
Chapter 9
Carbonic Anhydrase IX: Current
and Emerging Therapies

R. I. J. Merkx, P. F. A. Mulders, and E. Oosterwijk

Abstract Carbonic anhydrase IX (CAIX) is a transmembranous enzyme that is
present in multiple carcinomas, including clear cell renal cell carcinoma (ccRCC).
CAIX is a validated cell marker for hypoxia, an important asset in the prediction of
radiotherapeutic efficacy. CAIX expression in ccRCC is high and homogenous, the
consequence of mutations in the von Hippel Lindau gene, leading to a pseudohy-
poxic phenotype. CAIX is recognized, amongst others, by the monoclonal antibody
G250. The high expression of CAIX in the most common malignant renal cancer
in combination with very limited expression in normal tissue endorses CAIX as a
promising candidate for multiple antibody-based applications in this disease. This
chapter explores potential clinical applications, including the guidance of clinical
decision making in case of diagnostic dilemmas concerning ccRCC suspicion, the
use of real-time monitoring of surgical margins during renal surgery, the develop-
ment of novel therapeutic options in patients with advanced ccRCC, and the use of
CAIX imaging in hypoxic tumors.
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9.1 Introduction

Carbonic anhydrases (CA) form a family of zinc metalloenzymes that catalyze the
reversible hydration of carbon dioxide, producing bicarbonate and a proton (Hilvo
et al. 2008).

CAIX was initially named MN protein after being identified as a cell surface
protein in a human cervical carcinoma cell line (HeLa) (Pastorek et al. 1994; Zavada
et al. 1993; Pastorekova et al. 1992). When it became clear that this protein belonged
to the family of Cas, it was adequately denominated as the ninth member of the
CA family: CAIX. CAIX is a suitable pHi regulator in conditions of environmental
acidosis (Innocenti et al. 2009). In normal tissue, CAIX expression is limited to the
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gastrointestinal tract, mainly the gastric mucosa and the bile ducts, where it plays a
role in maintaining the acid–base balance.

Prominent expression of CAIX has been observed in multiple carcinomas,
including lung, kidney, brain, colon, pancreas, liver, breast, endometrium, esoph-
agus, ovary, and skin (Ivanov et al. 2001). The most homogeneous expression has
been observed in clear cell Renal Cell Carcinoma (ccRCC). Elegant studies have
demonstrated that regulation of CAIX expression is mainly dependent on transcrip-
tion factor hypoxia inducible factor 1 (HIF-1α) (Wykoff et al. 2000). In normoxic
conditions, HIF-1a is hydroxylated by prolyl hydroxylase domain proteins (PHDs)
and bound by pVHL, inciting the polyubiquitylation of prolyl hydroxylated HIF-
1a for subsequent degradation via the 26S proteasome (Aprelikova et al. 2004).
Under hypoxic conditions, hydroxylation does not occur, leading to HIF accumula-
tion since pVHL binding is inhibited and HIF degradation prevented (Mucaj et al.
2012). This leads to nuclear translocation, and after heterodimerization with HIF-
1beta, the transcription factor binds to hypoxic responsive elements in gene promotor
regions leading to expression of multiple genes, amongst others CAIX (Benej et al.
2014).

The main driver event in the development of ccRCC is a mutation of VHL. This
also leads to expression of hypoxia responsive genes, as the mutated pVHL cannot
bind HIF-1α, leading to HIF1α accumulation and nuclear translocation, a so-called
pseudohypoxic response. The almost ubiquitous mutation of VHL in ccRCC also
explains the homogeneous expression of CAIX in these tumors (Fig. 9.1).

CAIX is recognized by, amongst others, the monoclonal antibody (mAbG250).
This antibody was discovered in 1986 (Oosterwijk et al. 1986). Initial studies with
G250 indicated specific expression in renal cell carcinoma (RCC), while expression
in normal renal tissue was absent. Other normal tissue sites with CAIX expression
included bile-duct epithelium and mucous cells in the stomach. Interestingly, G250
antigen expression was also found in other tumor types, albeit less homogenous and
at a lower rate. Molecular identification of the recognized antigen lasted until 2000,
and it became clear that it was identical to the tumor-associated antigen MN/CAIX
(Grabmaier et al. 2000).

