency is high in clear cell RCCs (99%), but the fraction of CAIX-expressing
tumors is lower in granular cell and mixed cell RCCs (65-75%)18. Therefore, a reliable
method for detection of CAIX in metastases is needed.

5

Radionuclide molecular imaging of CAIX-expression might offer a non-invasive
methodology for stratification of patients with disseminated RCC for CAIX-targeting
therapeutics. Furthermore, it might be useful for other applications, such as vascular
endothelial growth factor (VEGF)-targeted therapy, where response to sorafenib
therapy correlates with CAIX-expression level19. Another important area of application
is based on the strong correlation between CAIX-expression and hypoxia20,21,22.
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High expression of CAIX might be a marker for radioresistant hypoxic cells,
suggesting an appropriate adjustment of external beam radiation therapy or adding
a radiosensitizing drug23,24.
The potential of an 131I-labeled anti-CAIX monoclonal antibody, G250, was
evaluated for imaging of renal cell carcinoma as early as in 199325. [131I]I-mAb
G250 demonstrated considerable potential as an imaging agent in RCC patients.
However, the murine origin of mAb G250 resulted in appreciable formation of
human anti-mouse antibodies, which restricted its use to a single infusion26.
A chimeric variant, cG250, was developed to solve the immunogenicity issue13,27,28.
However, the main issue with intact monoclonal antibodies in molecular imaging
is their long residence in blood, which is associated with a high background and
low contrast of imaging. In addition, due to the long residence time, imaging must
be performed several days after injection. Residence time of Fab and (Fab’)2
fragments is appreciably shorter than the residence time of intact IgGs29 and the
affinity of (Fab’)2 fragments is typically higher than for Fab fragments due to avidity
effect30,31,32. Radiolabeled (Fab’)2 fragments of cG250 (G250(Fab’)2 ) have been
evaluated in tumor-bearing mice and shown to be a promising tracer for imaging
of hypoxia-related CAIX expression in head-and-neck tumors30,31,32. This probe
provided an optimal imaging already at 24 h after injection.
We have previously developed an affibody-based probe for in vivo imaging of CAIX
expression. Affibody molecules are engineered affinity proteins, based on a stable
three helical bundle structure33. The robust scaffold enables selection of binders to
desirable molecular targets with high affinities (typically in the range from pM to
low nM). The small size (7-8 kDa) of affibody molecules results in a rapid localization
in tumors33. A number of affibody molecules with high affinity to cancer-associated
targets have been developed and demonstrates very promising features as probes
for radionuclide molecular imaging, both in preclinical and clinical studies34. The
feasibility of affibody-mediated imaging of CAIX expression was demonstrated
using a 99mTc-labeled affibody molecule, ZCAIX:135. Imaging properties of four
different anti-CAIX affibody molecules, which were labeled with [99mTc]Tc(CO)3
and with 125I via direct iodination, were compared in a follow-up study36. It was
found that [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 should provide the best imaging of CAIXexpression in disseminated cancer36. However, the labeling with [99mTc]Tc(CO)3
required a laborious multistep procedure, which might be an obstacle for clinical
translation. It would be desirable to replace it with more straightforward labeling
procedures, permitting potentially a kit formulation. Based on our experience with
development of affibody molecules for imaging of HER237, 38,39, we selected an
approach based on site-specific conjugation of DOTA (1,4,7,10-tetraazacyclodode-
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cane-1,4,7,10-tetraacetic acid) chelator at C-terminus. Introduction of a single
C-terminal cysteine in ZCAIX:2 creates a unique thiol group, enabling thiol-directed
coupling of maleimide-derivative of DOTA. This versatile chelator permits stable
labeling with a variety of nuclides, including 111In for SPECT or 68Ga for PET40. We
decided to keep the histidine-glutamate-histidine-glutamate-histidine-glutamate
(HE3 or HEHEHE) tag on the N-terminus of ZCAIX:2 because addition of this tag
improves biodistribution of affibody molecules41,42.
The goal of this study was to perform a direct comparison of imaging properties of
the newly designed radiolabeled DOTA-ZCAIX:2 with the currently best available
imaging probes, [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 and [111In]In-DTPA-G250(Fab’)2, to
select the best variant for detection of CAIX expression in disseminated renal cell
carcinoma. For this purpose, ZCAIX:2 containing a unique C-terminal cysteine was
produced and site-specifically conjugated with the maleimide derivative of DOTA.
DOTA-ZCAIX:2 was labeled with 111In and characterized in vitro. The biodistribution
of [111In]In-DOTA-ZCAIX:2, [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 and [111In]In-DTPA-G250(Fab’)2 was measured in the same batch of immunodeficient mice bearing SK-RC-52
renal cell carcinoma xenografts.

Results
Production of DOTA-HE3-ZCAIX:2
The CAIX-binding affibody molecule HE3 -ZCAIX:2-C containing a HEHEHE-tag at
N-terminus and a cysteine at C-terminus was recombinantly produced in
Escherichia coli. The molecular weight of the protein was confirmed using mass
spectrometry (Figure 1). The protein was conjugated to maleimide derivatives of
DOTA, and the conjugate was purified to homogeneity by RP-HPLC. The purity of
DOTA-HE3 -ZCAIX:2 exceeded 98%, as determined by analytical RP-HPLC. Molecular
mass determination with electrospray ionization mass spectrometry (ESI-MS)
confirmed the identity of DOTA-HE3 -ZCAIX:2 (Figure 1).

5

Circular dichroism spectroscopy (Figure 2) confirmed an alpha-helical content that
is typical for affibody molecules and complete refolding of DOTA-HE3-ZCAIX:2
after heat-induced denaturation at 90 oC.
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Figure 1. Mass-spectra deconvolution for HE3-ZCAIX:2 (left) and DOTA-HE3-ZCAIX:2 (right).
The observed molecular weights of 7792 and 8422 Da, respectively, were in excellent
agreement with the theoretical values (7793.5 and 8423.21 Da, respectively, calculated using
https://web.expasy.org/protparam/tool).

Figure 2. CD measurements of secondary structure of DOTA-HE3 -ZCAIX:2 before and after
warming to 90 oC.

Radiolabeling
DOTA-HE3 -ZCAIX:2 was labeled with 111In with a radiochemical yield of 96.1±2.3%.
The purity of the conjugate after NAP-5 purification was 99.7±0.4%. The identity of
[111In]In-DOTA-HE3 -ZCAIX:2 was confirmed using radio-HPLC. No release of 111In
was observed after incubation of [111In]In-DOTA-HE3 -ZCAIX:2 with 5000-fold
excess of Na4EDTA for 2 hours at room temperature.
The isolated yield of [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 was 77±2.8% and radiochemical
purity was 99.7%. The isolated yield of [111In]In-G250(Fab’)2 was 73±14% and
radiochemical purity was 98.3±0.4 %.
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In vitro characterization of [111In]In-DOTA-HE3-ZCAIX:2
Affinity of [111In]In-DOTA-HE3 -ZCAIX:2, [111In]In-G250(Fab’)2, and [99mTc]Tc(CO)3 HE3 -ZCAIX:2 binding to CAIX-expressing living SK-RC-52 cells was measured using
LigandTracer. Representative LigandTracer sensorgrams are presented in Figure 3.
Both [111In]In-DOTA-HE3 -ZCAIX:2 and [111In]In-G250(Fab’)2 showed rapider binding
to the cells compared to [99mTc]Tc(CO)3 -HE3 -ZCAIX:2, but the dissociation rate of
[99mTc]Tc(CO)3 -HE3 -ZCAIX:2 was slightly slower than the rate of [111In]In-DOTAHE3-ZCAIX:2. The dissociation of [111In]In-G250(Fab’)2 was noticeable slower compared
with the dissociation of both affibody molecules. The apparent equilibrium dissociation
constants were calculated to be 0.12 ± 0.05 nM, 1.2 ± 0.5 nM and 6.13 ± 0.03 nM
for [111In]In-G250(Fab’)2, [111In]In-DOTA-HE3 -ZCAIX:2 and [99mTc]Tc(CO)3 -HE3 ZCAIX:2 respectively.

A

B

C

Figure 3. Representative LigandTracer sensorgrams of [111In]In-G250(Fab’)2 (A), [111In]In-DOTA-HE3 -ZCAIX:2 (B) and [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 (C) binding to CAIX-expressing
SK-RC-52 cells.

5

The results of [111In]In-DOTA-HE3 -ZCAIX:2 binding specificity in vitro test are
presented in Figure 4A. Adding a large excess of non-labeled affibody molecule
resulted in a highly significant (p < 5 × 10 -7 ) reduction of cell-associated activity. This
demonstrates a saturable character of binding and indicates specificity for CAIX.
Data concerning processing of [111In]In-DOTA-HE3 -ZCAIX:2 by SK-RC-52 cells
during continuous incubation are presented in Figure 4B. The binding and
processing pattern for [111In]In-DOTA-HE3 -ZCAIX:2 was similar to the pattern for
[99mTc]Tc(CO)3 -HE3 -ZCAIX:236, i.e. rapid initial binding followed by a more slow
increase of cell-associated activity, and rather slow internalization. The internalized
fraction at 24 h for [111In]In-DOTA-HE3 -ZCAIX:2 (12±1%) was smaller than for [99mTc]
Tc(CO)3 -HE3 -ZCAIX:2 (25±4%), which suggests slower internalization.
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Figure 4. (A) In vitro specificity of [111In]In-DOTA-HE3 -ZCAIX:2 binding to renal cell carcinoma
SK-RC-52 cell line. In blocking group, receptors were pre-saturated by 100-fold excess of
nonlabeled HE3 -ZCAIX:2. (B) Internalization of [111In]In-DOTA-HE3 -ZCAIX:2 by renal cell
carcinoma SK-RC-52 cells during continuous incubation. Cells were incubated with conjugate
(10 nM) at 37oC. Data are normalized to the highest cell-bound activity and presented as
mean values from 3 cell dishes and SD. Error bars might be not seen because they are smaller
than symbols.

Figure 5. Specificity of targeting of CAIX-expressing SK-RC-52 xenografts in mice using [111In]
In-DOTA-HE3 -ZCAIX:2. Blocked group was subcutaneously preinjected with a 100-fold
excess amount of unlabeled HE3 -ZCAIX:2. Results are presented as the mean values for 4
mice and standard deviation.

Animal studies
Accumulation of [111In]In-DOTA-HE3 -ZCAIX:2 in CAIX-expressing xenografts in
mice was highly specific (Figure 5). Pre-saturation of CAIX with a large amount of
unlabeled HE3 -ZCAIX:2 resulted in significantly (p < 0.0005) lower tumor uptake
of the tracer (1.3 ± 0.2 % ID/g) compared with the uptake without pre-saturation
(15±3 % ID/g).
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Data concerning biodistribution of [111In]In-DOTA-HE3 -ZCAIX:2, [99mTc]Tc(CO)3 HE3 -ZCAIX:2 and [111In]In-G250(Fab’)2 are presented in Table 1.
Table 1. Biodistribution of radiolabeled imaging probes in BALB/C nu/nu mice
bearing SK-RC-52 OV xenografts.
[111In]In-DOTAHE3-ZCAIX:2

[99mTc]Tc(CO)3HE3-ZCAIX:2

[111In]InG250(Fab’)2

[111In]InG250(Fab’)2

4h

4h

4h

24 h

Blood

0.24±0.03 a

0.31±0.03 d, e

2.9±0.5 b

0.07±0.02 c

Lung

0.49±0.09

0.44±0.03 d, e

2.3±0.2 b

0.7±0.3

Liver

0.5±0.1 a

0.9±0.2 d, e

10±2 b

8±2 c

Spleen

0.40±0.06

0.30±0.04 d, e

10±3 b

8±1 c

Stomach

0.4±0.1

0.33±0.06 d

1.3±0.3 b

0.9±0.5

Duodenum

0.5±0.2

0.39±0.07 d, e

3±1 b

1.5±0.6 c

Kidney

392±26 a

178±17 e

216±30 b

145±9 c

Tumor

15±3 a

7±1e

6±1 b

5±1 c

0.14±0.02

0.12±0.01 d, e

0.8±0.1 b

0.4±0.1 c

Bone

0.32±0.08

0.25±0.03 d, e

2.1±0.4 b

1.4±0.2 c

GI tract *

0.45±0.07 a

5.2±0.8 d, e

2.5±0.2 b

1.4±0.3 c

Muscle

Results are presented as %ID/g (the mean values and standard deviation for four mice). Data for intestines
with content are presented as % ID/ whole sample. a significant difference (p < 0.05) between [111In]InDOTA-ZCAIX:2 and [99mTc]Tc(CO)3 -HE3 -ZCAIX:2; b significant difference (p < 0.05) between [111In]InDOTA-ZCAIX:2 and [111In]In-G250(Fab’)2 (4 h); c significant difference (p < 0.05) between [111In]In-DOTAZCAIX:2 and [111In]In-G250(Fab’)2 (24 h); d significant difference (p < 0.05) between [99mTc]Tc(CO)3 -HE3 ZCAIX:2 and [111In]In-G250(Fab’)2 (4 h); e significant difference (p < 0.05) between [99mTc]Tc(CO)3 -HE3 ZCAIX:2 and [111In]In-G250(Fab’)2 (24 h).

5

The uptake of [111In]In-DOTA-HE3 -ZCAIX:2 in tumors at 4 h after injection was
higher than the uptake of both [99mTc]Tc(CO)3-HE3-ZCAIX:2 and [111In]In-G250(Fab’)2.
All imaging probes had high uptake in kidneys. Clearance of [111In]In-DOTA-HE3 ZCAIX:2 from blood was significantly quicker compared with clearance of [99mTc]
Tc(CO)3 -HE3 -ZCAIX:2. Additionally, the 111In-labeled affibody molecule had
significantly lower uptake in liver. Uptake of [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 was lower
in kidneys and in muscle. At 4 h after injection, the uptake of [111In]In-G250(Fab’)2 in
majority of organs and tissues was significantly higher than the uptake of radio labeled affibody molecules. By 24 h after injection of [111In]In-G250(Fab’)2, the activity
was reduced significantly in blood, lungs, muscles and bones. The most pronounced
was the reduction of the blood-borne activity.
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Table 2. Tumor-to-organ ratios of in BALB/C nu/nu mice bearing
SK-RC-52 OV xenografts.
[111In]In-DOTAHE3-ZCAIX:2

[99mTc]Tc(CO)3HE3-ZCAIX:2

[111In]In-DTPAG250(Fab’)2

[111In]In-DTPAG250(Fab’)2

4h

4h

4h

24 h

Blood

63±11 a

23±2 d, e

2.1±0.2 b

67±12

Lung

30±3 a

16±2 d, e

2.7±0.4 b

7±1 c

Liver

33±2 a

8±2 d, e

0.7±0.3 b

0.6±0.2 c

Spleen

37±3 a

24±6 d, e

0.7±0.2 b

0.6±0.2 c

Stomach

36±4 a

22±6 d, e

4.4±0.6 b

6±3 c

Duodenum

31±8

19±6 d, e

2.4±1.2 b

3±2 c

Kidney

0.038±0.008

0.04±0.01 d

0.029±0.005

0.03±0.01

Muscle

102±20 a

62±6 d, e

7.9±0.7 b

11±1 c

Bone

47±8 a

28±3 d, e

3.0±0.5 b

4±1 c

Results are presented as %ID/g (the mean values and standard deviation for four mice). a significant difference
(p < 0.05) between [111In]In-DOTA-ZCAIX:2 and [99mTc]Tc(CO)3-HE3-ZCAIX:2; b significant difference (p < 0.05)
between [111In]In-DOTA-ZCAIX:2 and [111In]In-G250(Fab’)2 (4 h); c significant difference (p < 0.05) between
[111In]In-DOTA-ZCAIX:2 and [111In]In-G250(Fab’)2 (24 h); d significant difference (p < 0.05) between [99mTc]
Tc(CO)3 -HE3 -ZCAIX:2 and [111In]In-G250(Fab’)2 (4 h); e significant difference (p < 0.05) between [99mTc]
Tc(CO)3 -HE3 -ZCAIX:2 and [111In]In-G250(Fab’)2 (4 h).

