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Nuclear imaging is a powerful tool for the non-invasive diagnosis of primary and metastatic Carbonic anhydrase IX

(CAIX)-positive tumors and for the assessment of responses to antineoplastic treatment. Intraoperative optical

fluorescence imaging provides improved visualization for surgeons to increase the discrimination of tumor lesions,

allowing for safer surgical treatment. Many CAIX-targeted molecular imaging probes, based on monoclonal antibodies,

antibody fragments, peptides, and small molecules, have been reported.
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1. Antibody-Based Imaging Agents

Monoclonal antibodies (mAb) are widely used in the field of imaging because of their excellent target specificity and low

uptake in nontarget tissues. The high molecular weight of mAbs allows labeling with dyes and radiometal–chelator

complexes without significant loss of their immunoreactivity. However, it may lead to suboptimal penetration into solid

tumors. G250 and its chimeric form cG250 (girentuximab) are the most clinically investigated Carbonic anhydrase IX

(CAIX) -targeted mAbs. They exhibit high affinity to the extracellular proteoglycan (PG)-like domain of the enzyme, and

the PG-like domain only exists in CAIX. They both have high selectivity toward CAIX over other CA isomers . Many

radiolabeled girentuximab derivatives have been reported for imaging and treatment of VHL-mutation-induced ccRCC. In

1993, Oosterwijk et al. first reported a phase I with [ I]I-labeled G250 . In the 16 preoperative patients who received

8.4~12.9 mCi of [ I]I-labeled G250 at 5 dose levels, 12 CAIX-positive patients positively responded to the treatment, but

one CAIX-negative patient showed a false-positive result. The radiotracer uptake by CAIX-positive tumors was observed

in a broad range (0.02 to 0.12% ID/g). In positron emission tomography (PET) imaging, Divgi et al. labeled the chimeric

cG250 with the positron-emitter I and conducted 2 clinical trials to assess its suitability for ccRCC imaging . The

chimeric cG250 showed bioactivity similar to that of G250. In phase I, 26 patients received a single dose of 185 MBq/10

mg of [ I]I-girentuximab 1 week before surgical resection by laparotomy. Patients were followed by PET/CT scanning of

the abdomen 3 h prior to the surgery. Their results showed that 15 of 16 ccRCCs were accurately identified by the [ I]I-

mAb immuno-PET (sensitivity: 94%), and 9 non-ccRCCs (e.g., papillary RCC, angiomyolipoma and so on) were not

detected by the tracer; the negative predictive value (NPV) and positive predictive value (PPV) were 90% and 100%,

respectively. Phase III is with 226 preoperative patients, which reported a sensitivity, PPV, and NPV of [ I]I-girentuximab

for detecting ccRCC of 86%, 94%, and 70%, respectively. However, the sensitivity was lower for tumor sizes smaller than

2 cm (70.8%) . Parallel to the development of [ I]I-girentuximab, another radiometal-labeled [ In]In-DTPA-cG250

was evaluated in a clinical setting by Muselaers et al. . A total of 29 patients were enrolled in the trial and received 100–

200 MBq of [ In]In-DTPA-cG250 4–7 days before single-photon emission computerized tomography (SPECT) scans

were performed. The detection rate of the [ In]In-DTPA-cG250 immuno-SPECT was high (PPV = 94%). A total of 15 of

16 cases of ccRCC were successfully identified, and none of the 9 patients with non-ccRCC lesions showed tracer

uptake. It is worth noting that, in addition to the detection of primary ccRCC, the [ In]In-DTPA-cG250 was able to detect

more metastatic lesions than I-cG250 . Very recently, Merkx et al. reported a phase I to evaluate the safety,

biodistribution, and dosimetry of [ Zr]Zr-girentuximab . A total of 10 patients with suspected ccRCC received 37 MBq of

[ Zr]Zr-girentuximab at mass doses of 5 or 10 mg prior to PET/CT scans at 0.5–168 h post-administration. In most

patients, the tumor lesions were visible after 24 h post-administration (PA), and in one case, the tumor could be detected

as early as 0.5 h PA. (Figure 1). Overall, the [ Zr]Zr-immuno PET was safe and allowed for the successful differentiation

between ccRCC and non-ccRCC lesions (6 ccRCC-positive patients; 4 negative scans of non-ccRCC patients). Phase III 

with [ Zr]Zr-girentuximab is planned to assess the diagnostic accuracy in patients (NCT03849118).
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Figure 1. PET/CT imaging of a patient with a ccRCC tumor in the left kidney (red arrow) after injection of [ Zr]Zr-

girentuximab. The patient received a mass dose of 10 mg of girentuximab and was imaged at 0.5 to 168 h PA. Tumor-to-

background ratio was increased over time.