This high expression of CAIX in the most common malignant renal cancer in
combination with very limited expression in normal tissue endorsed CAIX as a

Fig. 9.1 Immunohistochemical staining of CAIX in various carcinomas. A: Renal cell carcinoma
B: Lung carcinoma. C: Breast carcinoma
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promising candidate for diagnostic and therapeutic modalities in this disease. While
current research has mostly focused on ccRCC, the potential of CAIX-targeting
extends to other CAIX-expressing malignancies, albeit that the less homogeneous
expression may hamper success.

9.2 Carbonic Anhydrase IX Imaging

9.2.1 CAIX Imaging in RCC

CAIX imaging in RCC has been extensively investigated over the last decades. Renal
tumors are divergent and their behavior is highly dependent on the pathophysiolog-
ical subtype. This ranges from benign (20%, including oncocytoma and angiomy-
olipoma) to indolent (papillary and chromophobe carcinoma) with limitedmetastatic
potential to the more aggressive metastatic clear cell renal cell carcinoma (ccRCC)
(Leibovich et al. 2010). Due tomore frequent radiological evaluation of the abdomen,
the incidence ofRCChas increased (Capitanio et al. 2019). Identification of the tumor
phenotype is paramount to improve clinical decision making and enable individual-
ized treatment planning. Importantly, approximately 20–30% of kidney lesions are
non-malignant andwatchful waitingmay be possible. Currently, the differential diag-
nosis is achieved through renal tumor biopsies. This is an invasive procedure with
a poor predictive value. Conventional imaging methods (i.e., computed tomography
(CT) and ultrasound) cannot reliably distinguish between the indolent and aggressive
malignancies (Kutikov et al. 2006). Positron emission tomography (PET) and single
photon emission computed tomography (SPECT) are nuclear imaging modalities
that offer the ability to non-invasively visualize pathophysiological characteristics
of tumors. For this purpose, noninvasive imaging of CAIX using radiolabeled G250
has been developed.

Multiple preclinical studies in variousmousemodels using different radionuclides
have shown excellent selective uptake of mAbG250 in CAIX-expressing xenografts
(Brouwers et al. 2004a; Steffens et al. 1998,1999a; Dijk et al. 1991; Kranenborg
et al. 1997). The very limited expression of CAIX in normal tissue combined with
the homogenous CAIX expression in ccRCC led to the initiation of multiple clinical
studies.

In 1993, the first clinical study was published, documenting the imaging and
biodistribution characteristics of 131I-mAbG250 in patients suspected for RCC.
The explicit visualization of primary and metastatic RCC lesions combined with
remarkable uptake of antibody in CAIX-positive tumor tissue demonstrated its diag-
nostic potential. However, development of human-anti-mouse-antibodies (HAMA)
prevented repeated administration (Oosterwijk et al. 1993).

The potential of CAIX imaging in RCC was supported after the chimeric version
of the mAbG250 (cG250/girentuximab) was successfully used in a similar study.
The characteristics and performance of cG250were similar to the murine antibody in



208 R. I. J. Merkx et al.

terms of optimal protein dose, tumor-specific uptake, and visual assessment (Steffens
et al. 1997).More importantly, the chimerization greatly reduced the immunogenicity
of the antibody, and development of human anti-chimeric antibody (HACA)was rare.
Thus, multiple administrations became feasible.

At the same time, with a gradually increasing availability of various radionuclides,
careful selection of the radionuclide based on physical half-life and other character-
istics for specific indications became possible. Subsequently, the most promising
radionuclides (131I (t1/2 = 8.0 days), 125I (t1/2 = 59.4 days), 124I (t1/2 = 4.2 days),
111In (t1/2 = 2.8 days), and 89Zr (t1/2 = 3.3 days)) were used in combination with
cG250 in phase I/II studies.