The biodistribution features were translated into differences in tumor-to-organ
ratios (Table 2). [111In]In-DOTA-HE3 -ZCAIX:2 provided the highest tumor-to-organ
ratios already at 4 h after injection. The tumor-to-organ ratios for [111In]In-DTPA-G250(Fab’)2 were expectedly the lowest at this time point. At 24 h, the tumorto-blood, tumor-to-lung and tumor-to-muscle ratios for [111In]In-DTPA-G250(Fab’)2
increased significantly. The tumor-to-blood ratio was similar to that of [111In]In-DOTA-HE3 -ZCAIX:2 at 4 h after injection. Still, the majority of tumor-to-organ ratios
were higher for the radiolabeled affibody molecules at 4 h after injection compared
with [111In]In-DTPA-G250(Fab’)2.
SPECT/CT imaging of CAIX-expressing SK-RC-52 xenografts using [111In]In-DOTAHE3 -ZCAIX:2 and [111In]In-DTPA-G250(Fab’)2 (Figure 6) confirmed the results of the
biodistribution experiments. SPECT showed high tumor-normal tissue contrast for
[111In]In-DOTA-HE3 -ZCAIX:2 at 4 h after injection. Saturation of CAIX with unlabeled
affibody molecule resulted in a noticeably lower tumor uptake. [111In]In-DTPA-G250(Fab’)2 was capable to visualize tumors at both 4 and 24h, but the contrast
was higher at the second time point. Still, the contrast provided by [111In]In-DOTAHE3 -ZCAIX:2 at 4 h was higher than the contrast provided by [111In]In-DTPA-G250(Fab’)2 at 24 h after injection.
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Figure 6. SPECT/CT imaging of CAIX-expressing SK-RC-52 xenografts using [111In]In-DOTAZCAIX:2, [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 and [111In]In-DTPA-G250(Fab’)2. Images are presented
as maximum intensity projection (MIP) in RGB (red, green and blue) color scale.

Discussion
Genetic interpatient and intratumour heterogeneity is a serious issue for targeted
anticancer therapy43. In the case of disseminated disease, biopsy sampling of all
metastases is often unrealistic, which prompts for alternative approaches.
Radionuclide molecular imaging might offer a solution in this case. However, the
sensitivity of molecular imaging diagnostics must be sufficiently high. The major
issue is imaging of small metastases, with a size comparable or smaller than the
spatial resolution of an imaging camera. Detection of such small metastases
requires a high absolute uptake and contrast with normal tissue, especially at the
main metastatic sites44. For RCC, metastases are most frequently observed in lungs
and bone, and somewhat less frequently in liver and brain45, 46. Accordingly, a
probe for visualization of CAIX expression in RCC metastases should have maximal
tumor-to-lung, tumor-to-bone, and tumor-to-liver ratios. High tumor-to-blood
ratio is always desirable to reduce the background that is due to the blood-borne
activity. Thus, development of very good binders with high affinity and high tumor
uptake is not enough; we have to minimize the uptake in critical tissues by reduction
of off-target interactions. We took into account these considerations when planning
further improvement of an affibody-based tracer for imaging of CAIX in disseminated
RCC. Furthermore, a simple and robust labeling procedure is essential to ensure
successful clinical translation.

5
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To simplify the labeling, we intended to replace a multistep procedure involving the
use of [99mTc]Tc(CO)3+ by more straightforward labeling with 111In. Our experience
with affibody molecules for imaging of HER2 expression suggests that increasing
the overall hydrophilicity is generally an efficient approach to reduce off-target
interactions41,47. The use of the aminocarboxylate chelator DOTA increases the
overall hydrophilicity of the affibody molecule. Besides, DOTA is a very versatile
chelator, permitting labeling with a variety of nuclides suitable for radionuclide
imaging. Still, a modification of a small targeting protein is always associated with a
risk of undesirable effects, such as decreased affinity or poor refolding after labeling
in non-physiologic conditions.
In the case of DOTA-HE3 -ZCAIX:2, the site-specific conjugation of maleimide-DOTA
did not negatively affect refolding (Figure 2). Labeling of DOTA-ZCAIX:2 with 111In
was more straightforward and two-fold quicker compared with [99mTc]Tc(CO)3 HE3 -ZCAIX:2, and provided a stable coupling of the radionuclide. After labeling,
[111In]In-DOTA-HE3 -ZCAIX:2 retained specific binding to CAIX-expressing cells in
vitro (Figure 4A). Affinity of [111In]In-DOTA-HE3 -ZCAIX:2 to living SK-RC-52 cells was
high, 1.2 ± 0.5 nM, which is higher than for [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 (6.13 ±
0.03 nM) measured using the same technique. It has to be noted that the affinity of
[111In]In-G250(Fab’)2 was even higher (0.12 ± 0.05 nM), which is most likely due to
avidity effects from bivalent binding. However, affinity in the single digit nanomolar
range is sufficient for successful imaging of targets with high expression, such as
CAIX in RCC36.
To compare imaging properties of the newly designed [111In]In-DOTA-HE3 -ZCAIX:2,
the previous best affibody-based tracer [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 and the best
antibody-based tracer [111In]In-G250(Fab’)2 were selected. Their biodistribution was
measured in the same batch of mice bearing SK-RC-52 xenografts. This was done
to minimize batch-to-batch variability in mice physiology and xenograft quality.
Accumulation of [111In]In-DOTA-HE3 -ZCAIX:2 in SK-RC-52 was highly specific
(Figure 5). During this head-to-head comparison, the tumor uptake of [111In]In-DOTA-HE3 -ZCAIX:2 at 4 h after injection was two-fold higher than the tumor uptake of
[99mTc]Tc(CO)3 -HE3 -ZCAIX:2 (Table 1). Most likely, the difference in tumor uptake
could be explained by higher affinity of the 111In-labeled variant. Internalization of
both [111In]In-DOTA-HE3 -ZCAIX:2 (Figure 4B) and [99mTc]Tc(CO)3 -HE3 -ZCAIX:236
after binding to cancer cells is slow. Therefore, the high affinity permits better
retention of the labeled probe on the surface of cells in the tumor while the tracer
is cleared from non-specific compartments. In addition, the new tracer design
provided more rapid clearance from blood and lower uptake in liver compared to
[99mTc]Tc(CO)3 -HE3 -ZCAIX:2 (Table 1). Taken together with the higher tumor
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uptake, the new tracer provided approximately two-fold higher tumor-to-blood,
tumor-to-lung, tumor-to-bones, and tumor-to-liver ratios, which has potential for
increasing the sensitivity of imaging of CAIX expression in RCC metastases.
The use of [111In]In-DTPA-G250(Fab’)2 demonstrated earlier excellent potential for
imaging of hypoxia-induced CAIX-expression in head-and-neck cancer32,48. This
construct is appreciably larger (110 kDa) than the affibody molecules (7-8 kDa), and
its clearance from blood and other tissues is slower (Table 1). The accumulation in
tumor is lower compared with [111In]In-DOTA-HE3 -ZCAIX:2 despite higher affinity.
This might be because the rates of extravasation and diffusion in the tumor
interstitium are lower for larger proteins. Both affibody-based constructs showed
higher tumor-to-organ ratios than [111In]In-DTPA-G250(Fab’)2 at 4 h after injection
(Table 2). At 24 h after injection, [111In]In-DTPA-G250(Fab’)2 provided a tumor-toblood ratio of 67±12. This is as good as the tumor-to-blood ratio provided by [111In]
In-DOTA-HE3 -ZCAIX:2 and by an order of magnitude better than the radiometal-labeled full-length G250 provided at 7 days after injection49, 31. Still, the ratios between
[111In]In-DTPA-G250(Fab’)2 uptake in tumor and in lung, bone or liver were lower
than ratios for [111In]In-DOTA-HE3 -ZCAIX:2. Thus, [111In]In-DOTA-HE3 -ZCAIX:2
would be a better tracer for imaging of CAIX expression in RCC metastases.
During the last years, several small molecule sulfonamide derivatives were labeled
with 18F50,51 and 68Ga52 for in vivo imaging of CAIX. During preclinical evaluation,
these tracers demonstrated appreciably lower tumor uptake and tumor-to-organ
ratios than the tracers evaluated in this study. To be fair, we have to mention that
different tumor models were used in these studies, which complicates the
comparison. A tracer composed from facetazolamide, a spacer, and a peptidic
chelator was recently developed53. Upon labeling with 99mTc, this tracer
demonstrated an excellent tumor uptake (22% ID/g at 3 h after injection in SK-RC-52
xenografts) and very good tumor-to-blood ratio (approximately 70 and 100 at 3 and
6 h after injection, respectively). Unfortunately, tumor-to-liver and tumor-to-lung
ratios peaked only at 4.7, and 2.1, respectively, i.e. substantially lower than for [111In]
In-DOTA-HE3 -ZCAIX:2 .

5

Two other bivalent small molecule imaging probes, [111In]XYIMSR-0154 and [64Cu]
XYIMSR-0655, have also demonstrated excellent targeting of SK-RC-52 xenografts
(tumor uptake at 4 h of 20.8±6.3 and 19.3±4.5 %ID/g, respectively) and high
tumor-to-blood ratios at the day of injection. However, tumor-to-lung ratios were
below 5 for both tracers.
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It has to be noted that the use of DOTA permits labeling with the generator-produced positron-emitting radionuclide 68Ga. The use of this radionuclide would
permit the use of PET for imaging and benefit from advantages such as better
spatial resolution and quantification accuracy compared to SPECT.
It has to be noted that both G250 antibody and ZCAIX:2 affibody molecule do not
cross-react with murine CAIX (Car9). This mean that the difference in biodistribution and targeting properties of evaluated imaging probes was caused by their size
(influencing their rates of clearance from blood, extravasation, and diffusion in
extracellular space of tumor), their affinity and/or avidity to the target expressed in
human tumor xenografts and their off-target interactions with normal tissues, but
not by their on-target interaction with CAIX expressed in normal tissues. However,
some noticeable normal tissue expression of CAIX was found only on the basolateral
membrane of enterocytes in intestinal mucosa5. Moreover, clinical studies, which
included imaging using radiolabeled G250 monoclonal antibodies or G250(Fab’)2,
have not demonstrated noticeable intestinal accumulation of activity.16,26,27,28
Furthermore, clinical radionuclide therapy with doses stabilizing previously
progressing tumors or causing some tumor shrinkage, have not detected any
enteric toxicity.16,17,26 This indicates that there is no prominent binding to human
CAIX in vivo. Thus, the murine model is adequate for assessment of CAIX targeting
in human xenografts, although it is not perfect.
Both [111In]In-DTPA-G250(Fab’)2 and [111In]In-DOTA-HE3 -ZCAIX:2 have high uptake
in kidneys. In the case of [111In]In-DOTA-HE3 -ZCAIX:2, the uptake is unspecific since
it is not blocked be unlabeled tracer. This would not prevent affibody-mediated
imaging of metastases 38, but makes radiometal-labeled affibody molecules
unsuitable for therapeutic targeting. Earlier studies with HER2-targeting affibody
molecules have demonstrated that the renal uptake of affibody molecules is not
mediated by megalin, and it could not be blocked by co- or preinjection of lysine
or Gelofusine56. We have shown that the use of affibody-based bioorthogonal
chemistry- or peptide nucleic acid-medicated pretargeting prevents high kidney
accumulation in the case of HER2-targeting affibody molecules57,58 and enables
successful radionuclide therapy in mice 59. Application of this approach might also
enable pretargeting radionuclide therapy of CAIX-expressing tumors.
A recent clinical study demonstrated that a combination of [89Zr]Zr-DFO-girentuximab-immunoPET/CT and CT detected more lesions than CT alone ( 91% vs 56%)
and more than combination of CT and [18F]FDG-PET/CT (84%) in the case of clear
cell RCC.60 Thus, in principle imaging with radiolabeled DOTA-HE3 -ZCAIX:2 might
be used for staging of clear cell RCC, where expression of CAIX is high. It has to be
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stressed that we propose to use [111In]In-DOTA-HE3 -ZCAIX:2 first and foremost for
detection of CAIX expression in known RCC metastases for selection of patients for
CAIX-targeting treatment, but not for detection of metastatic RCC. Since a
substantial fraction of granular cell and mixed cell RCCs is CAIX-negative18, the use
of [111In]In-DOTA-HE3 -ZCAIX:2 might result in false-negative findings.

Conclusion
Modification of labeling strategy permitted appreciable improvement of tumor
uptake and tumor-to-organ ratios of a tracer based on the ZCAIX:2 affibody
molecule. Based on our results and literature data, [111In]In-DOTA-HE3 -ZCAIX:2 can
be considered a highly promising tracer for imaging of CAIX expression in RCC
metastases.

Methods
Reagents, equipment and statistics
[111In]InCl3 was purchased from Mallinckrodt Sweden AB (Stockholm, Sweden).
[99mTc]TcO4 − was obtained by elution of UltraTechneKow generator (Mallinckrodt
Pharmaceuticals, Dublin, Ireland) with sterile 0.9% NaCl. The CRS kits for production
of technetium tricarbonyl were purchased from Center for Radiopharmaceutical
sciences (Villigen, Switzerland). An automatic gamma-spectrometer with a NaI (Tl)
detector (1480 WIZARDWallac Oy, Turku, Finland) was used for activity measurement
activity in cell binding and biodistribution experiments. Formulation of injection
solutions was performed using VDC-405 ionization chamber (Veenstra Instruments
BV, The Netherlands).

5

For purification, a FPLC system (GE Healthcare AKTA purifier 10 system) and for
polishing a 1200 series HPLC (Agilent Technologies, Santa Clara, CA) were used.
ESI-MS with a 6520 Accurate-Mass Q-TOF LC/MS (Agilent Technologies) was used
for confirmation of molecular masses of the affibody molecules. Circular dichroism
spectroscopy was performed using a Chirascan spectropolarimeter (Applied
Photophysics, United Kingdom).
Instant thin layer chromatography (ITLC) was performed using silica gel-impregnated glass microfiber sheets (ITLC-SG strips, Varian, Lake Forest, CA). Distribution of
the radioactivity on the strips was measured on Cyclone Phosphor Storage Screen
using OptiQuant software for data processing (both Packard Instrument Company,
Meriden, CT, US).
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Statistical analysis of data was performed using GraphPad Prism (version 8.00 for
Windows GraphPad Software, San Diego CA) to find any significant differences
(p<0.05). An unpaired two-tailed t-test was used for analysis if it was not stated
otherwise. One-way ANOVA analysis with Bonferroni’s multiple comparison test
was used to evaluate differences between more than two data sets.

Proteins production and characterization
Anti-CAIX HE3 -ZCAIX:2 affibody molecule was produced as described earlier36.
A C-terminal cysteine-containing variant was produced as described earlier61.
Briefly, the protein was produced in E. coli BL21*(DE3) (Thermo Fisher Scientific) in
an overnight culture at 25°C after induced expression with 100 µM Isopropyl
β-D-1-thiogalactopyranoside (IPTG) at an OD600 of 0.8. Following cell lysis with
French press, the supernatant was heated to 95°C for 10 min with subsequent
incubation on ice for 20 min, followed by centrifugation to remove precipitated
proteins. Supernatant, containing affibody molecule, was purified by immobilized
metal affinity chromatography (IMAC), using nickel- nitriloacetic acid (Ni-NTA)
column on an ÄKTA FPLC system (GE Healthcare, Uppsala, Sweden). IMAC
purification was done by running 20 mM tris-hydrochloride; 500 mM sodium
chloride, pH 8 (buffer A) and 300 mM imidazole (buffer B) onto the loaded column
with the filtered cell lysate. The column was washed with 30 mM imidazole followed
by elution using a 30-300 mM imidazole gradient. The buffer of the eluate was
changed to 20 mM ammonium acetate, pH 5.5, and the proteins were freeze-dried.
The conjugation was performed using the method described earlier56. The protein
was dissolved in 20 mM ammonium acetate, pH 5.5, and reduced with an equimolar
concentration of tris(2-carboxyethyl)phosphine (TCEP) for 30 min at 37°C. The
proteins were incubated at 37°C for 90 min with ten-fold molar excess of maleimide
derivative of DOTA for site-specific conjugation to the C-terminal cysteine. Metal
ion contaminations were removed from all buffers with Chelex 100 resin (Bio-Rad
Laboratories). The conjugate was purified by reverse-phase high performance
liquid chromatography (RP-HPLC) using a Zorbax 300SB-C18 semi-preparative
column (Agilent Technologies, Santa Clara, CA). Water with 0.1% trifluoroacetic
acid was used as running buffer and an acetonitrile gradient was used for elution.
Molecular masses of both unconjugated HE3 -ZCAIX:2-C and DOTA-HE3 -ZCAIX:2
were determined using LC/MS. Circular dichroism spectroscopy was performed
using a spectropolarimeter with an optical path length of 1 mm, to analyse the
alpha-helical content, thermal stability and refolding capacity of DOTA-HE3ZCAIX:2 at a concentration of 0.25 mg/mL. The thermal stability was evaluated by
measuring the change in ellipticity at 221 nm during heating (5 °C/min) from 20 to
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90 °C. The melting temperature (Tm) was approximated from the data acquired
from variable temperature measurements (VTM) by curve fitting using a Boltzmann
Sigmoidal model (GraphPad Prism, version 7). The refolding capacity was assessed
by comparing spectra obtained from measurements at wavelengths in the range
195–260 nm at 20 °C, before and after thermal denaturation.
DTPA-G250(Fab’)2 was produced by enzymatic digestion of the monoclonal
chimeric anti-CAIX antibody girentuximab (G250 Wilex AG) with pepsine and
conjugated with isothiocyanatobenzyl-diethylenetriaminepentaacetic acid (ITC-DTPA,
Macrocyclis,Houston, TX, USA) as described previously32,48.