In addition to the radiolabeled girentuximab, Muselaers et al. developed a dual-modality [ I]I-girentuximab-IRDye800CW

and performed preclinical evaluation in mice bearing CAIX-positive SKRC-52 tumors . The mice were imaged at 1 and 3

d post-injection (PI) of [ I]I-girentuximab-IRDye800CW. The results showed an excellent concordance between the

micro-SPECT and optical imaging. The tumors were clearly visualized at 24 h PI, and the tumor uptake was 6.9% ID/g at

72 h PI. However, the uptake was lower compared to [ I]I-girentuximab (14.8% ID/g, 72 h PI), which may be due to the

faster clearance of the IRDye800CW conjugated antibody. Shortly thereafter, the same group performed dual-modality

imaging with [ In]In-DTPA-G250-IRDye800CW in a ccRCC mouse model . The SPECT and fluorescence images

showed good concordance and clear delineation of the ccRCC lesions at 48 h PI. The maximum tumor uptake was high,

up to 58.5% ID/g at 168 h PI. The promising results of the preclinical evaluation of this dual-modality probe have led to the

initiation of a phase I clinical one to assess its feasibility and safety in ccRCC patients. In 2018, a phase I dose-escalation

one of [ In]In-DOTA-girentuximab-IRDye800CW in 15 patients with primary renal lesions was performed by Hekman et

al.  The dual-modality probe (5, 10, 30, or 50 mg) was administered to patients, and SPECT/CT was performed at 4 d

PI. The probe showed high sensitivity; all CAIX-expressing tumors were visualized by SPECT/CT, while no uptake was

observed in CAIX-negative tumors. Excellent concordance between the SPECT/CT and the near-infrared fluorescence

imaging (NIRF) imaging was also observed. During surgery, all ccRCC could be localized by gamma probe

measurements with a mean T:N ratio of 2.5 at all protein doses. The optimal T:N ratio (3.3) was found at the 10 mg protein

dose, but in general, the protein dose did not significantly affect the T:N ratio (average: 2.5). The phase I was showed that

[ In]In-DOTA-girentuximab-IRDye800CW is safe for CAIX-targeted, dual-modality imaging, and it can be used for

intraoperative guidance of ccRCC resection.

However, full-size monoclonal antibodies have relatively poor tumor penetration and slow blood clearance, thus requiring

a long time to reach the best signal-to-background ratio. In radio imaging, radiation dose accumulation due to the

prolonged circulation of the radiotracers in the body could cause a burden for the patients. Antibody fragments with lower

molecular weights tend to have rapid localization in tumors. Various types of antibody fragments, such as F(ab’)  (~100

kD), nanobody (~15 kD), and affibody (~7 kD), have been developed to overcome this circumstance. Hoeben et al.

reported the use of [ Zr]Zr-DFO-cG250-F(ab’)  as a PET marker of hypoxia in a head and neck xenograft tumor model

(SCCNij-3) . The cG250-F(ab’)  was prepared using an enzymatic digestion method. The maximal tumor uptake

(3.71% ID/g) of the tracer was found at 4 h PI, but normal tissues (blood, kidney, and liver) also exhibited high uptake of

the tracer. The [ Zr]Zr-cG250-F(ab’)  demonstrated specific imaging of CAIX-expressing tumors. Prompted by the

results, Huizing et al. performed a preclinical validation of the [ In]In-labeled cG250-F(ab’)  . The specific tracer

accumulation (4.1% ID/g) was reached at 24 h PI, and the tumor-to-blood (T/B) and tumor-to-muscle (T/M) ratios of

[ In]In-DTPA-cG250-F(ab’)  were 30.8 and 12.1, respectively. However, tracer uptake in the kidneys (65% ID/g) was still

high, which may be caused by renal tubular reabsorption. Although high kidney uptake is not a limitation in the case of

head and neck tumors, it could interfere with the imaging of tumor masses near the kidney. The probe is therefore not

optimal for the detection of CAIX-positive renal cancers. Following the previous research, the protein dose, timing, and

image acquisition of [ In]In-DTPA-cG250-F(ab’)  were optimized for a quantitative SPECT imaging analysis of HNSCCs