Although the tumor uptake of the radiolabeled cG250 was high, intratumoral
uptakewas surprisingly heterogeneous and could not be explained by antigen expres-
sion alone. As intratumoral necrosis and tumor vasculature did not seem to consis-
tently associate with the heterogenicity, the impact of multiple administrations on
tumor uptake of the antibody was studied. Patients with primary kidney tumors
received two presurgical administrations, separated by four days, of 125I- and 131I-
cG250, respectively. Analysis of the surgically removed specimen showed an iden-
tical uptake pattern of both radiolabeled cG250, indicating that two consecutive
administrations did not significantly alter the heterogeneous pattern (Steffens et al.
1999b).

In order to compare the CAIX targeting 131I-cG250 with the clinically available
PET-tracer 18F-FDG, an intrapatient comparison study in patients with advanced
RCC was initiated. Remarkably, the PET-tracer 18F-FDG proved to be superior in
comparison to 131I-cG250 for detection of RCC metastases (Brouwers et al. 2002).
Since 131I is physiologically excreted from the cell after intracellular proteolytic
digestion of labeled antibody, the intracellular retainment of the radionuclide could
play an important role in achieving improved tumor to background ratios. This intra-
cellular retainment of a radioisotope after internalization is called residualization.
Radiometals, such as 64Cu, 111In, and 89Zr are not excreted, and are also suited for
diagnostic and therapeutic purposes when bound to (internalizing) antibodies.

In view of the former, an intrapatient comparison study was initiated using the
residualizing 111In and the non-residualizing 131I as radiolabels. 111In-cG250 showed
superior tumor to background ratios compared to 131I-cG250 (Brouwers et al. 2003a).
Moreover, the diagnostic accuracy of 111In-cG250 in detecting ccRCC lesions in
both primary as well as metastasized disease was excellent, providing evidence that
antibody internalization does play a role for cG250 imaging (Muselaers et al. 2013).

Although 111In-cG250 showed promising diagnostic ability, the more favorable
characteristics of PET compared to SPECT, such as higher spatial resolution and
superior quantitative analysis of images, incited the development of immuno-PET
tracers. Tomatch the relatively slowpharmacokinetics of intravenously administrated
mAb (~t1/2 = 70 h), the radioisotopes 89Zr and 124I were deemed good candidates
for this modality.

The first clinical study using CAIX-directed immuno-PET was performed with
124I-cG250 in 26 patients with suspected renal lesions. The aim of the study was
to unequivocally distinguish ccRCC from non-ccRCC. Sensitivity and specificity of
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124I-cG250 PET/CT to detect ccRCC were 94% and 100%, respectively. The nega-
tive and predictive values were 90% and 100%, respectively (Divgi et al. 2007). In
a large follow-up multicenter comparison study, 226 patients, who were scheduled
for surgery of a renal mass were evaluated. 124I-cG250 PET imaging outperformed
conventional imaging in the form of contrast-enhanced CT (CECT). In 195 patients,
comparative data was available, and showed superior sensitivity and specificity of
124I-cG250 compared to CECT (86.2 versus. 75.5% and 85.9 versus 46.8%, respec-
tively) (Divgi et al. 2013). However, the non-residualizing characteristics of 124I
combined with a scarce availability of this radioisotope were hampering clinical
implementation.