Radiolabeling
Labeling of DOTA-HE3 -ZCAIX:2 with 111In, the conjugate 50 µg in 75 µL 0.2 M
ammonium acetate, pH 5.5, was mixed with 53 MBq (50 µl) [111In]InCl3. The mixture
was incubated for 60 min at 90°C. Thereafter, a 5000-fold excess of tetrasodium
salt of ethylenediaminetetracetic acid (Na4EDTA) was added to the mixture, and
[111In]In-DOTA-HE3 -ZCAIX:2 was purified using NAP-5 columns (GE Healthcare,
Uppsala, Sweden) pre-equilibrated and eluted with PBS. Purity was controlled using
ITLC eluted with 0.1 M citrate buffer pH 6.0. The ITLC data were cross-validated
using radio-HPLC.
To test stability of the label, [111In]In-DOTA-HE3 -ZCAIX:2 was incubated with
5000-fold excess of Na4EDTA for 2 hours at room temperature. The mixture was
analyzed using ITLC as described above.

5

Labeling of DTPA-G250(Fab’)2 with 111In was performed as described and validated
earlier32,48. Briefly, a stock solution of 40 µg DTPA-G250(Fab’)2 (60 µL) was diluted
in 120 µL 0.5 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer, pH 5.4, and
mixed with 60 µL (20 MBq) [111In]InCl3. The mixture was incubated for 60 min at
room temperature, and [111In]In-G250(Fab’)2 was purified using NAP-5 columns
pre-equilibrated and eluted with PBS. Purity was controlled using ITLC eluted with
0.1 M citrate buffer pH 6.0.
Labeling of HE3 -ZCAIX:2 for comparative biodistribution experiment with
[99mTc(CO)3]+ was performed as described earlier by Garousi and co-workers36.
Briefly, a generator eluate (400-500 µL) containing ca. 3 GBq of 99mTc was added
to a CRS kit and the mixture was incubated at 100°C for 30 min. After incubation,
40 µL of mixture was transferred to a vial containing 50 µg of Affibody molecule in
40 µL of PBS. The mixture was incubated for 100 min at 50°C. Thereafter, a
5000-fold molar excess of histidine was added to the reaction mixture, and it was
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incubated at 50°C for 20 min. The radiolabeled HE3 -ZCAIX:2 were purified using
NAP-5 columns pre-equilibrated and eluted with PBS. The radiochemical yield and
purity of each preparation was measured using radio-ITLC eluted with PBS.

In vitro characterization of [111In]In-DOTA-HE3-ZCAIX:2
The in vitro characterization of [111In]In-DOTA-HE3 -ZCAIX:2 was performed in the
same way as earlier characterization of [99mTc]Tc(CO)3 -HE3 -ZCAIX:236.The CAIXpositive human renal cell carcinoma cell line SK-RC-52 was used as a model.
Affinity of binding was determined using LigandTracer Yellow (Ridgeview Instruments,
Vänge, Sweden) as described previously36,62 and analyzed using InteractionMap
software63. This device records in real time kinetic binding to and dissociation of
radiolabeled tracers from living cells. The TraceDrawer Software (Ridgeview Instruments,
Vänge, Sweden) was used to calculate the affinity based on the association and
dissociation rates determined by adding increasing concentrations of each
radioconjugate to the cell cultures followed by monitoring the retention at zero
concentration. For [111In]In-DOTA-HE3 -ZCAIX:2 and [99mTc]Tc(CO)3 -HE3 -ZCAIX:2,
the association was measured at concentration of 2 and 6 nM. For [111In]InG250(Fab’)2, the association was measured at 1.5 and 4.5 nM.
To evaluate specificity and cellular processing, SK-RC-52 cells (~1×106 cells/dish)
were used. For the determining of specificity, a set of six cell dishes was used. [111In]
In-DOTA-HE3 -ZCAIX:2 was added at a concentration of 10 nM. Fifteen min before
adding of [111In]In-DOTA-HE3 -ZCAIX:2, CAIX on cells in a set of three dished was
pre-saturated by non-labeled HE3 -ZCAIX:2 to a total concentration of 1 mM. All
cells were incubated for 1 h at 37oC in a humidified incubator equilibrated with 5%
CO2. Then, the medium was collected, the cells were washed with cold serum-free
medium and detached by treatment with trypsin-EDTA solution for 10 min at 37oC.
The detached cells were collected, and the radioactivity of cells and media was
measured. Binding specificity of [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 and [111In]
In-G250(Fab’)2 has been confirmed earlier in a similar way32,36.
For evaluation of cellular processing, cells were incubated in a humidified incubator
(5% CO2, 37°C) with [111In]In-DOTA-HE3 -ZCAIX:2 (at concentration of 10 nM). A set
of three dishes was taken from the incubator at 1, 2, 4, 8 and 24 h after the incubation
initiation, and membrane-bound and internalized radionuclides were discriminated
using a modified acid wash method, as describe earlier64.
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Animal studies
Animal studies were performed according to national legislation on laboratory
animal protection and were approved by the Ethical Committee for Animal Research
in Uppsala.
For tumor implantation, 107 of CAIX-expressing SK-RC-52 cells in 100 µL of RPMI
1640 medium were subcutaneously injected in the right hind leg of 7-weeks old
female BALB/c nu/nu mice (Scanbur A/S, Karlslunde, Denmark). The experiments
were performed two weeks after tumor cell implantation. The average animal
weight was 16.6 ± 1.3, and the average tumor weight at dissection was 0.22 ± 0.11 g.
In the biodistribution study, four mice per data point were used. Two groups of
mice were intravenously injected with 30 kBq [111In]In-DOTA-HE3 -ZCAIX:2 in 100 µL
PBS. The injected protein dose was adjusted to 5 µg per mouse with nonlabeled
conjugate. To test in vivo targeting specificity, animals in one group were
pre-injected with 500 µg of nonlabeled ZCAIX:2 30 min before injection of [111In]
In-DOTA-HE3 -ZCAIX:2 to saturate tumors. One group was injected with 30 kBq (5
µg) of [99mTc]Tc(CO)3 -HE3 -ZCAIX:2. Two groups were injected with 30 kBq (10 µg)
of [111In]In-G250(Fab’)2. Biodistribution was measured at 4 h after injection of
radiolabeled affibody molecules and 4 and 24 h after injection of [111In]InG250(Fab’)2. The mice were anesthetized by an intraperitoneal injection of a lethal
dose ketamine and xylazine solution and exsanguinated by heart puncture. Blood
was collected with a heparinized syringe, organs were collected, weighed and
activity was measured using a gamma spectrometer. The percent of injected dose
per gram of sample (%ID/g) was calculated, except for gastrointestinal tract and
carcass, where %ID per whole sample was calculated.

5

Small animal SPECT/CT (nanoScan SC equipped with 16-pinholes collimators,
Mediso Medical Imaging Systems, Hungary) imaging was performed to obtain a
visual confirmation of the biodistribution data. Two mice per data point were used
to check a reproducibility of the data. One set of two mice was injected with 5 MBq
(5 µg) of [111In]In-DOTA-HE3 -ZCAIX:2. For specificity control, another set of mice
was injected with 5 MBq (500 µg) of [111In]In-DOTA-HE3 -ZCAIX:2. Two sets of mice
were injected with 3 MBq (10 µg) of [111In]In-G250(Fab’)2. Imaging was performed
at 4 h after injection [111In]In-DOTA-HE3 -ZCAIX:2 and at 4 and 24 h after injection of
[111In]In-G250(Fab’)2. Immediately before imaging, mice we sacrificed by inhalation
of carbon dioxide. CT scans were acquired at the following parameters: 50keV
energy peak, 670µA, 480 projections, 5.26min acquisition time. SPECT scanning
was performed during 30 min using 111In gamma-peaks of 245.4keV and 171.3keV
(window width of 20%). CT raw files were reconstructed using Nucline 2.03
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Software (Mediso Medical Imaging Systems, Hungary). SPECT raw data were
reconstructed using Tera-Tomo™ 3D SPECT reconstruction technology.
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Abstract
Hypoxia is present in the majority of solid tumors and is associated with radioresistance and poor patient outcome. Carbonic anhydrase IX (CAIX) is a transmembrane
enzyme that is upregulated in cells under hypoxic conditions. Therefore,
non-invasive imaging of CAIX could be of prognostic value and utilized for
radiotherapy planning. The aim of this study was to validate and optimize SPECT
imaging of CAIX expression in a human head and neck squamous cell carcinoma
model using an 111In-labeled anti-CAIX variable domain of heavy chain antibody
(VHH) B9, and B9 fused to an albumin binding domain (ABD) to achieve longer
circulation times of the tracer.
The binding affinity and internalization of [111In]In-DTPA-B9 and [111In]In-DTPA- B9ABD were analyzed using SK-RC-52 cells, which ubiquitously overexpress CAIX
independent of oxygenation status. Subsequently, a dose-escalation study was
performed in athymic nude mice with subcutaneous SCCNij153 human head and
neck cancer xenografts which upregulate CAIX during hypoxia. Tracer uptake was
determined by ex vivo radioactivity counting and visualized by SPECT/CT imaging.
Furthermore, autoradiography images of tumor sections were analyzed and
spatially correlated with CAIX as determined immunohistochemically.
[111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD demonstrated high affinity for CAIX
and low internalization rates. A protein dose of 5 µg [111In]In-DTPA-B9 resulted in
the highest relative uptake in SCCNij153 tumors (1.05 ± 0.14 %ID/g), with good
tumor-to-blood and tumor-to-muscle ratios (12.0 ± 3.5 and 26.9 ± 11.4, respectively)
at 4 h post injection. Unlabeled B9 significantly reduced tumor uptake to 0.30 ±
0.03 %ID/g (p = 0.0009) and irrelevant [111In]InDTPA-R2 showed significantly lower
tumor uptake of 0.20 ± 0.14 %ID/g (p = 0.0019). [111In]In-DTPA-B9-ABD showed a
prolonged circulatory half-life of the tracer and showed a tumor uptake of 5.80 ±
1.02 %ID/g at 72 h post injection. Tumor uptake of [111In]In-DTPA-B9 and [111In]
In-DTPA-B9-ABD could be visualized with SPECT. Immunohistochemistry and autoradiography images showed co-localization of [111In]In-DTPA-B9 and CAIX
expression.
In conclusion, we demonstrated that [111In]In-DTPA-B9 has a high affinity to CAIX
and shows specific targeting to CAIX in head and neck cancer xenografts. This
resulted in sufficient tumor uptake to image hypoxia-induced CAIX expression in
these xenografts. [111In]In-DTPA-B9-ABD had a prolonged half-life and a much
higher tumor uptake, but tracer uptake by non-CAIX expressing tumor tissue
hindered specific CAIX imaging.
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Introduction
A key feature of solid tumors is hypoxia. It is closely associated with tumor
progression and resistance to chemotherapy and radiotherapy 1,2. Identification
and quantification of hypoxic, therapy-resistant tumor subvolumes can help to
steer cancer treatment, and therefore the search for a reliable method to
non-invasively image relevant hypoxia is ongoing. Traditional hypoxia-specific
probes like the 2-nitroimidazoles ([18F]-FMISO, [18F]-FAZA and [18F]-HX4) target
exogenous hypoxia 3-5 as they accumulate in tissues with oxygen pressures below
10 mmHg at any point in time during circulation of the probe. Therefore they
exemplify longer periods of acute, chronic, and intermediate hypoxia. Furthermore,
these radiotracers have limited tumor-to-background contrast, due to a relatively
high non-specific uptake in normal tissue 6. This limitation could be overcome by
using a tracer with high affinity for a tumor associated antigen, which is solely
expressed on viable cells that have adapted to hypoxic conditions.
Carbonic anhydrase IX (CAIX) is a transmembrane protein upregulated in tumors
under hypoxic conditions 7. Imaging of CAIX is a potential strategy to visualize
clinically relevant hypoxia, since tumor cells expressing CAIX have adapted to the
harsh conditions in an hypoxic microenvironment and represent the more therapy-resistant parts of the tumor8. Furthermore, targeting of CAIX with a high affinity
probe can result in a much higher tumor-to-background contrast, since surrounding
normal tissues do not express CAIX. Although some developed CAIX binding
probes show promising in vitro and in vivo characteristics, none of these tracers
have made it to the clinic for the purpose of visualizing hypoxic and therefore therapy-resistant tumor subvolumes.
In our previous studies, we have characterized intact anti-CAIX monoclonal
antibodies and F(ab’)2 fragments for molecular imaging of CAIX expression in
tumors 9. Due to slow blood clearance, images with high tumor-to-background
contrast could be acquired 72 or 24 hours post injection, respectively. However, in
the clinical situation, imaging at the same day of injection would be preferred.
Variable domains of heavy chain only antibodies (VHH) could be an option in this
regard. VHHs are small (15 kDa), in comparison to to intact IgGs (150 kDa) and
F(ab’)2 fragments (110 kDa), leading to fast blood clearance and good tissue
penetration, which could lead to a better image quality at early time points after
injection. Various VHHs have been developed and characterized for nuclear 10 and
optical imaging 11,12. Specific for CAIX, the VHH B9 was developed and used for
fluorescence imaging of CAIX-expressing xenografts, showing that imaging is
already possible as soon as 2-4 hours after administration. Here, we developed and
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characterized radiolabeled VHH B9 for nuclear imaging of CAIX. Furthermore, we
fused B9 to an albumin binding domain (ABD), to assess the effect of elongation of
circulation time on tumor uptake. We validated the potential of these tracers for
nuclear imaging of endogenous hypoxia-expressing regions in a human head and
neck squamous cell carcinoma xenograft model.

Materials and methods
VHH expression and conjugation
The three nanobodies were recloned to vectors that introduce a C-terminal
cysteine, allowing site-directed modification of the proteins. An affinity tag followed
the cysteine -the FLAG tag for B9 and R2 and the EPEA tag for B9-ABD. Nanobodies
B9 and R2 were produced in E.coli BL21 CodonPlus using the BioFlo 115 Bioreactor
(Eppendorf). Shortly, bacteria were grown in Terrific Broth (TB) medium and
nanobody production was induced overnight by adding 1 mM Isopropyl β-d-1-thiogalactopyranoside (IPTG) and lowering the temperature to 25 oC. The nanobodies
were purified from the periplasmic fraction using a HiTrap protein A HP column (GE
Healthcare). B9-ABD was produced under the same conditions, except that the
bacteria culture was grown in 2x Tryptone Yeast Extract Medium (2TY) in Erlenmeyer
flasks. The nanobody was purified from the periplasmic fraction with a subsequent
use of two different affinity columns, namely a HiTrap protein A HP column and a
CaptureSelect™ C-tag Pre-packed Column (Thermo Scientific), in order to achieve
optimal purity.
Purity and size were characterized with sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions and a coomassie brilliant
blue (CBB) staining. To reduce the free thiol groups, B9, B9-ABD and R2 were
incubated with Tris-(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma-Aldrich,
Saint Louis, MS, USA) at a molar ratio of 1:2.75 overnight at room temperature in PBS
pH 7.5. Subsequently, reduced VHHs were incubated with maleimide-DTPA (C-107;
Chematech, Dijon, France) at a molar ratio of 1:5 in PBS pH 7.5 for 3 hours at room
temperature. To remove excess maleimide-DTPA, the reaction mixture was dialyzed
against 0.25 M ammonium acetate buffer pH 5.5. The protein concentration of
DTPA-B9, DTPA-B9-ABD and DTPA-R2 was determined by absorbance at 280 nm
using a nanodrop spectrophotometer (Thermo-Fisher Scientific, Waltham, MA,
USA).
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Radiolabeling and quality control
DTPA-B9, DTPA-B9-ABD and DTPA-R2 were incubated with 111InCl (Curium, Petten,
The Netherlands) and twice the volume of 0.5 M 2-(N-morpholino)ethanesulfonic
acid (MES) buffer, pH 5.5 for 30 minutes at room temperature. Labeling efficiency
and radiochemical purity were determined by instant thin-layer chromatograpy
(ITLC) on a silicagel chromatography strip (Biodex, Shirley, NY, USA), using 0.1 M
citrate buffer pH 6.0 as the mobile phase. In case of labeling efficiencies less than
90% (for in vitro studies) or 95% (for in vivo studies), the labeled product was purified
on a PD-10 column (GE, Woerden, The Netherlands) that was eluted with 0.5%
bovine serum albumin (BSA) in PBS pH 7.5.

Cell culture
The clear cell renal cell carcinoma cell line SK-RC-52 13 was cultured in RPMI-1640
(GIBCO, Thermo-Fisher Scientific, Waltham, MA, USA), supplemented with 2
mmol/L glutamine (GIBCO, Thermo-Fisher Scientific, Waltham, MA, USA) and
10%FCS (Sigma-Aldrich, Saint Louis, MS, USA). During all in vitro assays, cells were
incubated at 37°C in a humidified atmosphere with 5% CO2 unless stated otherwise.

