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ABSTRACT
Purpose:  Carbonic anhydrase IX (CAIX), overexpressed in multiple cancers but limited in normal 
tissue, is a promising target for radionuclide therapy. This study evaluates [212Pb]Pb-MKV-509, a 
novel DOTA-conjugated small-molecule ligand, for CAIX-targeted alpha therapy in preclinical renal 
carcinoma (SK-RC-52) and colorectal (HT-29) cancer models.
Materials and methods:  [212Pb]Pb-MKV-509 was assessed for radiochemical purity and stability. 
Binding assays determined receptor density and dissociation constants. Clonogenic survival, flow 
cytometry (viability, DNA damage, cell cycle), and spheroid assays (cross-sectional area, doubling 
time) evaluated biological responses. An in vivo biodistribution study was performed in SK-RC-52 
xenograft-bearing mice, with and without carbonic anhydrase pre-blocking using acetazolamide.
Results:  [212Pb]Pb-MKV-509 exhibited high radiochemical purity (>96%) and stability for up to 48 h. 
Specific binding was higher in SK-RC-52 than in HT-29 cells. Treatment induced activity-dependent 
clonogenic inhibition, G2/M arrest, and DNA damage, with greater sensitivity observed in SK-RC-52 
cells. Clonogenic survival was reduced by 50% at 3.4 kBq/mL (SK-RC-52) and 7.1 kBq/mL (HT-29). In 
spheroid models, 2.5–5.0 kBq/mL delayed growth and prolonged doubling time, indicating cross-fire 
effects. The biodistribution study revealed significant tumor uptake (4.7%IA/g at 2 h), along with 
high gastrointestinal accumulation. Pretreatment with acetazolamide partially reduced uptake in the 
stomach and intestines as well as in the tumor.
Conclusions:  These findings highlight the potential of CAIX-targeted alpha therapy. CAIX expression 
and receptor density impact binding affinity and therapeutic response. The study demonstrates the 
importance of 3D tumor models in evaluating alpha-particle cross-fire effects. Further ligand 
optimization is warranted to enhance tumor specificity and minimize off-target uptake.

Background 

Hypoxia is a hallmark of many solid tumors, triggering 
increased glycolysis to generate energy and essential metabolic 
precursors, leading to the accumulation of acidic metabolites 
and a subsequent drop in pH (Lau et  al. 2017). To survive 
under these conditions, tumors activate hypoxia-inducible fac-
tors (HIFs) that upregulate pH-regulating genes, including the 
cell surface glycoprotein carbonic anhydrase IX (CAIX) (Lau 
et  al. 2017). CAIX plays a critical role in cellular adaptation 
to hypoxia and contributes to cancer progression through 
both its enzymatic and noncatalytic functions (Dudutienė 
et  al. 2014; Ronca and Supuran 2024). High CAIX expression 
is linked to tumor aggressiveness, metastasis, therapy resis-
tance, and poor prognosis (Ronca and Supuran 2024). Low 

expression in normal tissues and widespread overexpression in 
various cancers, including clear cell renal carcinoma (ccRCC) 
and colorectal cancer (CRC), make CAIX an attractive thera-
nostic target (Massière et  al. 2024; Ronca and Supuran 2024).

Several CAIX-targeting agents have been developed, rang-
ing from monoclonal antibodies to small-molecule ligands 
(Lau et  al. 2017). Antibodies, such as cG250, labeled with 
beta-emitters like 177Lu, have shown potential in metastatic 
ccRCC (Muselaers et  al. 2016), but their clinical utility is 
limited by poor tumor penetration, prolonged circulation, 
and a higher risk of hematologic toxicity (Muselaers et  al. 
2016). In contrast, small-molecule ligands offer faster phar-
macokinetics, improved tumor penetration, lower immuno-
genicity, and simpler, more cost-effective production (Lau 
et  al. 2017; Rowe et  al. 2023; Wang et  al. 2025). Recent 
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studies using CAIX-targeting peptides have shown favorable 
tumor-specific uptake, tolerability, and rapid systemic elimi-
nation in ccRCC patients (Hofman et  al. 2024), in addition 
to high antitumor efficacy in CRC and ccRCC xenograft 
models (Massière et  al. 2024).