With the residualizing radioisotope 89Zr becoming more widely available, which
was a limiting factor for clinical development, animal experiments with 89Zr-cG250
were performed to investigate its value as imaging agent. Comparison of 89Zr-cG250
with 124I-cG250 demonstrated superiority in terms of tumor to background ratio
(Stillebroer et al. 2013a). This led to a phase I/II clinical trial to evaluate the value of
89Zr-cG250 in aiding clinicians when facing diagnostic dilemmas in RCC. A total
of 30 patients were enrolled, in 16 patients immuno-PET imaging was used in the
decision to perform either surgery or active surveillance. In 70% of patients, the
clinical management was changed based on 89Zr-cG250 PET imaging. Nine patients
showed no tumor uptake of 89Zr-cG250, suggesting non-malignancy progression of
lesions during follow-up (mean 13.0 ± 4.9 mo) was absent. In seven patients, tumor
uptake of 89Zr-cG250 was observed which led to surgical intervention in five cases:
in all five cases, ccRCC was histologically proven after surgery. In 5/14 patients
suspected of recurrent or metastatic ccRCC, use of 89Zr-cG250 PET/CT imaging led
to a major change in clinical management. Additionally, in three patients, repeated
biopsies were avoided. Therefore, the authors concluded that 89Zr-cG250 PET/CT
is of diagnostic value, and it may guide clinical decision making when a diagnostic
dilemma concerning ccRCC suspicion presents (Hekman et al. 2018).

More recently, a phase I safety and dosimetry study using 89Zr-cG250 was
performed [NCT03556046]. The primary aim of this study was safety assess-
ment, while secondary outcomes included radiation dosimetry, tumor dosimetry,
and diagnostic efficacy (Merkx et al. 2021).

Furthermore, a prospective, multi-center phase III study to evaluate sensitivity
and specificity of 89Zr-cG250 PET/CT-imaging to detect ccRCC in patients with
suspected primary renal mass for which surgery is scheduled is currently recruiting
[NCT03849118].

As described, the tumor-targeting properties of the intact antibodies cG250 and
mG250 have been extensively studied. However, these macromolecular radiotracers
are known for their slow blood-clearing (~70 h). To optimize imaging properties,
radioisotopes withmatching half-life are required. As a result, the radiation burden to
the patient are relatively high.Use ofCAIX-targeting, rapid clearing small-molecules
could decrease this radiation burden.However, the development of these fast-clearing
tracers has been limited to preclinical work so far. One of these newly developing
small molecules is a acetazolamide derivative, a carbonic anhydrase ligand with
high affinity for CAIX that is able to transport cytotoxic drugs. The 99mTc-labeled
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Fig. 9.2 Visualization of clear cell renal cell cancer metastases in different regions using 131I-
cG250, 111In-cG250, and 89Zr-cG250. A) An intrapatient comparison in which the 131I-cG250
image shows faint accumulation in the chest region, whereas the 111In-cG250 image convincingly
demonstrates lung and pleural metastases. B) PET image of 89Zr-cG250 accumulation in a tumor
in the right kidney

acetazolamide conjugate showed high tumor uptake and decent tumor-to-organ ratios
at 3 h p.i. in a mice model using SK-RC-52 xenografts (Krall et al. 2016). Similarly,
a range of affibodies radiolabeled with 99mTc and 125I showed specific targeting of
CAIX-expressing xenografts at 4 h p.i. Even though the development of these rapid-
clearingCAIX-targeting tracers looks promising, clinical studies are required to fully
assess their potential (Honarvar et al. 2015; Garousi et al. 2016).

In conclusion, clinical trials have convincingly shown that CAIX-directed
antibody imaging is capable of detecting ccRCC lesion in primary as well as
metastatic settings. Furthermore, the ongoing development leads to improved tumor
to background ratios, thus, enhancing diagnostic accuracy (Fig. 9.2).

However, implementation in regular clinical practice still has to be achieved. A
currently recruited phase III trial might lead to clinical implementation of CAIX-
targeting antibody imaging.