Binding and internalization assay
SK-RC-52 cells were plated at 50,000 cells/well in 6-well plates, and grown to
confluency (>90%) in 7 days. Subsequently, cells were incubated with 1600 Bq
[111In]In-DTPA-B9 or [111In]In-DTPA-B9-ABD in 0.5% BSA in RPMI (binding buffer) for
1, 2, 24 and 48 hours. Specificity of binding was determined by co-incubation with
1 µg unlabeled B9 per well. After incubation, cells were washed twice with binding
buffer and receptor bound [111In]In-DTPA-B9 was collected by incubation with 0.1
M acetic acid, 154 mM NaCl, pH 2.6 for 10 minutes at 4°C. After washing twice with
binding buffer, cells with internalized [111In]In-DTPA-B9 were collected with 1 ml 0.1
M NaOH. Activity in both receptor-bound and internalized fractions were counted
in a γ-counter (2480 Wizard 3’’, LKB/Wallace, Perkin-Elmer, Boston, MA, USA).
Specific binding and internalization were calculated by subtracting the non-specific
signal from the total signal.

6

IC50
SKRC-52 cells were plated at 50,000 cells/well in 6-well plates, and grown to
confluency (>90%) in 7 days. Subsequently, cells were incubated with increasing
concentrations (0.005 to 300 nM) of either unlabeled DTPA-B9 unlabeled
DTPA-B9-ABD in binding buffer, in presence of 50,000 cpm1600 Bq of [111In]
In-DTPA-B9 for 2 hours. Then cells were washed twice with binding buffer, and cell
fractions were collected using 1 ml 0.1 M NaOH. Activity in these fractions was
counted in a γ-counter (2480 Wizard 3’’, LKB/Wallace, Perkin-Elmer, Boston, MA,
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USA). The IC50 values (the concentrations of DTPA-B9 and DTPA-B9-ABD that are
required to inhibit binding of [111In]In-DTPA-B9 with 50%), were determined in
GraphPad Prism.

Scatchard assay
SK-RC-52 cells were plated at 65,000 cells/well in 6-wells plates, and grown to
confluency (>90%) in 4 days. Subsequently, cells were incubated with increasing
concentrations of [111In]In-DTPA-B9 or [111In]In-DTPA-B9-ABD (3-3,000 pM) in
binding buffer for 4 hours on ice. Specificity of binding was determined by
co-incubation with 1 µg unlabeled B9 per well. After incubation, cells were washed
twice with PBS and cells were collected with 1 ml 0.1M NaOH. Activity in these
fractions was counted in a γ-counter (2480 Wizard 3’’, LKB/Wallace, Perkin-Elmer,
Boston, MA, USA). The dissociation constant (Kd) was determined in GraphPad
Prism.

Tumor model
The patient derived head and neck squamous cell carcinoma (HNSCC) xenograft
model SCCNij153, as described previously 14, was used for in vivo biodistribution
experiments. Six to eight week old athymic BALB/c nu/nu mice (Janvier Labs, Le
Genes-Saint-Ile, France) were implanted subcutaneously with tumor pieces 2 mm
in diameter on the right hind leg. Both sexes of animals were used, and they were
housed in filter-topped cages in a specific pathogen-free unit. Animals were
included in the experiments when tumors had a mean diameter of 8 mm (usually
4-5 weeks after tumor implantation). Group allocation was randomized and
stratified by tumor size. The studies were approved by the Central Authority for
Scientific Procedures on Animals (RU-DEC-2015-071) and carried out under
supervision of the local Animal Welfare Body.

In vivo dose escalation
The dose resulting in optimal tumor uptake of [111In]In-DTPA-B9 was determined in
a dose-escalation study in mice bearing SCCNij153 xenografts. Mice (n=3-5/group)
were injected intravenously with 1, 5 or 25 µg of [111In]In-DTPA-B9 (1 MBq in
PBS/0.5%BSA). To determine the specificity of CAIX targeting, separate groups
(n=3-4) were either pre-injected with a blocking dose of 300 µg unlabeled B9, or
injected with 5 µg of the irrelevant radiolabeled VHH [111In]In-DTPA-R2 (1 MBq in
PBS/0.5%BSA). In an effort to reduce renal reabsorption of the tracer, one group of
mice (n=5) was co-injected with 3 mg of the plasma expander gelofusin (Braun; 40
g/L) and 5 ug [111In]In-DTPA-B9 (15 MBq in PBS/0.5%BSA). Mice were euthanized by
CO2 suffocation at 4 hours after tracer injection. Tumors were harvested and one
half was snap-frozen in liquid nitrogen for immunohistochemical and autoradiog-
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raphy analysis as described below. The other half of the tumor and other tissue
samples (blood, muscle, liver, lung, kidney, spleen, pancreas, stomach and
duodenum) were harvested and weighed, and radioactivity in these samples was
determined in a γ-counter (2480 Wizard 3’’, LKB/Wallace). Radioactivity
concentrations were calculated as percentage of the injected dose per gram of
tissue (%ID/g) and corrected for decay using injection standards. One mouse of the
group that was co-injected with 3 mg gelofusin and 5 ug [111In]In-DTPA-B9 (15
MBq) underwent microSPECT imaging.

In vivo comparison of [111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD
In an effort to increase circulation time and tumor uptake of B9, it was expressed in
fusion with a C-terminal albumin binding domain (ABD). Mice bearing SSCNij153
xenografts were injected intravenously with equimolar quantities of [111In]
In-DTPA-B9 (5 µg) and [111In]In-DTPA-B9-ABD (7,2 µg). Mice were euthanized by
CO2 suffocation at either 4 hours ([111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD), 24
([111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD) or 72 hours ([111In]In-DTPA-B9-ABD
only) after tracer injection. Tumors and other tissue samples were used for autoradiography, immunohistochemistry and radioactivity counting as described above.

MicroSPECT imaging
Mice underwent microSPECT imaging (U SPECT-II; MILabs, Utrecht, The Netherlands)
at 4 or 72 hours after tracer injection. Fifteen minutes prior to scanning, mice were
injected intraperitoneally with the nitro-imidazole derivative pimonidazole (80 mg/
kg, J.A. Raleigh Department of Radiation Oncology, University of North Carolina,
USA). Mice were anesthetized with isoflurane and the tumor area was scanned in
prone position using the 1.0-mm-diameter multipinhole mouse collimator. SPECT
scan was acquired for 120 min using 12 bed positions. After scanning, mice were
injected intravenously with Hoechst 33342 (15mg/kg, Sigma, Zwijndrecht, The
Netherlands), and after 1 minute they were euthanized by cervical dislocation.

6

One mouse of the group that was injected with 5 ug [111In]In-DTPA-B9 (10 MBq)
underwent microSPECT imaging 4 h p.i. and three mice that were injected
equimolar with 7.2 ug [111In]In-DTPA-B9-ABD (10 MBq) underwent microSPECT
imaging at 72 h p.i.
Scans were reconstructed with 5 iterations and 16 subsets using an ordered-expectation maximization algorithm with a voxel size of 0.375 mm (MILabs reconstruction
software). SPECT images were analyzed with Inveon Research Workplace software
(version 3.0; Siemens Preclinical Solutions).

111

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 111

CHAPTER 6

Immunohistochemistry and autoradiography
The snap-frozen in liquid nitrogen tumors were cut into 5 µm sections and mounted
on poly-l-lysine coated slides. After fixation with cold acetone for 10 minutes at
4°C, distribution of the 111In-labeled VHHs was determined by autoradiography. To
this end, the slides were exposed to a Fujifilm BAS cassette 2025 overnight (Fuji
Photo Film), and the phospholuminescence plates were scanned using a Fuji
BAS-1900 II bioimaging analyzer at a pixel size of 25 x 25 µm. Images were analyzed
with Aida Image Analyzer software (Raytest). Then slides were stored at -20°C, and
immunohistochemical staining for CAIX was performed as described previously 9.
Intratumoral correlation analysis was performed as described earlier by Huizing et
al (Huizing 2019 sc rp) by resizing and aligning immunohistochemistry and autoradiography images. After which a parametric mapping technique was applied and a
correlation coefficient could be calculated.

Statistics
Graphpad Prism was used for statistical analyses. Statistical significance was
determined with unpaired t-test or one-way ANOVA and correlation coefficients
were calculated with Pearson tests. In the figures ‘*’ indicates a p value <0.05.

Results
[111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD bind to
CAIX expressing cells
DTPA-B9 and DTPA-B9-ABD could be labeled with 111In with specific activities up to
4 MBq/µg, and purity after PD-10 purification exceeded 90% in all in vitro
experiments. Both [111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD bound to SK-RC-52
cells in a CAIX specific manner, as demonstrated by the absence of binding in
presence of an excess of unlabeled B9 (Figure 1A). The internalization rate of both
tracers was low, only 3.6% and 2.7% of the added tracer was internalized after 24
hours of incubation for DTPA-B9 and DTPA-B9-ABD, respectively (Figure 1A). Half
maximal inhibitory concentrations (IC50) of DTPA-B9 and DTPA-B9-ABD were 66.5
nM and 47.8 nM, respectively (Figure 1B). In a Scatchard analysis, the dissociation
constants of [111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD were 13.85 ± 1.026 nM
and 94.12 ± 4.919 nM, respectively (Figure 1C).

[111In]In-DTPA-B9 accumulates specifically in CAIX positive xenografts
To determine the optimal tracer dose in this tumor model, we first performed a
dose finding experiment with DTPA-B9 only. Of the tested doses, a protein dose of
5 µg resulted in the highest relative tumor uptake in SCCNij153 tumors in vivo (1.05
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A

B

C

6
Figure 1. In vitro characterization with SKRC-52 cells. A) Internalization and binding assay
B) IC50 analysis and C) Specific binding and scatchard curve of [111In]In-DTPA-B9 (left) and
[111In]In-DTPA-B9-ABD (right).

± 0.14 %ID/g) at 4 h after injection, with tumor-to-blood ratio and tumor-to-muscle
ratios 12.0 ± 3.5 and 26.9 ± 11.4, respectively (Figure 2). Uptake was CAIX specific,
as was demonstrated by a significantly lower tumor uptake of 5 µg control VHH
[111In]In-DTPA-R2 (0.2 ± 0.14 %ID/g, p = 0.0019) and a significant decrease in tumor
uptake of [111In]In-DTPA-B9 upon injection of unlabeled B9 (0.30 ± 0.03 %ID/g
p = 0.0009). VHHs were rapidly cleared from the circulation by glomerular filtration
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in the kidney, leading to high renal uptake as observed for all tracer concentrations.
Plasma expander gelofusin did not significantly reduce the kidney uptake of [111In]
In-DTPA-B9 significantly (299 ± 47 %ID/g versus 199 ± 25 for the 5 µg tracer dose,
p = 0.09) (Figure 2) .

Figure 2. In vivo dose escalation study of [111In]In-DTPA-B9. Four hours after intravenous
injection of the tracer, organs were harvested and activity was counted ex vivo and calculated
as %ID/g.

Fusion with an albumin binding domain prolongs circulation time
and increases tumor uptake of radiolabeled B9
In an effort to increase blood circulation time and tumor uptake of radiolabeled B9,
it was expressed in fusion with an albumin binding domain (ABD). Tumor uptake at
4 h after injection was significantly higher for [111In]In-DTPA-B9-ABD (4.11 ± 1.72
%ID/g) when compared to [111In]In-DTPA-B9 (0.75 ± 0.13 %ID/g, p = 0.01). However,
levels in blood were also increased, leading to tumor-to-blood ratios of 8.4 ± 1.3 for
[111In]In-DTPA-B9 versus 0.16 ± 0.06 [111In]In-DTPA-B9-ABD (see Figure 3B). A
similar pattern was observed at 24 hours, with tumor uptake values of 5.1 ± 4.0
%ID/g and 0.97 ± 1.01 %ID/g (not significant, p = 0.15) and tumor-to-blood ratios of
29.3 ± 22.1 and 0.47 ± 0.31 for [111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD,
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Figure 3. A) Biodistribution analysis of [111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD. Four hours
after intravenous injection of the tracer, organs were harvested and activity was counted ex
vivo and calculated as %ID/g B) tumor uptake (%ID/G), tumor-to-blood and tumor-to-muscle
ratios for [111In]In-DTPA-B9 and [111In]In-DTPA-B9-ABD.
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respectively. At 72 hours, higher tumor uptake (5.8 ± 1.0 %ID/g) and a tumor-to-blood
ratio of 2.21 ± 0.60 were observed for [111In]In-DTPA-B9-ABD. Strikingly, fusion of
B9 to ABD reduced kidney uptake 16.8-fold and 13.3-fold at 4 and 24 hours after
injection, respectively.

MicroSPECT visualizes areas with high uptake of [111In]In-DTPA-B9
and [111In]In-DTPA-B9-ABD
SPECT imaging demonstrated heterogeneous uptake of [111In]In-DTPA-B9 in a
SCCNij153 xenograft, correlating with autoradiography and CAIX immunohistochemistry section images of the same tumor (Figure 5). Highest uptake was
observed in the peri-necrotic areas of the tumor. The signal is more homogeneous
for [111In]In-DTPA-B9-ABD and therefore showed less of a distinct pattern within the
tumor compared to the [111In]In-DTPA-B9 SPECT images (Figure 6).

A

B

C

D

Figure 5. [111In]In-DTPA-B9 accumulation in a SCCNij153 xenograft imaged with (A) in vivo
MicroSPECT , (B) ex vivo autoradiography , (C) CAIX immunohistochemistry (red) and (D) a
combined immunohistochemistry staining for hypoxia (green), tissue perfusion (blue) and
vessels (orange) as visualized with Hoechst. Images B,C and D are produced from the same
tumor section.

A

B

C

D

Figure 6. [111In]In-DTPA-B9-ABD uptake in a SCCNij153 xenograft imaged with (A) in vivo
MicroSPECT, (B) ex vivo autoradiography, (C) CAIX immunohistochemistry (red) and (D) a
combined immunohistochemistry staining for hypoxia (green), tissue perfusion (blue) and
vessels (orange) as visualized with Hoechst. Images B,C and D are produced from the same
tumor section.
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[111In]In-DTPA-B9 uptake colocalizes with CAIX expression
CAIX expression as determined with immunohistochemistry was spatially correlated
with the tracer uptake as determined by ex vivo autoradiography on the same tumor
section. The [111In]In-DTPA-B9 group correlated positively with a mean correlation
coefficient (R) of 0.32 ± 0.22 (p = 0.07). [111In]In-DTPA-B9-ABD uptake did not
positively correlate with a mean R of 0.06 ± 0.24 (p = 0.73).