. A protein dose of 10 μg showed the highest tumor uptake of 3.0% ID/g at 24 PI, which is in line with the quantitative

microSPECT imaging results (Pearson correlation coefficient (r) = 0.78). In addition, [ In]In-DTPA-cG250-F(ab’)  has

been used to monitor the quantitative change in CAIX expression in tumor therapy . Huizing et al. detected a 69%

decrease of CAIX levels in a FaDu tumor model after treatment by Atovaquone. However, SPECT imaging with [ In]In-

DTPA-cG250-F(ab’)  did not discriminate between the treated and control tumors. According to the authors, the uptake by

the treated tumors may also contribute to the Atovaquone-induced enhanced permeability and retention effect (EPR),
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which causes it to fail in the application of therapy monitoring. Using smaller biovectors, such as nanobodies or affibodies,

may alleviate the EPR effect.

Besides G250 and its fragments, newly developed nanobodies were applied to CAIX-targeted probe preparation. In 2016,

van Brussel et al. developed the CAIX-specific nanobody VHH-B9 by phage display selection . VHH-B9 was

conjugated with an IRDye800W dye (B9-IR) and evaluated in a xenograft breast cancer mouse model using ductal

carcinoma in situ cells (DCIS). Tumor uptake of the fluorescent tracer was 14.0% ID/g, and the T/M and T/B ratios were

70 and 23, respectively. An optical imaging one of BR-I9 showed clear visualization of CAIX-positive DCIS tumors within 2

h after probe administration. Moreover, the rapid pharmacokinetics and probe stability might provide better imaging

contrast than conventional CAIX-IHC for pathologic assessment. Very recently, van Lith et al. reported the [ In]In-labeled

VHH-B9 in the absence or presence of an albumin-binding domain (ABD) . The ABD on VHH increased the plasma

half-life of the VHH, therefore improving the tumor uptake of the tracer. In the comparison one, it reported by van Lith, the

uptake of [ In]In-DTPA-VHH-B9 and [ In]In-DTPA-VHH-B9-ABD were 0.51 and 8.7% ID/g, respectively. Not

surprisingly, the tumor was only visualized with [ In]In-DTPA-VHH-B9-ABD in SPECT/CT images. However, the uptake

of [ In]In-DTPA-VHH-B9-ABD did not decrease after administration of an excess of VHH, which means that the uptake

was not CAIX-specific. The authors concluded that the addition of ABD to B9 did not improve SPECT imaging contrast in

head and neck cancer.

Affibodies are small proteins based on non-immunoglobulin scaffolds, and they have been used in CAIX imaging . In

2019, Huizing et al. performed an in vivo comparison of the affibody-based [ In]In-DTPA-ZCAIX:2 and two cG250-based

radiotracers in a HNSCC xenograft model . Tracer uptake of [ In]In-DTPA-cG250, [ In]In-DTPA-cG250-F(ab’) , and

[ In]In-DTPA-ZCAIX:2 in tumors were 30% ID/g at 72 h PI, 3.0% ID/g at 24 h PI, and 0.32% ID/g at 4 h PI, respectively.

The tumors were clearly visualized with [ In]In-DTPA-cG250 and [ In]In-DTPA-cG250-F(ab’)  at 24 and 72 h PI,

respectively, but not visible with [ In]In-DTPA-ZCAIX:2. Meanwhile, Garousi et al. reported another comparison one

between [ In]In-DTPA-cG250-F(ab’)  and [ In]In-DTPA-ZCAIX:2 in the ccRCC model (SKRC-52) . Unlike the

abovementioned results, the tumor uptake of the affibody-based probe (15% ID/g) was higher than that of the F(ab’) -

based probe (6% ID/g) at 4 h PI, and both radiotracers were capable of visualizing tumors at 4 h PI In a SPECT imaging

study, the contrast was higher with [ In]In-DTPA-ZCAIX:2 than it was with the F(ab’) -based probe. However, the high

kidney uptake (392% ID/g) hampers the application of this tracer for the imaging of primary ccRCC tumors, but that does

not prevent its use in detecting metastases.

2. Peptide-Based Compounds

Peptides are recognized for being highly selective, efficient, and relatively safe vectors. Peptide-based imaging probes

typically have a high binding affinity for the target, specific uptake and retention in the target tissue, and rapid clearance

from non-target organs. A significant number of peptides, such as cyclic RGD peptides, somatostatin (SST), gastrin-

releasing peptide (GRP), glucagon-like peptide-1 (GLP-1), and neuropeptide-Y (NPY), have been labeled with a wide

range of imaging moieties for use as in vivo imaging probes. However, research on CAIX-targeted peptides is still limited.