9.2.2 CAIX Imaging in Non-RCC

While current clinical studies with CAIX-targeting antibodies have been limited
to RCC, another area of interest for CAIX imaging is the hypoxic tumor. Tumor
hypoxia is associated with a poor prognosis, related to an increased resistance to
conventional treatment modalities such as radiotherapy and chemotherapy (Bussink
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et al. 2003; Hockel and Vaupel 2001). As mentioned earlier, hypoxia can increase the
levels of HIF-1α and as a result lead to CAIX expression. In non-RCC tumors, CAIX
expression ismostly detected in perinecrotic areas and regions that are distanced from
perfused vasculature. As a result, you see a much more variable and heterogenous
expression in non-RCC tumors compared to ccRCC.Despite the heterogenous CAIX
expression in hypoxic tumors, it has been validated as an intrinsic hypoxia-related
cell marker and is particularly attractive for in vivo assessment of hypoxia (Wykoff
et al. 2000; Pastorekova et al. 2006). However, the half-life of HIF-1α (5–8 min) is
significantly lower than that of CAIX (38 h) (Rafajova et al. 2004;Moroz et al. 2009).
In the context of transient and fluctuating hypoxia, the evaluation of CAIX expression
could lead to an overestimation of actual hypoxic regions. This potential discrepancy
requires awarenesswhen consideringCAIXquantification as an indicator of hypoxia.

The leaky vasculature of solid tumors is known to increase permeability of macro-
molecules. As the diffusion of an antibody within a tumor is dependent on the size,
it was initially thought that intact IgG might not be suitable for imaging purposes
in these tumors. Antibody fragments (F(ab′)2) are smaller than intact IgG (~100
and ~150 kDa, respectively) and have shown higher tumor penetration (Schmidt
and Wittrup 2009). Additionally, the F(ab′)2 fragments are more rapidly cleared in
comparison to intact IgG. A fast-clearing tracer allows for imaging at early time-
points, this is of particular interest in the setting of the intratumoral hypoxic region,
which are susceptible to fluctuation. To evaluate the potential of these antibody frag-
ments in detecting and quantifying hypoxic areas, several preclinical studies have
been performed (Hoeben et al. 2010; Huizing et al. 2017, 2019).

The feasibility of noninvasive hypoxia imaging with 89Zr-cG250-F(ab′)2 in head
and neck carcinomas has been studied, and demonstrated that the maximum tumor
uptake of 89Zr-cG250-F(ab′)2 was reached at day 1 post injection (p.i.), while specific
accumulation was seen at 4 h p.i. In comparison, the maximum tumor uptake and
earliest specific accumulation for 89Zr-cG250 were 3 days and 1 day, respectively.
A significant spatial correlation between the binding of the radiolabeled fragment
and CAIX at the microscopic level was established, indicating that sufficient tumor
penetration is achieved and accurate microscopic hypoxia localization is possible
(Hoeben et al. 2010). Additionally, it was shown that CAIX expression was quan-
tifiable in two different head and neck carcinoma xenograft models (Huizing et al.
2019). Similar results were found in a preclinical study that was designed to compare
molecular targeting properties of 111In- Fab-cG250, 111In-F(ab′)2-cG250, and 111In-
cG250 in a colorectal xenograft model (Carlin et al. 2010). It was demonstrated that
the antibody fragments are capable of targeting CAIX in hypoxic regions at shorter
time periods p.i, compared to intact IgG. However, this comes at the cost of reduced
absolute uptake and severely reduced tumor-to-muscle ratio. Therefore, the authors
concluded that noninvasive imaging with the intact IgG was favored.

Besides the intact cG250 and fragments thereof (Fab), numerous CAIX-targeted
imaging agents have been studied in preclinical setting. While none of these surpass
the radiolabeled cG250 in terms of tumor uptake, they might prove to be of added
values in specific niches, such as visualizing intratumoral hypoxia.
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A quantitative biodistribution study of the radiolabeled CAIX ligand VM4-037
in an HT-29 model (human colorectal tumor model) showed no tumor-specific
uptake (Peeters et al. 2015). Comparable results were observed with 99mTc-labeled
derivatives of phenylsulfonamide in mice bearing HT-29 xenografts (Akurathi et al.
2014). More success was achieved with 68Ga-labeled sulfonamide inhibitors. In a
preclinical study using HT-29 xenografted mice, the biodistribution of three tracers
(68Ga-DOTA-AEBSA, 68Ga-DOTA-(AEBSA)2, and 68Ga-DOTA-(AEBSA)3) was
assessed. While tumor-to-muscle ratios were decent (3.18–9.55), the absolute tumor
uptake remained low (Lau et al. 2016).