Discussion
In the present study we developed and characterized [111In]In-DTPA-B9, a novel
VHH-based radiotracer for SPECT imaging of the endogenous hypoxia related
marker CAIX. Upon site-specific conjugation on an unpaired cysteine with maleimidebased chemistry, DTPA-B9 and DTPA-B9-ABD were efficiently labeled with 111In.
An advantage of site-specific conjugation compared to random conjugation is that
there is less chance of altering binding affinity 15. Here, we showed high binding
affinity to CAIX expressing SK-RC-52 cells. In vitro results encouraged us to proceed
with in vivo testing in the head and neck squamous cell carcinoma model
SCCNij153. This model is derived from a patient with a squamous cell carcinoma of
the larynx and is known to be severely hypoxic. We have used this model before to
characterization other CAIX-targeting compounds 9,13,16.
Although in vivo biodistribution of [111In]In-DTPA-B9 showed excellent tumor-tobackground ratios at 4 hours after injection, the absolute tumor uptake was low,
which is disadvantageous for SPECT imaging as it requires long acquisition times to
obtain high contrast images of the hypoxic tumor areas. We hypothesized that
increasing circulation time could lead to increased tumor uptake. One strategy to
increase circulation half-life of VHHs is by coupling them to moieties that target
long-lived serum proteins 17. Albumin is the target of choice because of its terminal
elimination half-life of 17-19 days. Earlier studies showed that attachment of an ABD
can significantly prolong the in vivo half-life of a VHH 18. [111In]In-DTPA-B9-ABD
showed similar affinity to CAIX as [111In]In-DTPA-B9 has and in vivo indeed showed
a much slower blood clearance and a circa 5 times higher tumor tracer uptake.
At 72 h post injection; [111In]In-DTPA-B9-ABD was still present in the blood, leading
to relatively low tumor-to-blood ratios; however, SPECT imaging with [111In]
In-DTPA-B9-ABD still provided a clear contrast between tumor and background
because of the dispersed corporal blood signal and overall low uptake within
background tissues. Spatial distribution within the tumor of [111In]In-DTPA-B9-ABD
was more homogenous compared to [111In]In-DTPA-B9, and showed worse spatial
correlation with CAIX IHC compared to [111In]In-DTPA-B9. Autoradiography analysis
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confirmed tracer uptake in CAIX negative tumor tissue. Due to the high concentration
of [111In]In-DTPA-B9-ABD in blood at 72 hours, higher non-specific uptake as a
result of the EPR effect could be expected. Thus, non-specific tracer uptake is likely
to wash out over time, suggesting imaging at even later time points would lead to
less non-specific uptake and better intratumor contrast. An alternative approach
could be to express B9 in fusion with lower affinity albumin binding domains, to
find a more optimal circulation time for VHH-based CAIX imaging.
VHHs are known to be cleared from the circulation by glomerular filtration and are
subjected to reabsorption in the proximal tubili 10, and indeed we found very high
accumulation in the kidneys of B9. For imaging of hypoxia in solid tumors in the
head and neck region, uptake in the kidneys is not a problem. However, for the
purpose of extrapolation to other cancer types and to decrease radiation burden,
efforts could be made to decrease kidney uptake. Co-injection with plasma
expander gelofusin has been reported to decrease tubular reabsorption of small
peptides and VHHs 19,20. However, here we did not find a significant decrease in
renal absorption. Since the renal uptake of antibody fragments can also be reduced
by coadministration of basic amino acids such as lysine and arginine, this - or the
combination with gelofusin infusion - could be an alternative option to decrease
kidney uptake of the B9 tracer 21. Blood residence prolongation by conjugation to
the ABD did cause a significant reduction in renal uptake, however this tracer
showed poor tumor-to-blood ratios at early time points.
In recent years, multiple CAIX-targeting radiotracers have been studied 22. Our group
performed a comparative study on CAIX-targeting affibody, girentuximab- F(ab’)2fragment and girentuximab IgG in the same head and neck tumor model, SCCNij153
23. [111In]In-DTPA-B9 appears to have similar in vivo characteristics as a CAIX-targeting
affibody, [111In]In-DOTA-HE3-ZCAIX:2 and small-molecules (such as [64Cu]XYIMSR-06,
[99mTc]-acetazolamide and [68Ga]-NOTGA-(AEBSA)3 24-26) with a very high tumorto-muscle ratio, but with relative low absolute tumor tracer uptake at early time
points. To increase sensitivity, similar VHHs for PET imaging could be developed,
labeled with for example gallium-68 or fluorine-18, as has been published before
27,28. Furthermore, these VHHs could also be used for imaging of CAIX in other
indications, like clear cell renal cell carcinoma, or for treatment of CAIX-expressing
tumor cells using for example targeted radionuclide therapy. For each application,
different tracer characteristics will be favorable. An important advantage of VHHs as
imaging tracers is their modular character. They can be site-specifically modified,
thereby controlling target binding activity and biodistribution. Furthermore, they
can be very easily adjusted in size and valency (bivalent constructs), expressed in
fusion with other proteins (lower affinity ABD) or coupled to internalizing repeats as
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cell penetrating peptide (CPPs). In this way the tracer can be finetuned for each
specific goal.
In conclusion, we demonstrated that [111In]In-DTPA-B9 has a high affinity to CAIX
and shows specific targeting to CAIX in head and neck cancer xenografts upon
intravenous administration. This resulted in sufficient tumor uptake to image hypoxiainduced CAIX expression. Addition of ABD decreased blood clearance and resulted
in higher tumor accumulation, but did not allow CAIX specific imaging due to high
non-specific tumor uptake in background tissues. In future experiments, fusion of
[111In]In-DTPA-B9 with an ABD of lower affinity will be tested to optimize the VHH-based
compound for CAIX-specific SPECT imaging.
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Abstract
Tumor hypoxia is an important cause of radioresistance and is associated with poor
patient outcome. Therefore, methods to reduce hypoxia before or during radiotherapy are of great interest for cancer treatment. Hypoxia modulating treatments,
such as atovaquone, have shown potential in this prospect.
We have investigated the radiotracer [111In]In-girentuximab-F(ab’)2 to image Carbonic
Anhydrase IX (CAIX), a marker which is upregulated by cancer cells under hypoxic
conditions. Imaging of CAIX during treatment could potentially help to monitor the
hypoxia modifying effects. Ultimately, this could aid in stratifying for patients that
are most likely to benefit from hypoxia modulating therapies during radiotherapy.
The aim of this study was to assess the effect of hypoxia-modifying interventions
on CAIX expression in the tumor and on the tumor uptake of 111In-girentuximab-F(ab’)2.
Athymic mice with subcutaneous FaDu or SCCNij202 head and neck squamous
cell carcinoma xenografts were treated with atovaquone (50 mg/kg) during 8 days,
or were housed in a hypoxic chamber (8% O2) for 48 hours. At the last day of
treatment, mice were injected with [111In]In-girentuximab-F(ab’)2 and 24 hours later
the mice were euthanized for ex vivo biodistribution), autoradiography of the tumor,
and immunohistochemical staining of the tumor. Tumor sections were analyzed
for hypoxia, CAIX expression, vessels, and perfusion. In an additional experiment, the
effect of atovaquone treatment on microSPECT/CT scans of mice was determined.
Atovaquone treatment decreased CAIX expression by 40% (p=0.01) compared with
control tumors in the FaDu tumor model, while in the SCCNij202 tumors no
difference was observed. Hypoxic breathing did not increase CAIX expression or
hypoxia staining in either tumor model, but did affect the necrotic tumor fraction.
[111In]In-girentuximab-F(ab’)2 uptake of individual tumors was in line with CAIX
expression. However, tracer uptake in the atovaquone treated group did not differ
significantly from the control group, despite the difference in CAIX expression.

Conclusion
Atovaquone decreases CAIX expression in the FaDu tumor model, but not in the
SCCNij202 model. [111In]In-girentuximab-F(ab’)2 specifically targets CAIX-expressing areas in head and neck squamous cell cancer xenografts, but differences in
vessel density and necrosis most likely affected the tracer uptake in the tumor and
therefore complicated quantification of changes in CAIX expression.
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Introduction
Locally advanced head and neck squamous cell carcinomas (HNSCC) are most
often treated with curative intent by surgery and/or radiotherapy, often combined
with concurrent chemotherapy. Unfortunately, therapy response is inconsistent,
resulting in a poor 5-year overall survival of approximately 50% 1. Better predicting
and monitoring of therapy response may allow early and personalized modification
of the treatment plan.
One of the most prominent predictors of therapy resistance for non-surgical
treatments is tumor hypoxia. Extensive evidence shows that both chemotherapy
and radiotherapy are less effective in tumors with inadequate oxygenation 2,3.
Therefore, the hypoxic status of a tumor and the development of new anti-hypoxia
treatments have been subjects of investigation over the past decades.
Multiple therapies have been evaluated for their potential to modulate tumor oxygenation. Breathing of oxygen-enhanced gas mixtures (e.g. carbogen) 4, hypoxia
mimicking agents (nimorazole) 5, hypoxia activated pro-drugs (tirapazamine and
TH-302) 6,7, and drugs inhibiting oxygen consumption (metformin and atovaquone)
have been shown to have an effect on tumor hypoxia. Nevertheless, none of these
treatments has become part of clinical practice yet - except for nimorazole in
Denmark - due to non-conclusive clinical studies, albeit that meta-analyses have
shown the clinical benefit of hypoxia modifying treatments in combination with
radiotherapy 5,8. Adequate selection of patients who could benefit from hypoxiatargeted therapies has been difficult and played a large role in the lack of success in
several studies.
In the path towards more individualized treatment regimens, predictive biomarkers
will likely play a substantial role. Assessment with molecular imaging has the ability
to visualize biochemical processes in entire primary tumors and metastases. This is
crucial for the assessment of hypoxia since it is a heterogenous phenomenon
between and within tumor lesions. It is heterogeneously present within a tumor
lesion and can change in time due to disease progression and therapy. Molecular
imaging has the potential to repeatedly assess tumor hypoxia and thereby allows
making early therapy adjustments. For example, if the hypoxic status of a tumor
does not improve, a higher drug or radiation dose could be prescribed, or a different
therapy could be selected.
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Quantitative imaging of hypoxia has proven to be challenging. Currently, PET is the
most commonly used technique to assess tumor hypoxia, making use of 2-nitromidazol-based radiotracers (FMISO, FAZA and HX4)9,10. Their accumulation
mechanism depends on their reductive metabolism, which occurs irreversibly only
under hypoxic conditions, and thereby entraps the tracer in the hypoxic tumor
regions. This imaging method has its limitations due to low contrast between
hypoxic and non-hypoxic subvolumes and its variable reproducibility 11. This lack of
reproducibility might be explained by the fact that tumor hypoxia is a dynamic
phenomenon in time and place. Differences in perfusion limited hypoxia may result
in differences in uptake patterns of 2-nitromidazol-based radiotracers over time.
A different approach is to image relevant viable radioresistant cells in hypoxic tumor
areas, by targeting a hypoxia-related antigen expressed by tumor cells adapted to
hypoxic conditions. A candidate antigen for this approach is Carbonic anhydrase IX
(CAIX). It is a downstream target of the hypoxia inducible factor alpha (HIF1-α) and
is expressed on the cell membrane in a time frame of several hours after onset of
hypoxia. Therefore, it represents a subpopulation of cells which have adapted to a
hypoxic environment. CAIX has been proven to be a prognostic biomarker in
almost all solid malignancies12.
Previously, our group developed a quantitative CAIX imaging technique using the
SPECT tracer [111In]In-G250-F(ab’)2 13. We demonstrated that this technique can
discriminate low CAIX-expressing tumors from high CAIX-expressing tumors.
Therefore, it could play a predictive role for treatments where hypoxia is involved in
therapy resistance. However, it remains unclear if this radiotracer is also capable of
detecting changes in the level of CAIX expression within the same tumor model. To
answer this question, we set up an experiment where we modulated the level of
oxygenation towards an improved oxygenation status (atovaquone) and a decreased
oxygenation status (hypoxic gas breathing) in two different human HNSCC models.
Furthermore, we evaluated whether this change in oxygenation status altered the
CAIX expression levels and tumor targeting of [111In]In-G250-F(ab’)2.

Materials and methods
Radiotracer production
[111In]In-G250-F(ab’)2 was produced and radiolabeled as described previously14. In
short, cG250 was enzymatically digested with the use of pepsine, resulting in F(ab’)2
antibody fragments. The (Fab’)2 fragments (110 kDa) were purified and subsequently
conjugated with diethylenetriamine pentaacetate (DTPA). At days of tracer injection,
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DTPA-G250-F(ab’)2 was radiolabeled with In-111 (Curium, Petten, The Netherlands)
at an average specific activity of 1.1 MBq/ug. The radiochemical purity exceeded 95
% in all experiments.

Animal models
Female athymic BALB/c nude mice mice (Janvier Labs, Le Genest-Saint-Ile, France)
were aged 6-8 weeks and weighed 18-22 g at the start of the experiments. The
animals were housed together in filter-topped cages in a specific pathogen-free
unit and were included in the experiments when tumors had a mean diameter of 5
mm. Stratified randomization was used based on tumor size, in order to have a
similar mean tumor size per study group. The studies were approved by the Central
Authority for Scientific Procedures on Animals (RU-DEC-2016-053) and carried out
under supervision of the local Animal Welfare Body.

Tumor inoculation
Two human head and neck squamous cell cancer tumor models were used.
The SCCNij202 model is a patient-derived head and neck squamous cell carcinoma
xenograft model derived from a patient with larynx carcinoma. We have previously
demonstrated that this is a hypoxic tumor model with high CAIX expression14.
Mice were implanted on the right hind leg with a small (2 mm diameter) tumor
chunk excised from a donor mouse. The tumors grew to a size of 5-7 mm in circa
4-5 weeks.
The second tumor model was the FaDu model. This is a well-known head and neck
squamous cell carcinoma cell line, and is also known to be hypoxic and capable of
expressing moderate to high levels of CAIX. FaDu cells were cultured at 37°C with
5% CO2 in medium (DMEM, Sigma) supplement with 10% fetal bovine serum. Mice
were inoculated subcutaneously with 1 million FaDu cells suspended in 50 µl
medium and 50 µl Matrigel (BD Biosciences). The tumors grew to a size of 5-7 mm
in circa 2 weeks.

Hypoxia modulating treatment
To modulate tumor oxygenation in tumor-bearing mice, the following interventions
were performed: Atovaquone and hypoxic breathing. Three treatment groups of 5
mice were evaluated in the 2 different tumor models, resulting in 6 groups in total.
Atovaquone suspension (Wellvone) 50 mg/kg, to reduce hypoxia by modulating
mitochondrial function, was administered orally with the use of a gavage, daily on
8 consecutive days. Hypoxic breathing setup consisted of an airtight cage with an
inlet tube and outlet tube. Via the inlet a 8% oxygen and 92% nitrogen gas mixture
flowed at a minimal rate (2l/h). The outlet tube had an oxygen sensor which
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displayed the current oxygen percentage on demand. Mice were kept under these
conditions for 48 hours, and only taken out for the i.v. administration of the radio tracer.

Biodistribution studies
Biodistribution studies were performed as described for our previous studies with
[111In]In-G250-F(ab’)2 15. Briefly, all mice were injected i.v. with 10 µg [111In]In-G250F(ab’)2 (1 MBq) diluted with PBS 0.5% BSA to a volume of 200 µl, on the second to
last day of treatment and 24 hours before euthanasia. Mice were euthanized by
CO2/O2 inhalation and tumors and normal tissues were collected. Samples were
weighed and subsequently the radioactivity in the tissue samples was determined
in a γ-counter (2480 Wizard 3’’, LKB/Wallace, Perkin-Elmer,Boston, MA). Activity
concentrations in the tissues were calculated as percentage of the injected dose
per gram of tissue (%ID/g). Tracer injection standards were measured simultaneously
for decay correction.

MicroSPECT imaging
In a separate experiment, mice bearing a FaDU tumor were allocated to one of
2 groups (n=5 each); a control group and an atovaquone treatment group.
The procedure was similar to the first experiment, except mice were scanned with
microSPECT at 23 hours after injection with 10 µg [111In]In-G250-F(ab’)2 (10 MBq).
Images were acquired with microSPECT (U SPECT-II; MILabs, Utrecht, The Netherlands).
Animals were anesthetized with isoflurane and the tumor region (to maximize
signal) was scanned in prone position using a 1.0 mm diameter multipinhole mouse
collimator. Scans were acquired for 50 minutes using 12 bed positions. Scans were
reconstructed using MILabs reconstruction software with 5 iterations, 16 subsets
and an algorithm with a voxel size of 0.375 mm. Subsequently, SPECT images were
analyzed with Inveon Research Workplace software (version 3.0; Siemens Preclinical
Solutions).

Immunohistochemistry and autoradiography
Excised tumors were immediately snap-frozen in liquid nitrogen and cut into 5 µm
sections. Subsequently, tissue sections were mounted on poly-l-lysine coated slides.
Sections were fixed with cold acetone for 10 minutes at 4°C. For every tumor,
marked sections were analyzed by autoradiography and immunohistochemical
staining. Overnight, sections were exposed to a phospholuminescence plate in a
Fujifilm BAS cassette 2025 (Fuji Photo Film), after which the plates were scanned
with a BAS-1900 II bioimaging analyzer and analyzed with Aida Image Analyzer
software (Raytest). Then, slides were stored at -80°C. Immunohistochemical staining
for CAIX, hypoxia (pimonidazole), vessels and perfusion (Hoechst 33342) was performed
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as described previously Hoeben et al16. Staining for hypoxia and CAIX was quantified
in fraction of the viable tumor area multiplied by the signal intensity, thereby taking in
to account both the number of CAIX positive cells and the intensity of the staining.
Necrotic fractions were determined as fraction of the total tumor area with the help
of H&E staining of consecutive tumor sections. 16

Statistics
Graphpad Prism 6 was used for statistical analyses. Data were presented as mean
and standard deviation. Statistical significance was determined with the one-way
ANOVA. The Bonferonni correction was used in case of multiple testing. Correlation
was assessed by using the Pearson test. A p-value of < 0.05 was used to determine
significance.

Results
Modulation of hypoxia and CAIX by atovaquone
and low oxygen gas breathing
Immunohistochemical analyses showed a significant lower staining for CAIX
(p=0.01) and a lower but just non-significant pimonidazole staining (p=0.06) in
atovaquone-treated FaDu tumors compared with non-treated FaDu tumors. The
control group had a CAIX staining (fraction x intensity) of 1.85 x 109 versus 1.1 x 109
for the treated group: a reduction of 40%. Pimonidazole staining (fraction x intensity)
was 4.23 x 109 in the control group and 2.60 x 109 for the group treated with
atovaquone, a reduction of 38%. Immunohistochemical analyses of the SCCNij202
tumors did not show a significant difference in pimonidazole and CAIX staining of
treated and non-treated tumors (Figure 1A and B). Atovaquone treatment did not
have a significant effect on the Hoechst perfused fraction of the tumor in both
models, but we did find a significant increase in vessel density in the FaDu model
(Figure 1C and D).
Hypoxic breathing decreased pimonidazole staining significantly and was 2.20 x
109 compared with 4.23 x 109 for control FaDu tumors (p<0.01), a reduction of 48%.
CAIX staining also showed a significantly lower signal with 8.10 x 108 compared
with 1.85 x 109 (p=0.03); a reduction of 57% (Figure 1A and B). Furthermore, FaDu
tumors showed a significantly higher necrotic fraction for the hypoxic breathing
group compared with the control group (0.40 versus 0.72)(p<0.01). The necrotic
fraction in the atovaquone group (0.31) did not differ significantly from the control
group. (Figure 2B and 3).
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Figure 1. Immunohistochemical analysis of the tumors in the 3 treatment groups in both the FaDu and SCCNij202 tumor models. CAIX staining
and pimonidazole staining are expressed in fraction of the viable tumor x signal intensity. A CAIX expression, B pimonidazole, C Vessel density
(vessels per mm2) and D Perfused fraction. Graph bars represent mean ± SD (n=5).
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Figure 2. Immunohistochemistry images of all tested conditions. Stained tumor sections of
the FaDu model are depicted on the top row as A control, B after 48 h of 8% oxygen breathing,
and C after 8 days of atovaquone treatment. On the bottom row, tumor sections of the
SCCNij202 model with treatment groups are depicted in the same order. Tumor sections
were stained for CAIX in red, pimonidazole in green and vessels in blue.