Beta-emitters rely on oxygen to generate reactive oxygen 
species, making them less effective in hypoxic tumors. In 
contrast, alpha-particle therapies with high linear energy 
transfer (LET) induce complex DNA double-strand breaks 
primarily via direct ionization, and remain effective under 
hypoxic conditions (Wenker et  al. 2025). Additionally, the 
short range of alpha particles enables selective eradication of 
malignant cells and micrometastases while sparing surround-
ing healthy tissue, a key advantage in targeted radionuclide 
therapy (TRT) (Hatcher-Lamarre et  al. 2021). Promising 
results have been reported with the alpha-emitting radioim-
munoconjugate [225Ac]Ac-cG250 in ccRCC; however, con-
cerns remain regarding activity-dependent renal toxicity, 
distribution of radioactive daughters (Merkx et  al. 2022), 
and the limited global availability of 225Ac (De Kruijff 
et  al. 2015).

Alternatively, 212Pb is a beta-emitting radionuclide that 
acts as an in vivo generator of alpha-emitting daughters, 
either 212Bi or 212Po. Each decay chain results in the emis-
sion of a single high-energy alpha particle, delivering local-
ized cytotoxic radiation at the tumor site. With a half-life of 
10.6 h, 212Pb is compatible with the pharmacokinetics of 
small-molecule ligands and is more readily available than 
225Ac (Merkx et  al. 2022). To our knowledge, no prior stud-
ies have evaluated 212Pb-labeled CAIX-targeting conjugates 
for TRT or investigated their cellular effects. This preclinical 
study investigates the therapeutic potential of [212Pb]
Pb-MKV-509, a novel DOTA-conjugated derivative of the 
CAIX-targeting small-molecule inhibitor VD11-4-2 
(Dudutienė et  al. 2014; Kazokaitė et  al. 2017; Matulienė 
et  al. 2022; Vaškevičius et  al. 2025b). Special emphasis is 
placed on receptor quantification, radiocytotoxicity in both 
2D and 3D cell culture models, and in vivo distribution.

Material and methods

Radioligand preparation, quality control, and stability

Lead-212 was extracted from a 228Th-based generator as pre-
viously described (Li et  al. 2023). The activity of 212Pb was 
quantified using a Capintec CRC-25R dose calibrator 
(Capintec Inc., Ramsey, NJ). A Hidex automatic gamma 
counter (Hidex Oy, Turku, Finland) or a Cobra gamma 
counter (Packard Instrument Company, Downers Grove, IL) 
was used to measure 212Pb activity (50-120 keV) and to indi-
rectly quantify 212 Bi via its daughter 208Tl (500–800 keV) 
activities (Napoli et  al. 2020). All measurements were per-
formed at least 2 h post radiolabeling to ensure transient 
equilibrium with decay products.

The DOTA-conjugated CAIX inhibitor MKV-509 (purity 
>95%, Figures S1–S3) was custom-synthesized by the Latvian 
Institute of Organic Synthesis (Riga, Latvia). The 
quinoline-based Fibroblast Activation Protein (FAP)-targeted 
tracer FAPI-46 (#HY-137331, MedChemExpress EU, 

Germany) was used as a negative control (Figures S4 and 
S5). MKV-509 was dissolved in DMSO, and FAPI-46 in 
metal-free water. Each ligand was mixed with a 10% solu-
tion of 5 M sodium acetate (NaAc) in 0.1 M HCl and pre-
heated at 95 °C (450 rpm, 5 min) using a Thermomixer 
(Eppendorf, Hamburg, Germany). Lead-212 was then added 
to achieve a molar activity of 1.7–2.3 MBq/nmol for 
MKV-509, and 1.3–1.8 MBq/nmol for FAPI-46. The pH was 
adjusted to 5–6 using 5 M NaAc, followed by incubation at 
95 °C (450 rpm, 15 min). Radiochemical purity (RCP) was 
assessed using instant thin-layer chromatography (iTLC, 
Tec-Control, Biodex Medical Systems, Shirley, NY). Only 
preparations with RCP ≥97% were used in subsequent 
experiments.

The stability of [212Pb]Pb-MKV-509 was evaluated by 
incubating the compound in phosphate-buffered saline 
(PBS), fetal bovine serum (FBS), or complete cultivation 
medium (1:1) for up to 48 h at room temperature. Stability 
was assessed using iTLC.