WhileCAIX imaging of hypoxic regions has been validated as a prognosticmarker
in several tumor types, a more interesting application might be predicting therapy
resistance and expected efficacy. The visualization and quantification of intratumor
hypoxic regions could be used to individualize treatment modalities (i.e., radiother-
apeutic “dose painting”). Whether an intact antibody, antibody fragment(s), or other
small molecules are best fit for this purpose is yet to be determined.

9.3 Intraoperative Imaging

Intraoperative (fluorescence) imaging is a valuable asset in cancer surgery. It
improves tumor visualization in challenging situations such as multifocal disease
or organ-sparing surgery by enabling differentiation of tumor and normal tissue.
In fluorescence imaging, a fluorophore is excited by light of a distinct wavelength,
resulting in emission of a photon. These emitted photons are detected by a fluores-
cence camera and converted into an image. In a first-in-man trial, fluorescent CAIX
imaging was combined with radiodetection to intraoperatively detect ccRCC with
cG250. The aim of the dual-label modality technique is to enable real-time moni-
toring of the surgical margins, ensuring radical surgery. This combination has the
advantage that the emitted gamma radiation with its high penetration depth can be
used to guide the surgeon to the place of interest, whereas the fluorescent label with
the limited penetration depth can be used for live visualization, for instance, to detect
positive surgical margins. Complete intraoperative assessment of CAIX-expressing
tumors was achieved (Hekman et al. 2016), showing that this can aid the surgeon
in achieving complete tumor resection, while sparing normal tissue (Hekman et al.
2018). Further research is needed to advance the use of cG250 for this detection
method to show whether this novel technique reduces positive surgical margins and
recurrence of tumor. Particularly, the technical hardware needs to be improved.

9.4 CAIX-Directed Radioimmunotherapy

Over the last decades, the armamentarium of therapies against cancer has rapidly
expanded with antibody therapies becoming more prominent. One of the most
promising application is combining the monoclonal antibody with radiation therapy
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(radioimmunotherapy). Initial studies were mainly limited to hematologic malignan-
cies, which are perceived as themost radiosensitive tumors. For radioimmunotherapy
(RIT) to be successful, several variables are imperative. Most obviously, the best cell
surface target antigen and corresponding targeting antibody need to be selected and
developed. To elaborate, the ideal target antigen should preferably be highly and
homogenously expressed on the surface of all tumor cells with minimal expression
on normal tissues. Additionally, the antibody should be internalized after binding, be
able to rapidly achieve tumor penetration, and effectively bind the antigen without
interactingwith non-malignant tissues. Lastly, the antibody should be rapidly cleared
from the body after reaching maximum tumor binding. The antibody–antigen pair
that meet all these criteria has yet to be discovered. Nonetheless, cG250 in combi-
nation with CAIX seems to be a promising pair. Since the high and homogenous
expression of CAIX has been observed in ccRCC, the potential of RIT in this disease
has been extensively studied.

The choice of therapeutic radionuclide has been a point of discussion since the
RIT was studied. In theory, several radionuclides are more favorable than others,
but historically it has been shown that availability plays an important role in the
development of RIT.