Tracer uptake in the tumor did not increase after atovaquone
treatment
Tumor tracer uptake in non-treated tumors was 5.61 ± 1.79 %ID/g and 2.59 ± 0.47
%ID/g for FaDu and SCCNij202, respectively. Atovaquone treatment did not result in
an increased [111In]In-G250-F(ab’)2 tracer accumulation in either tumor model and
resulted in uptake of 5.71 ± 1.23 and 2.05 ± 0.20 %ID/g for FaDu and SCCNij202,
respectively. In the groups treated with hypoxic breathing, tumor accumulation
was significantly lower for the FaDu model with 1.92 ± 0.42 %ID/g (p< 0.01) and
lower but not significant for the SCCNij202 group with 1.71 ± 0.73 %ID/g (p=0.10)
(Figure 4). Irrespective of treatment, tumor accumulation of [111In]In-G250-F(ab’)2
(%ID/g) moderately correlated to the level of CAIX staining for all the individual FaDu
tumors, with a correlation coefficient of r=0.49 (p=0.08) (Figure 5).
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Figure 3. Necrotic fractions of the FaDu tumor model of all 3 treatment groups: control,
hypoxic breathing and atovaquone, calculated as fraction of the complete tumor area. Graph
bars represent mean ± SD (n=5)

Figure 4. Biodistribution results of tumor tracer uptake 24 h after injection of [111In]In-girentuximab-F(ab’)2 (ID/g) in all 3 treatment groups in both the FaDu and SCCNij202 model. Graph
bars represent mean ± SD (n=5).
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Figure 5. Correlation of tumor tracer uptake (%ID/g) with CAIX fraction times signal intensity
of all treatment groups of the FaDu tumor model. Pearson correlation coefficient r=0.49
(p = 0.08)

SPECT imaging did not allow for discrimination of atovaquonetreated versus control tumors
SPECT imaging demonstrated a heterogenous uptake of [111In]In-G250-F(ab’)2 in
the FaDu tumors. The pattern of tracer uptake in the autoradiography images was
similar to the CAIX expression pattern as shown immunohistochemically. Apart
from this similar pattern, a high signal was observed in non-CAIX-expressing tumor
areas as well. No obvious difference in signal intensity was seen between the
atovaquone treatment group and the control group (Figure 6).
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Figure 6. Images on the top row are from a non-treated tumor of the FaDu model and images
on the bottom row are from a FaDu tumor treated with atovaquone. A and D show a combined
immunohistochemistry staining for CAIX (red), tissue perfusion (blue) and vessels (green) as
visualized with Hoechst. B and E are ex vivo autoradiography images showing the 2D uptake
of [111In]In-girentuximab-F(ab’)2 . C and F are in vivo SPECT images showing the 3D uptake of
[111In]In-girentuximab-F(ab’)2

Discussion
In this study we explored the application of the tracer [111In]In-G250-F(ab’)2 to
assess the changes in CAIX expression induced by hypoxic gas breathing (meant to
induce hypoxia and hence increase CAIX expression) and inhibition of mitochondrial
respiration with atovaquone to reduce hypoxia (and reduce CAIX expression) in
human xenografted head and neck cancer models.
In the FaDu model, atovaquone treatment resulted in a decrease of roughly 40% in
hypoxia and CAIX expression, as measured by pimonidazole and CAIX immunohistochemical staining. Although significant, this difference is not as large as was
described by McKenna et al. who measured a decrease of hypoxia of up to 90% in
a FaDu xenograft model 17. Atovaquone treatment was administered during a similar
time period and with a same dosing-schedule as used by McKenna et al.
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Interestingly, the effect of hypoxia-modulating treatments was not equal in both
tumor models. Especially, treatment with atovaquone did not achieve a reduction
of hypoxia or CAIX expression in the SCCNij202 model, although both models
express similar amounts of hypoxia and CAIX in the control tumors. This underlines
the differential responses that can be present to atovaquone hypoxia modulation
between different tumors.
Our hypoxic breathing treatment (48 h, 8% O2) did not increase hypoxia nor CAIX
expression. Of note, mice that exposed to hypoxic breathing, did not eat and drink
properly and lost body weight due to dehydration. This resulted in altered pharmacokinetics and altered perfusion of the tumors, as demonstrated by significantly
altered kidney and liver accumulation of the radiotracer and enhanced necrosis
in the viable tumor tissue (Sup. Figure 1). The increased tumor necrosis in this group
hinders reliable immunohistochemical analysis and is likely the cause of the unexpected
decrease in hypoxia and CAIX expression. Together, this makes the results from this
treatment group difficult to interpret. We were not able to determine the necrotic
fractions in the SCCNij202 line due to high amount of keratinization (Sup. Figure 2).
Overall tracer uptake in the tumors showed a modest correlation with CAIX expression.
However, despite the reduction of CAIX expression, tumor tracer uptake did not
decrease in the groups treated with atovaquone. High accuracy of quantitative CAIX
assessment is warranted to enable detection of slight alterations in CAIX expression.
Unfortunately, tumor accumulation of radiotracers is dependent on more variables
than the amount of target antigen expressed in a tumor. As described by Xenaki
et al. both tumor characteristics and tracer characteristics play a role in the amount
of tracer accumulation in the tumor. Besides antigen availability, the main factors
within a tumor are vessel density, vessel permeability, perfusion rate, perfusion
volume and necrosis. As shown in Figure 1, atovaquone treatment also influenced
the vessel density of the FaDu model. Vascular permeability is known to be associated
with an enhanced permeability and retention effect (EPR-effect) 18,19. Therefore,
the observed increase in vessel density may have resulted in enhanced permeability
(increased perfusion as assessed with Hoechst) and could be responsible for the
higher tracer uptake observed in our study, thereby masking a decrease in CAIX
expression.

7

Our previous study on [111In]In-G250-F(ab’)2 demonstrated the capability to
discriminate between low and high CAIX-expressing tumors, but also showed a
significant level of non-specific uptake at 24 hours p.i. The EPR effect has shown to
be size-dependent and affects molecules larger than ~ 40 kDa, and thus affects
F(ab’)2 which has a size of 110 kDa. As a result, the non-specific tracer uptake will
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hinder the accuracy of the CAIX quantification using these tracers particularly,
when the vascular permeability changes due to therapeutic intervention. Even
smaller radiotracers such as nanobody-based or affibody-based molecules are less
affected by the EPR-effect15,20. Future studies could investigate CAIX-targeting
radiotracers based on nanobodies and test them in a similar hypoxia modifying
experiment as presented here.

Conclusion
In this study we showed that atovaquone treatment reduced tumor CAIX expression
in one of the two head and neck squamous cell cancer models investigated.
However, this reduction could not be detected by CAIX-imaging with [111In]InG250-F(ab’)2. Furthermore, we found that atovaquone affected the vessel density
and hypoxic breathing affected the amount of necrosis. Our data suggest that
changes in vessel density or blood perfusion induced by the treatment may hamper
the applicability of [111In]In-G250-F(ab’)2 for monitoring tumor hypoxia. Lastly, this
study demonstrates that, while investigating hypoxia and tumor accumulation of
radiotracers, equal pharmacodynamic conditions of test subjects is of vital
importance. Future studies could focus on overcoming these challenges by
development of smaller CAIX-targeting tracers with less non-specific tumor uptake.
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Sup. Figure 1. Biodistribution profiles of all 3 treatment groups: Control, Hypoxic breathing
and atovaquone (FaDu tumor model).
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Sup. Figure 2. Haematoxylin and eosin staining of two SCCNij202 tumor sections. Section on
the left is from the control group, the section on the right of a tumor treated with hypoxic
breathing and the lower tumor section was treated with atovaquone.
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General discussion and future perspectives
Introduction
Personalized treatments are necessary in the field of oncology to account for the
heterogenetic character of cancer. Both type of treatment and drug or radiation
dosing can be tailored to improve efficacy and to reduce side effects. Stratification
on a molecular level could help in this process.
In this thesis we focused on one target that is upregulated in Head and Neck cancer,
with the hypothesis that this target, Carbonic anhydrase IX (CAIX), holds a key role
in the course of the disease, due to its involvement in two parameters which cause
an aggressive phenotype: hypoxia and acidification. There are six hallmarks of cancer
and in a series of targets 1, it seems unlikely that targeting one sole antigen will be
the key to perfect curative treatment, but we hypothesized that the visualization
and improved understanding of CAIX and its upregulation under (chronic) hypoxia
could be used to stratify Head and Neck cancer patients and to monitor the efficacy
of treatments.

Personalized medicine in radiotherapy
Radiation therapy does not yet have a key biomarker which specifically ameliorates
personalized or targeted treatment in the form of dose adjustments in clinical
practice. And feasibility of such strategy is still to be confirmed in a clinical setting.
Therefore, radiation dosing is still heavily dependent on tumor site, pathology, and
TNM-staging. Tumor hypoxia is one of the most well-known factors responsible for
radiotherapy resistance and is used in Denmark as a biomarker for personalized
treatment, but lack of reliable assessment of hypoxia with biopsies or by PET tracers,
such as [18F]FMSIO and [18F]FAZA, have hindered clinical implementation and urge
us to explore alternative approaches.

A marker for hypoxia or general therapy resistance?
As discussed throughout this thesis, CAIX imaging should not be considered a
specific method for hypoxia imaging, but rather as a hypoxia-related biomarker that
represents viable tumor tissue which has responded to hypoxia and may therefore
be more therapy-resistant. Although association with poor outcome has been
shown for many cancer types, not all mechanisms by which CAIX influences tumor
biology are completely understood.

8

Next to its catalytic function, the non-catalytic function of CAIX appears to be crucial
for the intra- and extracellular pH regulation. Though it is clear that CAIX holds an
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orchestrated interplay with multiple acid/base transporters, the exact mechanism of
communication remains to be elucidated.2 Fortunately, new insights are accumulating.
Lee et al. have shown that CAIX functions as a pH-regulator and that CAIX-expressing
tumors are ‘set’ to more acidic extracellular pH than none CAIX-expressing tumors.3
Acidosis has been related with chemo-, radio- and immunotherapy resistance.
Lardner et al. showed the inhibiting effect of low extracellular pH on T-cells.4 More
recently it has become clear that neutralization of tumor acidity improves therapy
response to both checkpoint inhibitors and T-cell therapy.5,6 Moreover, acidosis is
also associated with aggressive tumor behavior, through its influence on invasion,
i.e. epithelial–mesenchymal transition (EMT), metastasizing and angiogenesis.
All this gathered evidence supports the hypothesis that CAIX is, besides a hypoxiarelated biomarker, also an important pH regulator with related additional consequences.

Towards clinical application
Clinical value for the imaging of tumor characteristics can be found in three
categories: assessment of disease prognosis, prediction of therapy response, and
monitoring of therapy response. Since the prognostic value of CAIX expression has
been studied extensively in a wide range of cancers we are inclined to think that an
accurate imaging method to assess CAIX expression could have prognostic as well
as predictive value in these cancer types.7

Prognostic value
In chapter 2 and 3, we have demonstrated the feasibility of quantitative CAIX
imaging in Head and Neck cancer models with the SPECT tracer [111In]In-girentuximab-F(ab’)2. We showed a positive correlation between tumor tracer uptake and
immunohistochemical CAIX expression, and a positive correlation between tracer
uptake and immunohistochemical hypoxia in the tumor models. However, the
prognostic value of CAIX imaging in the preclinical and clinical situation has yet to
be determined. To elucidate the prognostic value of CAIX imaging in hypoxic
tumors, preclinical tumor growth experiments should be performed and ultimately,
clinical CAIX imaging characteristics should be evaluated against tumor behavior
and survival-related factors in similarly staged and treated Head and Neck cancer
patients.

Predictive value
Also, the predictive value of CAIX assessment/imaging for hypoxia modulating
therapy, radiotherapy or CAIX-targeted therapy still has to be demonstrated. There
is not yet a standard treatment specifically targeting CAIX-positive cancers.
Outcome for three types of treatment could potentially be predicted with CAIX
imaging: hypoxia targeted drugs, CAIX-targeted treatments and radiotherapy, and
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none have yet been studied in this setting. We mainly focused on the value of CAIX
assessment for hypoxia modulating treatment, but since recent acceleration in the
development of CAIX-targeting probes has occurred, using CAIX imaging to
evaluate potential use of these probes also has a high potential. Furthermore,
association of both high CAIX expression and hypoxia with poor clinical outcome
after radiotherapy for HNSCC suggests a role for CAIX imaging in outcome-prediction
and prognostication.8 On top of that, preclinical studies showed a significant
correlation between high CAIX expression and high PD-L1 expression. Therefore,
high CAIX expression is potentially also associated with reduced immunotherapy
effectiveness.9

Hypoxia monitoring
We explored the possibility to monitor hypoxia modulating treatment with [111In]
In-Girentuximab-F(ab’)2 as described in chapter 7. Despite the incapability to
visualize the modulation of CAIX expression with this tracer, the results gave
important insights into the factors involved in targeting of our radiotracer to
CAIX-positive tumor areas. Though atovaquone treatment reduced CAIX expression
the tumor tracer uptake did not decrease. Besides, the change in CAIX expression,
mean vessel density was significantly higher compared to the control group.
Therefore, we have to assume atovaquone also has an influence on angiogenesis.
It is possible that these influences on vasculature of the tumor caused a relative
increase of nonspecific tumor uptake and thereby mask a potential reduction of
tracer uptake. Possibly, the enhanced permeability and retention effect (EPReffect), which causes easy extravasation of large molecules, places a role in this
process and may be influenced by atovaquone as well. 10
Smaller radiotracers which are less influenced by this EPR-effect and are known to
have less nonspecific tumor uptake, therefore such tracers may give more precise
assessment of the antigen expression. This amplifies the need for smaller
radiotracers with a low nonspecific uptake, but at the same time optimal tumor
penetration and accumulation characteristics.
Towards clinical implementation, CAIX-targeting radiotracers should be further
optimized. The more specific the uptake of a tracer, the more useful the tool will be
in the clinic.
Prognostic value alone might not be enough for clinical implementation. Predictive
value of CAIX imaging may be added and specifically valuable in the scope of
radiotherapy resistance. Radiotherapy is one of the treatments of which the
outcome might be predicted with CAIX imaging. A large clinical trial showed a

8
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strong correlation between high CAIX expression in Head and Neck tumors and
poor outcome after radiotherapy treatment.8 Stegeman et al. tested the predictive
value of different biological markers on the microscopic and molecular level, for
radiotherapy in the same HNSCC xenografts as used in this thesis. However, in our
tumor models, high CAIX-expressing tumors (SCCNij202 and SCCNij153) did not
show more radioresistance than the low CAIX-expressing tumors (SCCNij167 and
SCCNij185).11 Moreover, in in vivo experiments (unpublished data) we were not able
to detect a change in CAIX expression 48 h after radiotherapy in the SCCNij202
model. Therefore, we did not pursue further exploration of this combination in our
preclinical studies, although 48 hours might have been a suboptimal timepoint.
After initial reoxygenation between 6-24 hours, peaks in hypoxia have been
described between 3 and 5 days and between 7 and 11 days after irradiation. 12,13
However, half-life of CAIX expression also has to be taking in to account in this
timing.

Choosing the right compound
The CAIX-targeting antibody girentuximab has been studied extensively and
successfully reached phase III clinical trial for the detection of clear cell renal
carcinoma.14,15 However, theoretically, the best possible radiotracer binds
specifically to the target, penetrates tumor tissue swiftly and clears rapidly from
blood circulation, thereby allowing fast imaging with high contrast. Pharmacokinetics dictates that such an antibody-based tracer should not contain a functional Fc
domain, which prolongs the half-life of the tracer.16
Therefore, we studied the characteristics of radiolabeled girentuximab-F(ab’)2-fragments, in which the Fc domain is removed. Although this tracer indeed cleared
more rapidly from the circulation, this also resulted in lower uptake in CAIX-positive
tumor areas. Therefore, the tumor-to-blood ratios at the optimal measurement
time-point for the intact IgGs were higher. However, high contrast images with the
IgG-based tracer could only be obtained at late time points (3 days post injection),
which is unfavorable if rapid imaging is required when studying CAIX expression
dynamics during treatment, or upon disease progression.
Besides F(ab’)2 and IgG, we studied several other CAIX tracers (chapter 4, 5 and 6).
The small affibody-based CAIX tracer [111In]In-DOTA-CAIX:2 showed very promising
results in renal cancer tumor models and appears to be superior to girentuximab
for imaging-detection of disseminated disease in clear cell renal carcinomas
patients. Testing of this tracer in Head and Neck cancer models was generally
successful, with ex vivo high contrast ratios and the capability to discriminate a high
CAIX-expressing model from a low CAIX-expressing model. The fast clearance,
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however, did come at the cost of decreased absolute tumor uptake. The low tumor
uptake makes affibodies suboptimal for imaging of tumors with low CAIX expression.
Therefore, when concerning high tumor-to-background contrast, the Girentuximab-based tracer holds superior characteristics compared to both the F(ab’)2-based
and affibody-based tracer for imaging of CAIX in our hypoxic Head and Neck tumor
models.
In the search for the optimal tracer, nanobody-based tracers were a promising
candidate as well. However, just like the affibody-based tracer, the absolute tumor
uptake of a nanobody-based tracer was low in our models, which may hamper
these tracers for successful translation to a clinical setting at this time. Although
steps for further optimization are within reach; for example, modifications to
circulation time could make a big difference in terms of absolute tumor uptake, as
is shown in chapter 6. Currently, efforts are made to find the ideal combination of
a nanobody combined with an albumin-binding domain to find the optimal balance
between high tumor targeting and rapid clearance from non-target tissue.