In 2010, Askoxylakis et al. identified a dodecapeptide CaIX-P1 (YNTNHVPLSPKY) that targets the extracellular domain of

CAIX via a phage display method . The CaIX-P1 contains a N-terminal tyrosine residue that was radiolabeled with

I, and the radiopeptide was evaluated in vitro and in vivo for binding affinity, specificity, and biodistribution. The

binding of [ I]I-CaIX-P1 on CAIX-positive SKRC52, HCT116, and HT-29 cells showed a correlation between cell uptake

and CAIX expression, but the IC  values, in the micromolar range, were not satisfying. Biodistribution studies of I-

CaIX-P1 were performed in SKRC-52 and HCT-116 xenografted mice . In both experiments, the T/B ratio was found

to be lower than 1 at all time points. The highest contrast in SKRC52 and HCT116 were achieved at 1 h and 2 h PI,

respectively, and the tumor uptakes of the tracer decreased over time. The low tumor uptakes could be attributed to the

low binding of CaIX-P1 to CAIX and the in vivo peptide degradation (half-life of CaIX-P1: 25 min). Besides, no imaging

one of the I-CaIX-P1 was presented.

To improve the stability and binding properties of the CAIX-targeted peptide, Rana et al. took advantage of the alanine-

scanning method to optimize the amino acid sequence of CaIX-P1. It resulted in the new peptide, CaIX-P1-4-10

(NHVPLSPy) . [ I]I-CaIX-P1-4-10 exhibited a 5.8-fold higher binding affinity than [ I]I-CaIX-P1, and it was stable in

serum for 90 min. However, tumor uptake of I-CaIX-P1-4-10 was not significantly improved (~2.5% ID/g at 1 h PI), and

SKRC-52 tumors could not be distinguished from the background. To improve the isoform selectivity, Rena et al. identified

a new linear dodecapeptide PGLR-P1 (NMPKDVTTRMSS), which targets the region of the extracellular proteoglycan

(PG)-like domain of CAIX with no homology to other Cas . The [ I]I-labeled PGLR-P1 showed a higher selectivity

toward CAIX (1.8% applied dose) and the PGLR domain of CAIX (10% applied dose) than CAII and CAXII (both < 0.1%

applied dose). However, a rapid peptide degradation was observed with a serum half-life of approximately 20 min.
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Although the authors attempted to improve the stability by transforming the l-peptide to its d-enantiomer, a complete loss

of binding affinity was noticed with the modified peptides. In addition, the uptake of [ I]I-PGLR-P1 in SKRC-52 tumor

(0.48 ± 0.20% ID/g at 1 h PI) was lower than in most normal tissues. Recently, Jia et al. radiolabeled CaIX-P1-4-10 with

F via a Cu(I)-catalyzed alkyne–azide cycloaddition (CuAAC) . [ F]F-CaIX-P1-4-10 (1) was obtained in an overall

radiochemical yield of 35–45% from aqueous [ F]fluoride and >99% radiochemical purity in 70–80 min. MicroPET/CT

scans of HT-29-bearing mice allowed for the visualization of the tumor at 1 h PI. The tracer accumulated in the tumor with

a mean standardized uptake value (SUV ) of 0.38 ± 0.03, but the uptake in non-target organs remained high

(SUV  of liver and kidneys were 14.21 ± 3.68 and 2.08 ± 0.09, respectively). The high background might be due to the

rapid degradation of the tracer in serum (48.5% intact after 3 h).

3. Small-Molecule-Based Compounds

The most diverse and largest class of CAIX-targeted imaging probes is small-molecule-based compounds. Small-

molecular CA inhibitors exhibit high target affinity and a short blood half-life, making them attractive candidates for use as

imaging agents. Several classes of small molecules are known as effective CA inhibitors, such as sulfonamides,

coumarins/sulfocoumarins, phenols, and dithiocarbamates . Among them, the aromatic sulfonamides, such as

benzenesulfonamide (BSA), acetazolamide (AAZ), and imidazothiadiazole sulfonamide (IS), have particularly gained

great interest in the development of imaging agents. The inhibition mechanism of the sulfonamides is by coordination of

zinc ions within the active site; however, the similarity of the active sites of all CA isomers hampers the selectivity of the

probes. Therefore, the effects of the diverse structures of CA inhibitors on isoform selectivity is emphasized. Herein, it was

summarized the current progress of CAIX-targeted molecular imaging probes focused on aromatic sulfonamides. (Table
1).