The first RIT studies in ccRCC were performed in 1998 and used the murine
version of the G250 antibody radiolabeled with 131I, a β-emitter. 131I had shown its
therapeutic efficacy in thyroid-related diseases and was readily available. Addition-
ally, radiolabeling of the antibody with 131I was technically straightforward. Initial
results with a single injection of 131I-mG250 showed stabilization of disease in half
of the patients. Despite the lack of major responses, the overall survival of patients
treated with 131I-mG250 when compared to historic control patients suggested clin-
ical benefit (Divgi et al. 1998). As mentioned earlier, the development of human
anti-mouse monoclonal antibody (HAMA), prevented retreatment. For this purpose,
cG250/girentuximab was developed. In the subsequent study, patients with RCC
metastases received a single therapeutic-dose 131I-cG250 injection preceded by an
imaging dose of the tracer to ensure the presence of CAIX-positive metastases. Due
to extended serum half-life of the chimeric version, maximum tolerable dose (MTD)
of 131I-cG250 was significantly lower than 131I-mG250, and hematological toxicity
remained the dose limiting factor (Steffens et al. 1999c).Development of human-anti-
chimeric-antibodies (HACA) was limited to a single patient, who received multiple
cG250 injection in a previous study.Unfortunately, the therapeutic efficacy of a single
dose 131I-cG250 was lacking. In an attempt to increase the RIT efficacy, a study in
which patients received fractionated doses of 131I-cG250was designed. The fraction-
ated approach is associated with lower toxicity profile, possibly due to hematopoietic
recovery in between the administrations. Moreover, multiple administration poten-
tially increases the therapeutic efficacy by achieving higher absorbed tumor dose.
However, this could not be confirmed in the study as fractionated radionuclide therapy
with 131I-cG250 in metastatic ccRCC did not show major clinical responses in two
separate studies (Divgi et al. 2004; Brouwers et al. 2005). The hematological toxicity
remained an issue, and due to the limited efficacy of 131I-cG250, the search for more
suitable radionuclides was initiated.
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As more radionuclides became available for use in pre- and clinical studies, new
studies were initiated. In a preclinical study, the therapeutic efficacy of lutetium-177
(177Lu)-, yttrium-90 (90Y)-and rhenium-186 (186Re) labeled to girentuximab were
compared to 131-cG250. The tumor growth in mice with subcutaneous xenografts
was delayed most effectively by 177Lu-cG250 (Brouwers et al. 2004b; Muselaers
et al. 2014). This led to the initiation of a clinical study to investigate the thera-
peutic efficacy and maximum tolerable dose (MTD) of 177Lu-cG250 in patients with
advancedRCC. 177Lu-cG250RITwaswell tolerated and resulted in disease stabiliza-
tion in the majority of patients (Stillebroer et al. 2013b). The ensuing study used the
observedMTD of 2405MBq/m2 in a similar patient population. In absence of persis-
tent toxicity and progressive disease after initial treatment, patients were eligible
for retreatment of 177Lu-cG250 after 3 months with 75% of the initial activity dose.
Similar to the phase I study, 177Lu-cG250 RIT led to stabilized disease in themajority
of patients. After the first cycle of 177Lu-cG250 RIT, grade 3–4 thrombocytopenia
and grade 3–4 leukocytopenia were observed in all but one patient (Muselaers et al.
2016). This is caused by the relatively long circulation combined with the range
of the beta-emitting radionuclide. No clinical studies with cG250 RIT have been
performed since then. To prevent irreversible myelotoxicity, treatment regimen need
to be adjusted properly. Preclinical studies suggest that this might be achieved by
combining RIT in a lower dose with VEGFR-TKIs or immune-checkpoint inhibitors
(Stewart et al. 2014). Alternatively, modifying monoclonal antibodies to decrease
the circulation time may provide a solution.

A promising alternative might be the use of cG250 labeled with α-emitting
radionuclides such as 225Ac and 227Th.Alpha-emitting radionuclides provide a higher
linear energy transfer (LET) and have a lower range, avoiding damage to unre-
lated nearby tissues. The higher LET causes irreversible double-strand DNA breaks,
resulting in a higher relative biological effectiveness (RBE) compared to beta radia-
tion. Targeted α therapy (TAT) has shown impressive anti-tumor effects in multiple
clinical studies (Kratochwil et al. 2016). However, TAT with monoclonal antibodies
is challenging: whenever an α-emitting radionuclide decays, the daughter nuclide is
released from the chelater. This so-called recoil effect leads to excretion of unbound
radionuclides in the bloodstream. If these accumulate, other organs will be at risk.
Moreover, the availability of α-emitting radionuclides is limited, inhibiting their use
in clinical studies. Nevertheless, based on the results with cG250 in RIT, the poten-
tial of TAT in CAIX-targeted therapy needs to be further explored. Considering
that the hypoxic regions within a tumor are resistant to conventional radiotherapy,
CAIX-targeted RIT might be an effective alternative.