Future perspectives
To investigate the predictive value of CAIX imaging, in vivo experiments can be
performed in which the most promising CAIX-targeting radiotracer is used for CAIX
imaging prior to treatment with radiotherapy, CAIX-targeting drugs, or hypoxia-modifying drugs. We propose to start with testing prognostic value of CAIX
imaging and the predictive value of CAIX imaging for radiotherapy since this
treatment is available in current clinical practice, and therefore if tested with positive
results, could lead to a swift clinical implementation.
Undoubtedly, eradicating the CAIX positive fraction or the hypoxic fraction alone
might not be enough to achieve a curative treatment, but will enable complete
eradication in combination with conventional treatments. Multiple combination
treatments for both hypoxia modifying treatments as well as for CAIX-targeting
treatments hold great promise for the near future. For example, one could think of
the combination of CAIX-targeting drugs or hypoxia activated prodrugs (HAPs) with
radiotherapy and/or with immunotherapy. These combined treatments find
theoretical ground, and the first preclinical studies enforce the hypothesis of a
synergistic therapeutic effect.5,17 CAIX imaging could steer this combined therapy
both before and during treatment.

8
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Further in vivo studies in immunogenic mice models are warranted to elucidate
optimal treatment combinations. Addition of an immunotherapy treatment, such as
checkpoint inhibition or radiation treatment to hypoxia modulating therapy could
be considered. When using murine tumors in these experiments, a murine CAIXtargeting radiotracer would be needed for imaging.
As technology advancements are developing at an accelerating pace, SPECT and
PET scanners will improve in resolution, sensitivity and functionality (multi tracer
imaging) . The impact of these improvements for biomarker imaging is multi-sided.
Firstly, when scanning sensitivity increases it will become easier to detect low
concentrations of radiotracer in the tumor. This could be especially beneficial for
affibody and nanobody tracers, which accumulate highly specific in CAIX positive
tumor areas, but suffer from low absolute tumor tracer uptake. Higher resolution
can be used for more accurate dose painting in radiotherapy, thereby potentially
decreasing radiation doses in radiosensitive tumor areas and surrounding tissues,
while maintaining equal therapy efficacy. Furthermore, technology developments
may allow combined scanning of multiple radiotracers using different gammaenergy peaks. Scanning of multiple biomarkers related to proliferation, angiogenesis
and hypoxia could enable visualizing the microenvironment of the entire tumor.
This would take personalized health care to a next level.
As our knowledge of cancer and its biology grows, many aspects and mechanisms
meet. The possibility to visualize CAIX and other biomarkers in vivo will aid in the
understanding of the disease. In recent years, enormous progress has been made
in the identification and exploitation of new biomarkers in oncology. Hypoxia related
CAIX-imaging could be a valuable asset in this range of diagnostic tools, if an
appropriate clinical setting is found where it has a strong predictive value.

Concluding remarks
CAIX-expressing cells in Head and Neck tumors typically represent the most therapyresistant and aggressive subvolumes of a tumor. Therefore, CAIX-based imaging
can serve as selection method to identify aggressive tumors.
The CAIX-targeting tracers described in this thesis are specific in their targeting and
able to distinguish CAIX-positive from CAIX-negative tumors. Additionally, we were
able to visualize and quantitively assess CAIX expression in multiple tumors models
with the use of microSPECT imaging. Although there is room for improvement, an
optimal tracer would have a higher absolute tumor uptake in combination relative
short circulation, we believe the time is ripe for clinical testing of CAIX-targeting
tracer in a non-renal cell carcinoma setting such as Head and Neck cancer. At the
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present time, this would be most promising by using the girentuximab-based tracer,
due to its high tumor-normal tissue ratios and because this compound is already
available and clinically tested in a different patient population.
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Summary
Hypoxia is known to be a crucial feature of aggressive behavior in solid tumors.
Induced by hypoxia, carbonic anhydrase IX (CAIX) is an important pH-regulating
protein that helps cancer cells to survive a harsh hypoxic microenvironment.
Visualization of this protein with non-invasive molecular imaging can provide valuable
information about the biology of individual tumors and thereby enable patient
selection for specific cancer treatments. To visualize CAIX by radionuclide imaging,
a radiotracer with appropriate pharmacokinetic characteristics is needed. The studies
in this thesis describe the characterization of different CAIX-targeting radiotracers
in patient-derived head and neck squamous cell carcinoma (HNSCC) models.
In chapter 2 the antibody-based SPECT tracer [111In]In-girentuximab-F(ab’)2 was
characterized in vitro by determination of the binding affinity to CAIX and internalization in high CAIX-expressing SK-RC-52 cells. The affinity constant IC50 was low with
0.69 ±0.08 nM and 26% of the cell-associated tracer radiotracer was internalizated
in 24 hours.
Subsequently, [111In]In-girentuximab-F(ab’)2 was tested in vivo in six patient-derived
HNSCC models with varying levels of hypoxia and CAIX expression.
Tumor uptake 24h after tracer injection was measured by ex vivo biodistribution
studies and showed a strong correlation between tumor tracer uptake and CAIX
expression. These data suggest that it is feasible to use this radiotracer for
microSPECT imaging of CAIX.
Proceeding on the work described in the previous chapter, optimization steps for
preclinical microSPECT imaging with [111In]In-girentuximab-F(ab’)2 in HNSCC
models are reported in chapter 3. First, a protein dose-escalation study (1, 3, 10, 30,
100 µg) in the high CAIX-expressing SCCNij153 was performed. The highest tumor
uptake (up to 3.7 ± 1.4 %ID/g) and tumor-to-muscle ratio (up to 15 ± 8.4) were
observed for 3 to 30 µg of the radiotracer. Next, optimal time interval between
tracer injection and imaging was determined in the SCCNij202 model. At 4, 24 and
48 hours after injection of 10 µg [111In]In-girentuximab-F(ab’)2 microSPECT imaging
was performed combined with ex vivo tracer biodistribution studies. In this experiment
an interval of 24 hours after tracer injection resulted in a high tumor-to-background
ratio and high tumor tracer uptake. By blocking CAIX antigen with pre-injection of
intact girentuximab we were able to determine the CAIX-specific tumor uptake.
Quantitative analysis of the SPECT images showed a significant difference between
blocked and non-blocked tumors with a positive fraction of 0.22 ± 0.02 versus
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0.08 ± 0.01, proofing specificity of the tracer and feasibility for quantitative
assessment of CAIX.
Subsequently, in chapter 4 we describe the comparison of three promising CAIXtargeting tracers in HNSCC models. [111In]In-girentuximab, [111In]In-girentuximabF(ab’)2 and , [111In]In-HE3 -ZCAIX:2 an affibody which showed impressive results
when studied previous in a renal cancer model, were tested to assess their capability
to discriminate between a low CAIX-expressing tumor (SCCNij185) and a high CAIXexpressing (SCCNij153) tumor. All radiotracers showed a significant difference in
tumor uptake when measured ex vivo. However, when imaged in vivo with microSPECT, only [111In]In-DTPA-girentuximab-F(ab’)2 and [111In]In-DTPA-girentuximab
showed a clear difference in tracer distribution between the two tumor models.
The affibody-based tracer did not enable clear imaging of the tumor, which can be
explained by the low absolute tumor tracer uptake of this compound. The The whole
IgG, i.e. [111In]In-DTPA-girentuximab, showed the highest tumor uptake (up to
30±2.1%ID/g) and tumor-to-muscle ratio (up to 26±3.5 in the SCCNij153 model).
Concluding, that both the whole IgG-based and F(ab’)2-based tracer seem
promising to distinguish low-CAIX-expressing from high CAIX-expressing tumors.
Chapter 5 discusses the results gained from the comparison of [111In]In-girentuximab-F(ab’)2 with 99mTc-labeled and 111In-labeled affibody ZCAIX:2 in the non-hypoxic
SK-RC-52 renal cell carcinoma tumor model. In vitro, the 111In-labeled affibody
variant showed a slightly lower affinity than the 99mTc-labeled variant. Although the
affinity constant for [111In]In-girentuximab-F(ab’)2 was approximately 10-fold higher,
in vivo [111In]In-DOTA-HE3 -ZCAIX:2 offered significantly higher absolute tumor
tracer uptake and higher tumor-to-muscle ratios compared with [111In]In-girentuximab-F(ab’)2. Both tracers did suffer from kidney retention, which hinders visualization
of CAIX expression in tumors in and around the kidneys. Therefore, we concluded
that [111In]In-DOTA-HE3 -ZCAIX:2 is the most promising tracer for imaging of CAIX
expression in RCC metastases.
In chapter 6, a new nanobody-based radiotracer was characterized for SPECT
imaging of CAIX. The compound, [111In]In-DTPA-B9, was first evaluated in vitro by
testing its affinity and internalization using SK-RC-52 cells. In these experiments
[111In]In-DTPA-B9 was directly compared to [111In]In-girentuximab and [111In]
In-girentuximab-F(ab’)2. This new compound showed to have an IC50 value of 66.5
nM, which is approximately 100 times higher than that of [111In]In-girentuximab.
Furthermore, it showed a very low internalization of less than 4% of the added
tracer.
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Afterwards, we assessed the tracers in vivo biodistribution and tumor-targeting
characteristics in the high CAIX-expressing SCCNij153 tumor model. First, a
dose-escalation (1, 5, 25 µg) study was performed, followed by a time optimization
experiment (4, 24, 72h). In the dose-escalation study [111In]In-DTPA-B9 proved to
have high tumor-to-muscle ratios with a protein dose of 5 µg (26.9 ± 11.4), although
absolute tumor uptake was relatively low (1.05 ± 0.14 %ID/g). To improve the
absolute tumor uptake, the albumin binding domain (ABD) was added to the
radiotracer. This modified compound indeed show higher tumor uptake (4.11 ±
1.72 vs 0.73 ± 0.13 %ID/g) at 4 hours after tracer injection, but much lower tumorto-muscle ratios. Despite of the relatively low tumor uptake, we were able to
visualize the CAIX-positive tumor with microSPECT using [111In]In-DTPA-B9.
In addition, we demonstrated the possibility to modify the half-life of this tracer
in vivo, thus opening the opportunity to optimize this tracer even further.
In chapter 7 we evaluated the CAIX-targeting tracer [111In]In-girentuximab-F(ab’)2
for the purpose of tracking changes in CAIX-expression in time. Hypoxia modulating
treatments were tested to induce a change in hypoxia and consequently CAIXexpression levels. One of these treatments, atovaquone was able to reduce tumor
CAIX expression as measured immunohistochemically. However, the tumor uptake
of [111In]In-girentuximab-F(ab’)2 did not change as measured by microSPECT
imaging and ex vivo biodistribution studies after atovaquone treatment. Furthermore,
we showed that atovaquone treatment increased the vessel density of the tumors
and treatment with hypoxic breathing affected the necrotic in the FaDu model.
The influence of hypoxia modulation on the tumor’s vascularization could provide
a possible explanation why tumor tracer uptake did not reduce after treatment with
atovaquone. In general, this study demonstrates that changes in vessel density or
blood perfusion induced by the treatment may hamper the applicability of [111In]
In-G250-F(ab’)2 for assessment tumor hypoxia.
In conclusion, the preclinical experiments shown in this thesis have demonstrated
the in vitro and in vivo characteristics of different CAIX-targeting tracers in several
hypoxic HNSCC models and in a non-hypoxic renal cancer model. In addition, we
have shown possible obstacles when using one of these CAIX-targeting tracers for
monitoring changes in CAIX levels. All tracers showed different characteristics, and
assessment on which tracer is best depends on the setting and task the tracer is
used for. Optimal prolongation of half-life for the nanobody-based tracer should be
further investigated and may lead to a superior tracer. To move forward to clinic
implementation, the girentuximab-based tracer seems most promising for the
imaging of hypoxia-induced CAIX in patients, because of its high tumor uptake and
high tumor-to-background contrast ratios.
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Dutch summary
Als kankercellen een tekort hebben aan zuurstof passen ze hun gedrag aan. Deze
ademnood, ook wel hypoxie genoemd, zorgt ervoor dat kankercellen zich ‘agressiever’
gedragen waardoor ze minder gevoelig worden voor therapie en zich makkelijker
uitzaaien. Daarom is hypoxie een belangrijke voorspeller hoe goed een tumor gaat
reageren op behandeling, zoals chemo- en/of radiotherapie.
Niet-invasieve beeldvorming met Positron Emssion Tomography (PET) of Singlephoton Emission Computed Tomography (SPECT) maakt het mogelijk om celeigenschappen zichtbaar te maken met behulp van een scan. Hierbij wordt een radionuclide
gekoppeld aan een antilichaam of ander eiwit, dit noemen we een radiotracer.
Deze radiotracer bindt aan bepaalde eiwitten die voorkomen op het oppervlak van
kankercellen.
In dit proefschrift wordt onderzocht met welke radiotracer en onder welke
omstandigheden het eiwit Carbonic Anhydrase IX (CAIX) kan worden afgebeeld
met niet-invasieve beeldvorming. We zijn geïnteresseerd in het zichtbaar maken
van CAIX omdat dit eiwit in verhoogde mate voorkomt op tumorcellen die in ademnood zijn, oftewel hypoxie vertonen. Onze hypothese is dat als we de hoeveelheid
CAIX in een tumor nauwkeurig kunnen afbeelden, we beter kunnen voorspellen
hoe agressief een tumor is en hoe goed deze zal reageren op behandeling.
In hoofdstuk 2 maken we gebruik van de radiotracer [111In]In-girentuximab-F(ab’)2.
Dit is een radiotracer waarbij de radioactieve stof indium-111 (111In) gekoppeld is
aan een fragment van het antilichaam girentuximab, waarvan bekend is dat het aan
CAIX bindt.
De stof werd eerst op niertumorcellen (SK-RC-52) getest waarbij gekeken werd
naar de mate van binding aan CAIX. Hieruit blijkt dat [111In]In-girentuximab-F(ab’)2 in
een vergelijkbare mate bindt aan CAIX als het volledige antilichaam en dat de stof
voor een deel de tumorcel binnen dringt.
Vervolgens werd de stof getest in een diermodel, waarbij muizen subcutaan
verschillende hoofd-hals tumormodellen (gecreëerd uit tumorbiopten van verschillende
patiënten) dragen. Hieruit bleek dat de mate van opname van de radiotracer [111In]
In-girentuximab-F(ab’)2 correleert met de hoeveelheid en lokalisatie van CAIX in de
verschillende tumormodellen, zoals vastgesteld werd met gebruik van microscopie.
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Vervolgens worden in hoofdstuk 3 de optimale omstandigheden voor het afbeelden
van CAIX met dezelfde radiotracer onderzocht. Eerst wordt gekeken naar het effect
van de eiwitdosis per tracerinjectie. Maximale opname van [111In]In-girentuximabF(ab’)2 werd gezien bij een eiwitdosis van ≤ 10 µg. Ook werd gekeken naar verschillende
tijdsintervallen tussen tracerinjectie en het moment waarop de SPECT scan werd
gemaakt. Hieruit bleek dat 24 uur na injectie van de radiotracer de tumor goed
zichtbaar gemaakt kon worden.
Om te kijken naar het onderscheidend vermogen van de radiotracer tussen
tumoren die geen CAIX tot uitdrukking brengen en zij die dit wel doen, werden
scans gemaakt waarbij bij één groep muizen CAIX geblokkeerd werd met een
overmaat niet radioactief gelabeld girentuximab en bij een andere groep niet.
Vervolgens werden van de tumoren van deze dieren SPECT-scans gemaakt. In deze
afbeeldingen werd het tracersignaal vervolgens kwantitatief geanalyseerd. Daarbij
werd significant meer signaal gezien in de groep zonder CAIX-blokkade. Hierbij
werd gezien dat de tracer specifiek bindt aan CAIX bindt, maar dat er ook enige
niet-specifieke opname is.
Vervolgens vergelijken we [111In]In-girentuximab-F(ab’)2 met andere CAIX-bindende
radiotracers: [111In]In-DTPA-girentuximab (gebaseerd op een geheel antilichaam)
en [111In]In-HE3 -ZCAIX:2 (een veel kleinere gesynthetiseerde stof, ook wel affibody
genoemd). Deze tracers hebben net als [111In]In-girentuximab-F(ab’)2 potentie om
gebruikt te worden voor het afbeelden van CAIX, maar tonen grote verschillen in
onder andere grootte en chemische structuur. In hoofdstuk 4 onderzochten we
deze stoffen in twee hoofd-hals tumormodellen en vervolgens in hoofdstuk 5 in
een niercel-tumormodel.
Getracht werd de drie bovengenoemde radiotracers zo eerlijk mogelijk te vergelijken
wat betreft de geschiktheid om de hoeveelheid CAIX binnen een tumor af te beelden.
Hierbij was de hoofdvraag welke tracer het best onderscheid maakt tussen een
tumor met weinig CAIX en een tumor met veel CAIX. Het onderscheidend vermogen
werd beoordeeld door opname van de tracer te vergelijken in twee tumormodellen,
een tumormodel met weinig CAIX (SCCNij185) en een tumor met veel CAIX
(SCCNIJ153). Met een kwantitatieve analyse op basis van de SPECT beelden zagen
we een significant verschil tussen SPECT beelden het SCCNIJ185 en SCCNij153
model bij het testen van [111In]In-girentuximab en [111In]In-girentuximab-F(ab’)2. Dit
verschil zagen we niet bij gebruik van [111In]In-HE3 -ZCAIX:2, vermoedelijk doordat
in beide tumormodellen de absolute hoeveelheid opname van de tracer te laag
was voor het afbeelden van CIAX in gebruikte omstandigheden. Girentuximab-F(ab’)2
levert in deze setting het sterkste contrast en daarmee de beste afbeeldingen.
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In de volgende studie (hoofdstuk 5) werd gekeken hoe verschillende radiotracers
zich gedragen in een niet hypoxisch nierceltumor model. Dit tumormodel is beter
doorbloed, maar toont veel CAIX vanwege een specifieke genmutatie. [111In]In-girentuximab-F(ab’)2 werd vergeleken met [111In]In-HE3 -ZCAIX:2 en [99mTc]Tc(CO)3 HE3 -ZCAIX:2.
Deze studie laat zien dat alle tracers in veel hogere mate opgenomen worden in dit
niertumor model ten opzichte van de hoofd-hals modellen. Dit wordt verklaard
door het feit dat CAIX in deze tumoren niet gereguleerd wordt door hypoxie, maar
door een genetische mutatie. Hierdoor maken deze tumorcellen zeer grote
hoeveelheden CAIX. De hoge concentratie CAIX zorgt ervoor dat [111In]In-HE3 ZCAIX:2 en [99mTc]Tc(CO)3 -HE3 -ZCAIX:2 een veel hoger contrast tussen tumor en
omliggend weefsel laten zien, ten op zichte van [111In]In-girentuximab-F(ab’)2. Dit
laatste maakt deze stoffen, in tegenstelling tot de resultaten in hoofd-hals tumor
modellen, uiterst geschikt voor het afbeelden van CAIX in dit nierceltumor model.
Hoofdstuk 6 rapporteert de synthese en karakterisatie van een nieuwe stof, die
potentieel nog gunstigere eigenschappen bezit voor het afbeelden van CIAX,
genaamd [111In]In-DTPA-B9 (deze stof behoort tot de zogenaamde nanobody
groep). [111In]In-DTPA-B9 toont een goede affiniteit voor CAIX, ook al is deze wel
zwakker vergeleken met [111In]In-girentuximab en [111In]In-girentuximab-F(ab’)2.
In hetzelfde hoofd-hals tumor model als waarin [111In]In-girentuximab-F(ab’)2 is
getest wordt gekeken naar de eigenschappen van de nanobody tracer. De optimale
eiwit dosis is ≤ 5 µg en beeldvorming met SPECT is mogelijk vanaf 4 uur na
tracerinjectie. Het contrast tussen tumor en spierweefsel is erg hoog, maar de
absolute traceropname in de tumor is laag. Daardoor is de tracer suboptimaal voor
het visualiseren van CAIX. Om dit te verbeteren wordt een extra eiwit (albumine
binding domain) gekoppeld aan de radiotracer, waarbij de hypothese is dat deze
aanpassing de klaring door de nier van de tracer zal vertragen en daardoor langer
blijft circuleren. De absolute tumor opname stijgt significant door deze aanpassing,
maar dit gaat tevens ten koste van het eerdergenoemde contrast met normaal
weefsel. Dit zal in vervolgstudies verder geoptimaliseerd worden.
De toepasbaarheid van een CAIX-gerichte radiotracer om hypoxie en CAIX te
monitoren tijdens therapie wordt in hoofdstuk 7 onderzocht. Het doel van dit
onderzoek is bepalen of het effect van therapie op de hoeveelheid CAIX in de
tumor gemeten kan worden met behulp van SPECT-scans. Hierbij werd [111In]Ingirentuximab-F(ab’)2 gebruikt om CAIX af te beelden na verschillende behandelingen
die invloed hebben op de hoeveelheid zuurstof en het zuurstofgebruik in de tumor.
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De tumoren werden na behandeling zowel afgebeeld met behulp van radiotracer
[111In]In-girentuximab-F(ab’)2 in combinatie met SPECT-scans, als met microscopie
met immunohistochemische kleuringen. Met behulp van de immunohistochemische
kleuringen zagen we dat met één van deze behandelingen, met het middel
Atovaquone, de hoeveelheid hypoxische gebieden en de hoeveelheid CAIX op de
tumorcellen significant kon worden verminderd. Ook zagen we bij deze kleuringen
invloed van het middel op de bloeddoorstroming van de tumor.
Op de SPECT-beelden van deze tumoren kon het verschil tussen controle en
behandeling met Atovaquone echter niet gezien worden. Een mogelijke verklaring
hiervoor is dat de opname van deze tracer ook sterk afhankelijk ik van de bloeddoorstroming van de tumor.
Concluderend, in dit proefschrift laten verschillende (dier)experimenten zien dat
het mogelijk is om CAIX af te beelden met CAIX-gerichte radiotracers in verschillende
tumormodellen. [111In]In-girentuximab toonde in een hoofd-hals tumormodel het
beste signaal. Daarbij komt ook aan het licht dat de opname van verschillende
radiotracers afhangt van het gebruikte tumormodel, voor CAIX-afbeelding in
hoofd-hals tumoren blijken andere karaktereigenschappen van de radiotracer van
belang dan voor de afbeelding van CAIX in niertumoren. Verder geeft dit proefschrift
inzicht in mogelijke obstakels en uitdagingen bij het afbeelden van hypoxische
gebieden in de tumor met CAIX-gerichte radiotracers. Hiermee wordt een stap
gezet in de toepasbaarheid van CAIX-afbeelding in zuurstofarme tumoren.
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Data management statement
Research data were obtained between January 2016 and January 2020 at the Radboud
university medical center and the Uppsala University in Sweden. Experiments were
performed at the nuclear medicine laboratory, PRIME, and Radiotherapy and Onco-Immunology (ROI) laboratory. Data were stored on at least two locations. Research
experiment were numbered according to the general system managed by the ROI
laboratory. SPECT data from the animal facility was backed-up on a central system,
which is managed by the nuclear medicine research group, and on a separate
external hard drive. Data retrieved from the nuclear medicine laboratory was stored
on a local computer, which is backed up on external hard drive using the Time
Machine system® . Additionally, this data was stored and locked in the digital online
lab journal, Labguru. Labguru data was stored as “view only” for others and is only
accessible for collaborating laboratory members. Microscopy imaging data obtained
in the ROI laboratory was stored on a central computer system of the laboratory,
which is automatically backed up at a different location.
Data described in chapter 5 was obtained at the Uppsala university in Sweden. This
data was managed by the research group of Vladimir Tolmachev. Chapters 2,3,4
and 5 were published online. Chapters 3,4 and 5 were published by open access
journals and therefore are publicly available.