Cell lines

The SK-RC-52 ccRCC cell line was obtained from the 
Memorial Sloan Kettering Cancer Center (MSK, New York, 
USA), and the HT-29 CRC cell line from ATCC (ATCC® 
HTB-38™, Manassas, VA, USA). SK-RC-52 cells were cul-
tured in RPMI-1640 medium (Sigma-Aldrich, Norway AS, 
Oslo), while HT-29 cells were maintained in McCoy’s 5a 
(Modified) Medium (Thermo Fisher Scientific, Frankfurt, 
Germany) supplemented with 10% FBS (VWR, Oslo, 
Norway), 100 units/mL penicillin, and 100 µg/mL streptomy-
cin (Sigma-Aldrich). Cells were maintained at 37 °C in a 
humidified atmosphere containing 5% CO2.

Evaluation of surface protein expression

Cell surface CAIX expression was assessed by flow cytome-
try using the monoclonal antibody G250 (V6 Anti-Human 
CA9 (GirentuximabRencarex), #B839201, Abinvivo). Cells 
(5 × 105) were suspended in 100 μL of flow buffer (Dulbecco’s 
PBS with 0.5% bovine serum albumin (BSA), Sigma-Aldrich) 
and incubated with primary antibody (50 μg/mL) for 1 h at 
4 °C with gentle agitation. After three washes (2 mL flow 
buffer, centrifuged at 260 × g for 5 min), cells were incubated 
with secondary antibody, Alexa Fluor® 647 AffiniPure™ Goat 
Anti-Human IgG (H + L) (10 μg/mL; #109-605-088, Jackson 
ImmunoResearch Europe) for 30 min at 4 °C in the dark. 
Following final washes, cells were resuspended in 200 μL 
flow buffer and analyzed using a Cytoflex S flow cytometer 
with CytExpert 2.0 software (Beckman Coulter, Inc., Brea, 
CA). Data were analyzed using FlowJo software version 
10.7.1 (FlowJo, LLC, Ashland, OR).

Binding studies

Saturation binding assays were performed by incubating 
1 × 106 cells in 0.2 mL PBS with 0.5% BSA with increasing 
concentrations of [212Pb]Pb-MKV-509 (0.6–150 nM) for 1 h 
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at 37 °C (150 rpm). Nonspecific binding was determined by 
preincubating cells with acetazolamide (45 nM; #A601, 
Sigma-Aldrich Norway AS) for 15 min to block carbonic 
anhydrases prior to radioligand addition. The activities 
(CPM) were measured in the gamma counter before (total 
added activity) and after incubation, followed by three 
washes with PBS containing 0.5% BSA (cell-bound activity). 
Specific binding was calculated as the percentage of added 
activity minus nonspecific binding (activity on blocked cells). 
Internalized activity was assessed by incubating cells with 
stripping buffer (50 mM glycine and 100 mM NaCl, pH 2.8) 
for 10 min at room temperature (150 rpm), followed by 
three washes. Internalization was calculated in the same 
manner as specific activity. The number of specifically bound 
ligands per cell, the maximum binding sites per cell (Bmax), 
and the equilibrium dissociation constant (Kd) were deter-
mined using nonlinear regression (SigmaPlot 15.0, Systat 
Software, Inc., San Jose, CA, USA) based on a one-site bind-
ing saturation.

Detection of cell cycle progression and DNA damage

Cells (0.35–1 × 106) were seeded 24 h prior to treatment with 
[212Pb]Pb-MKV-509 (6.25–50 kBq/mL) for 1 h at 37 °C. After 
incubation, the radioligand-containing medium was replaced 
with fresh medium, and cells were cultured for 1, 3, and 
6 days under standard conditions. At each time point, cells 
were harvested for further analysis. Cells were stained with 
fixable viability dye FVD-eFluor450 (Invitrogen, Thermo 
Fisher Scientific, Oslo, Norway) for 1 h on ice with gentle 
agitation, fixed in 100% methanol (Sigma-Aldrich Norway 
AS), and washed with PBS containing 0.2% Tween-20 (PBST; 
Sigma-Aldrich Norway AS). Cells were incubated with 
anti-pγH2AX (1 µg/mL; #05-636, Merck Millipore, Darmstadt, 
Germany) and RNase A (0.4 mg/mL; #12091021, PureLink, 
Thermo Fisher Scientific) in PBST with 2% FBS for 1 h at 
room temperature in the dark. After washing, cells were 
incubated with FITC-conjugated goat antimouse antibody 
(2 µg/mL; #F0479, Agilent Technologies, Santa Clara, CA, 
USA) in PBST with 2% FBS for 30 min at room temperature 
in the dark, then washed, and resuspended in propidium 
iodide (PI, 10 µg/mL) in PBST. Samples were analyzed using 
the Cytoflex S flow cytometer, and data analysis was per-
formed using the FlowJo software. Cell cycle analysis was 
performed utilizing the Watson (pragmatic) model.