9.5 Carbonic Anhydrase IX Immunotherapy

Monoclonal antibodies have been approved for cancer treatment in multiple onco-
logical entities. The therapeutic effect of antibodies may depend on the capacity
to lyse cells by complement activation or by antibody-dependent cellular toxicity
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(ADCC). In vitro studies showed that cG250 initiates cell lysis through ADCC
of CAIX-positive cells. Additionally, preclinical mouse studies showed significant
tumor growth reduction after treatment with unmodified G250. These findings led
to the first clinical study using unmodified cG250 in RCC patients in which optimal
dosing and safety were assessed. Weekly infusions with unmodified cG250 were
deemed safe and well tolerated (Davis et al. 2007a). The subsequent study in 36
patients with advanced RCC suggested clinical benefit after one treatment cycle
of 50mg cG250 in 28% of progressive patients. During the follow-up, one minor
partial response (<50% decrease) and one complete response (CR) were observed
(Bleumer et al. 2004). The complete responsewas observed in patientwho underwent
a nephrectomybefore starting treatment, therefore, itwas unclearwhether theCRwas
part of the natural disease course or an antibody-induced response. At the same time,
the Adjuvant Rencarex® Immunotherapy (ARISER) study was initiated to study if
cG250 was able to reduce the recurrence of disease in high risk patients who under-
went nephrectomy for non-metastasized RCC. There was no improvement in median
disease free survival (DFS) for patients that received adjuvant cG250 compared to
placebo which was the primary objective of this study, and therefore, the study was
pre-emptively terminated (Chamie et al. 2017). A retrospective subanalysis showed
that adjuvant cG250 therapy did increase the DFS in patients with high expressing
CAIX tumors, emphasizing that high CAIX expression is a prerequisite to achieve
this benefit.

To enhance the therapeutic potential of cG250 mAb in RCC therapy, combination
therapy with immune agents such as interleukin-2 and interferon-α have been used
(Davis et al. 2007b; Bleumer et al. 2006). Interleukin-2 (IL-2) has the ability to
enhance ADCC of monoclonal antibodies including cG250 (Brouwers et al. 2003b).
Admission of cG250 combined with IL-2 was well tolerated with little toxicity, but
the value of adding IL-2 in this therapeutic setting was unclear. Currently, the role of
CAIX targeting with cG250 in the immunotherapy is not well defined, particularly
because the patient numbers in these phase I trials were small, and randomization
and comparison with control groups were not performed. Larger controlled trials are
needed to define the role of cG250 (or derivatives thereof) as a therapy modality.

9.6 Conclusion and Future Perspectives

The landscape of cancer treatment is constantly changing, andCAIX-targeted therapy
has the potential to become an important asset in the growing armamentarium against
cancer. CAIX represents an ideal target for treatment of clear cell renal cell carcinoma
and hypoxic tumors. The rare expression in normal tissues enables the exploration
of tumor-specific therapies such as RIT. RIT is considered to have a high anti-tumor
effect, but a balance between therapeutic efficacy and toxicity is challenging. The
search for the most suitable radionuclide is ongoing, and the increased availability
of α-emitters has opened up a new path.
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With immunotherapy finding its way into clinical practice, combination of RIT
and immunotherapy are of future interest.

Beyond the clear therapeutic potential, CAIX has shown to be an excellent target
for accurate diagnosis of clear cell renal cell carcinoma. This aids clinical decision
making and enables individualized treatment plans. Other modalities that are being
explored are intraoperative use of CAIX-targeting in patients planned for partial or
total nephrectomy for RCC.
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