8

163

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 163

CHAPTER 8

164

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 164

EPILOGUE

About the author
Fokko Huizing was born 22 June 1987 in Delfzijl,
the Netherlands. As a son of Jacob Huizing (physicist)
and Marion van der Kroft (biologist) he was broad up
with an interest in nature and technology. In 2005,
he graduated from secondary school at the Ommelander
College in Appingedam. He chose to study medicine,
but due to the numerus fixus system he started studying
econometrics and soon switched to medicine when he
was allowed in at faculty of medicine from the University
of Groningen (RUG).
During his bachelor he chose elective courses in astronomy and radioactivity,
and his science project was devoted to the radiology topic of semi-automated area
assessment of the aortic valve. He subsequently performed clinical rotations in
Groningen and Deventer, before going abroad for his scientific internship. In Dunedin,
he studied the epidemiology and initial presentation of inflammatory bowel disease in
the Southern region of New Zealand. This project was supervised by gastroenterologist
Prof. dr. Michael Schultz.
He obtained his medical degree in 2014 and started his first clinical job at the Scheper
hospital in Emmen. Because he was specifically attracted to the field of radiation
oncology, he started doing research at the department of radiation oncology in the
RadboudUMC. His work, under the supervision of Prof. dr. Jan Bussink, led to the
making of this thesis.

8

165

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 165

CHAPTER 8

166

548838-L-bw-Huizing
Processed on: 28-9-2020

PDF page: 166

EPILOGUE

Dankwoord
Het was een groot voorrecht onderdeel te mogen zijn van de wetenschappelijke
gemeenschap. Voor mij was het een mooie tijd en het heeft ook nog eens dit
proefschrift opgeleverd. Ik wil graag iedereen bedanken die een bijdrage gehad
heeft bij het tot stand brengen van dit proefschrift. Het was een interessante en
levensverrijkende tocht, die lang niet zo leuk geweest zou zijn zonder jullie.
Beste Jan, ik herinner me ons eerste gesprek nog vrij goed. Jij legde het potentiele
onderzoeksproject uit, waarbij ik inhoudelijk vrij snel afhaakte, maar ik begreep dat
het om labwerk, muizen en radioactief materiaal ging en dus was ik geboeid. Dat ik
nog nooit op een lab gestaan had baarde mij wel enige zorgen (jou misschien ook
wel). Toch zijn we het avontuur samen aangegaan. Hierbij heb je mij alle vertrouwen,
structuur en opbouwende kritiek gegeven die ik nodig had. Altijd was je positief en
dat hielp enorm om de motivatie op peil te houden. Een promotor als jou gun ik
elke promovendus, dankjewel.
Beste Otto, jouw rondleiding door het ziekenhuis en het PRIME overtuigde me om
naar Nijmegen te komen. Jouw schrijfkunst, ervaring en internationale reputatie
waren cruciaal voor dit proefschrift. Feedback op manuscripten gaf je vaak voordat
ik op adem was gekomen van het schrijven. Door een simpel telefoontje van jou
naar Zweden lukt het ons een mooie internationale samenwerking op te zetten met
twee mooie papers als gevolg. Toen je aangaf te stoppen als professor had je me
al dusdanig op weggeholpen dat ik mij geen zorgen maakte over de voortgang van
het project en je feedback kwam nog even snel. Dank voor alles.
Beste Bianca, jij gaf me de kickstart die ik nodig had (en 200 papers om te lezen)
aan het begin van mijn onderzoek. Meestal een bomvolle agenda, maar altijd
behulpzaam en vriendelijk. Met je eigen phd nog vers in het geheugen gaf jij me de
praktische handvaten voor de aanpak van experimenten en het vinden van de juiste
kennis. In het begin toverde je mijn gebroken Engels om naar prachtige wetenschappelijk volzinnen en wist je me daarbij ook nog een goed gevoel te geven
over mijn werk. Maar ook bij mijn recente schrijfwerk wist jij altijd nog een nuttige
toevoeging te plaatsen. Je betrokkenheid bij het project, maar ook bij mij persoonlijk
heb ik altijd erg op prijs gesteld.
Beste Sandra, vanaf het moment dat jij betrokken raakte bij het project heb je
meteen een stempel op het werk gedrukt. Je nuchterheid en frisse kritische blik
hielp en bracht schot in de experimenten en het schrijfwerk. Zonder jouw hulp in
de communicatie over biochemie met onze Zweedse vrienden was deze samen -
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werking waarschijnlijk niet zo’n succes geworden. Samenwerken met jou gaf me
veel werkplezier. Ik heb grote bewondering voor jouw professionele werkhouding,
waarbij je zowel op hoog niveau wetenschappelijk werk levert en tegelijkertijd oog
hebt voor je collega’s en alles buiten het onderzoek.
Beste Gerben, onder jouw leiding leerde ik onder andere pipetteren en muizen
scannen. Je was voor mij een goede leermeester. Je lachte me soms uit op het lab,
maar hielp me even vaak uit de brand. Met jou als back-up waren experiment dagen
vol met scans goed te doen. Dank voor de relaxte doch efficiënte manier van
werken en het organiseren van de Tourpool natuurlijk.
Beste Jasper, dank voor het vele werk dat jij verricht hebt voor de totstandkoming
van dit proefschrift. Je precisie bij het verwerken van de tumoren tot microscopische
afbeelding is bewonderenswaardig. Zonder jou waren de plaatsjes in dit boek lang
zo mooi niet geweest! Dank ook voor de weetjes en droge humor, die het werken
op de microscopenkamer leuk maakte.
Dear Javad and Vladimir, thank you for your hard work and faith in our collaboration.
I believe our work is a great example of how international collaborations can bring
science forward.
Beste Sanne, zonder jou had het nanobody hoofdstuk niet in dit boek gezeten.
Dank voor al het werk rondom deze experimenten en je enthousiasme op het lab.
Veel succes met de proeven die nog lopen, ik ben ervan overtuigd dat jij dit werk
tot een groot succes gaat maken.
Beste Jeroen, Bianca, Kitty, Michel, Karen, Iris en iedereen die me nog meer
geholpen heeft op het dierenlab. Ik heb jullie flexibiliteit meermaals op de proef
gesteld. Maar behoudens 1 verwisseling van muizen liep het altijd op rolletjes.
Dankzij jullie was de kwaliteit van de experimenten erg hoog. Dank voor de kundige
en zorgzame manier waarop jullie met de dieren werken.
Muizen, ik realiseer me dat jullie bedrage aan dit werk niet op vrijwillige basis was.
Dank voor jullie offer. Ik ben ervan overtuigd dat het niet voor niets was.
Dank ook aan alle andere collega’s die me met grote of kleine dingen hielpen.
In het bijzonder: Paul Rijken, voor computerscripts, die me een muisarm bespaarde.
Wenny, dank voor de SK-RC-52’s waarvan ik nooit precies wist wanneer ik ze nodig
zou hebben. Hans, voor de coupes in nood. Paul Span, voor de adviezen en het
meedenken.
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Kamergenoten en partners in crime: Eva-Leone, Annemarie, Wouter, Simone,
Christian, Lisa, Natasja, Natasha, Lisa, Stephanie, Melissa, Daan voor de gezelligheid
en afleiding (animal of the week) op dagen waar we te veel achter een computerscherm zaten. Shout-out to Chewy, Pieter, Katrin,Tonkie en Renske, for making me
smile in almost every encounter I had with you guys.
De gehele Nucmed research groep, dank dat jullie mij adopteerde in jullie gezelschap.
Dank voor de fijne samenwerking op het lab, congres bezoeken, kerstborrels,
weekendjes weg, lanparty’s, ik heb ervan genoten. Hoe jullie met z’n allen hoog
niveau wetenschap combineren met een ongedwongen sfeer is fantastisch.
Friends from the radiology and pathology department, thanks for the sometimes-escalating Friday evenings at the Aesculaaf and other social gatherings.
Dear Michael Schultz, with your enthusiastic supervision during my masters
research project in Dunedin, New Zealand you inspired me to pursue my ambitions
in science. Thanks a lot!
Vrienden buiten het Radboud, ook jullie hebben mij geholpen bij het maken van dit
proefschrift. Dank voor jullie steun. Soms had ik jullie nodig voor advies en altijd
gaven jullie mij afleiding en motivatie. Studievrienden, clubgenoten, familie, hockeyvrienden, en alle andere fijne mensen die ik door de jaren heb leren kennen, dank!
Paranimfen, Sjoerd en Erik, afgelopen jaren heb ik veel aan jullie gehad bij het
maken van moeilijke beslissingen en jullie hebben me enorm geholpen bij de
laatste loodjes van mijn promotie. Dank ook voor het grote genieten op tripjes naar
Schier of -we zijn nu toch onder elkaar- aan de Japanner. Het is dan ook een
voorrecht om jullie aan mijn zij te hebben bij de verdediging van dit proefschrift.
Lieve ouders, lieve broer, ik prijs me gelukkig met jullie als familie. Pappa, mamma,
dank voor de opvoeding en de vrijheid die jullie mij gaven. Nog altijd geven jullie mij
steun bij moeilijke zaken. Zelfs dit proefschrift bevat verbeteringen van jullie hand.
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