Table 1. Overview of preclinical evaluation of small-molecule-based CAIX-targeted probes.

Agent Imaging
Modality Fluorophores/Radioisotopes Binding

Affinity
Selectivity
CAII/CAIX Model Tumor

Uptake
Tumor
Visualization Ref.

1 PET F N/A N/A HT-29
SUVmean =

0.38 ± 0.03 at
1 h

Y

2 FL FITC K  = 24
nM NA HT-29 N/A Y

3 SPECT Tc K  = 58
nM 0.86 HT-29 0.2 ± 0.1%

ID/g at 0.5 h Y

4 SPECT Tc IC  = 9
nM N/A HeLa N/A N/A

5 SPECT Tc K  = 0.22
µM 0.3 HT-29 0.07 ± 0.03%

ID/g at 1 h N/A

6 SPECT Tc K  = 0.037
µM 1.2 HT-29 0.14 ± 0.10%

ID/g at 1h Y

7 PET F K  = 45
nM 2.1 HT-29 0.83 ± 0.06%

ID/g at 1 h Y

8 PET F K  = 6.6
nM 9.0 HT-29 0.64 ± 0.08%

ID/g at 1 h Y

9 PET F K  = 0.22
µM 0.3 HT-29 0.41 ± 0.06%

ID/g at 1 h Y

10 FL FITC N/A N/A N/A N/A N/A

11 FL VivoTag-680 K  = 7.5
nM 33.1 HT-29 10% ID/g at

24 h Y

12 FL S0456 K ∼10
nM. N/A HT-29

FL intensity:
2.5 (a.u.) at 4

h
Y

13 SPECT Tc N/A N/A SKRC-
52

22% IA/g at 3
h Y
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Agent Imaging
Modality Fluorophores/Radioisotopes Binding

Affinity
Selectivity
CAII/CAIX Model Tumor

Uptake
Tumor
Visualization Ref.

14 PET F N/A N/A 4T1
HT-29

4T1: 0.2%
ID/g at 30 min
HT-29: 0.2%

ID/g at 15 min

Y

15 PET Ga N/A N/A N/A N/A N/A

16 FL S0456 N/A N/A HT-29
FL intensity:
1.1 (a.u.) at 4

h
Y

17 PET Ga N/A N/A U87MG 1.5% ID/g at
30 min Y

18 SPECT In

118 ±
21%

initial
dose/mg
protein

N/A HT-29 8.71 ± 1.41%
ID/g at 24 h Y

19 SPECT In IC  =
574 nM N/A HT-29 12.32% ID/g

at 48 h Y

20 FL IRDye750
k  =

1.36×10
RU  s

N/A SKRC-
52

5.3 ± 0.6%
ID/g at 24 h Y

21 FL S0456 K  = 45
nM N/A HT-29

Epi-
fluorescence:
4.3 × 10  at 4

h

Y

22 SPECT Tc K  = 57
nM N/A HT-29 5% ID/g at 4 h Y

23 SPECT In
125%
initial

dose/mg
N/A HT-29 4.57 ± 0.21%

ID/g at 1 h Y

25 PET Ga
60.4 %
initial

dose/mg
N/A HT-29 3.81% ID/g at

1 h Y

26 PET Ga

859 ±
71.7 %
initial

dose/mg

N/A HT-29 0.71 ± 0.06%
ID/g at 1 h N

27 SPECT Tc IC  =
38.2 nM N/A HT-29 3.44 ± 0.50%

ID/g at 1 h N

28 SPECT Tc IC  =
211.6 nM N/A HT-29 1.82% ID/g at

1 h N/A

29 PET F K  = 8.5
nM 1.0 HT-29 0.33 ± 0.07%

ID/g at 1 h Y

30 PET Ga K  = 10.8
nM 12.7 HT-29 0.81 ± 0.15%

ID/g at 1 h Y

31 PET Ga K  = 25.4
nM 1.6 HT-29 1.93 ± 0.26%

ID/g at 1 h Y

32 PET Ga K  = 7.7
nM 0.93 HT-29 2.30 ± 0.53%

ID/g at 1 h Y

33 SPECT In IC  =
108.2 nM N/A SKRC-

52

34.00 ±
15.16% ID/g

at 8 h
Y

34 PET Cu K  = 4.22
nM N/A U87

MG
3.13 ± 0.26%
ID/g at 4 h Y

35 FMT-
CT/MSOT IRDye 800CW N/A N/A NPC N/A Y
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 N/A means not available.  The K  was determined using the Re-labeled analog.
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