Clonogenic assay

The reproductive capacity of [212Pb]Pb-MKV-509 and 
[212Pb]-FAPI-46 treated cells was investigated using a clono-
genic assay. Cells were seeded in T25 flasks, treated with 
[212Pb]Pb-MKV-509 or [212Pb]Pb-FAPI-46 (1.6–50 kBq/mL) 
for 1 h at 37 °C the following day, and then washed and 
incubated under standard conditions for 14 days. Cells were 
fixed with 96% ethanol and stained with 0.4% methylene 
blue (Thermo Fisher Scientific, Waltham, MA, USA). 
Colonies containing ≥50 cells were counted manually. 
Survival fractions were calculated relative to untreated 

controls. For [212Pb]Pb-MKV-509, survival data were mod-
eled using a double exponential decay equation 
( f ae cebx dx= +− − , where x is the activity (kBq/mL) and a, b, 
c, and d are constants). For [212Pb]Pb-FAPI-46, survival data 
were modeled using a single exponential decay equation 
( f ae bx= − , where x is the activity and a and b are constants). 
Curve fitting and inhibitory activity concentration (IC) cal-
culations were performed using SigmaPlot 15.0 software.

Spheroid treatment

Multicellular tumor spheroids were generated using the 
liquid-overlay technique (Carlsson and Yuhas 1984). Briefly, 
500 cells were seeded in 100 µL culture medium per well in 
96-well flat-bottom plates precoated with 50 µL of 1.5% 
(w/v) agarose (Sigma-Aldrich) in PBS. Plates were centri-
fuged at 470 × g for 15 min and incubated (37 °C, 5% CO2). 
Spheroids were treated 4–5 days (defined as day 0) after 
seeding by incubating with [212Pb]Pb-MKV-509 (0.5–80 
kBq/mL) for 1 h. Following treatment, the unbound radioli-
gand was removed by six sequential washes with fresh 
medium. Each treatment group had 3–6 technical replicates. 
Spheroids were imaged on days 0, 3, 7, 14, and 17 posttreat-
ment using a Carl Zeiss Axiovert 200 Inverted Motorized 
Microscope with bright field, 4× objective. On day 17, via-
bility was determined using PI (2 mg/mL) and fluorescein 
diacetate (FDA) (5 mg/mL; #F738, Sigma-Aldrich) staining. 
Cross-sectional area (µm2) was determined in the AxioVision 
Rel. 4.8 imaging software (Carl Zeiss Microscopy GmbH, 
Germany). Spheroid doubling time was calculated during 
the exponential growth phase using exponential growth 
regression (single-term, two-parameter equation) in 
SigmaPlot 15.0.

Animal xenograft studies

A pilot in vivo study was conducted using eight male Hsd: 
Athymic Nude-Foxn1nu mice bred at the Department of 
Comparative Medicine, Norwegian Radium Hospital (Oslo 
University Hospital, Oslo, Norway). All procedures were 
approved by the Institutional Committee on Research Animal 
Care and the Norwegian Food Safety Authority (Brumunddal, 
Norway, approval: FOTS ID 30148). The study adhered to 
the Interdisciplinary Principles and Guidelines for the Use of 
Animals in Research, Marketing, and Education (New York 
Academy of Sciences, New York, NY, USA) and complied 
with the EU Directive 2010/63/EU on animal experiments. 
Mice were housed under specific pathogen-free conditions, 
with up to five per cage, under controlled temperature 
(24 °C) and humidity (60%). The mice had access to food 
and water ad libitum. At the start of the study, the mice 
were 9 weeks old and weighed between 31 and 36 g.

For tumor engraftment, mice were subcutaneously injected 
in both flanks with 5 × 106 SK-RC-52 cells per flank in 
RPMI-1640 medium mixed in a 1:1 ratio with Matrigel 
Matrix (Corning Inc., Corning, NY, USA), in a total volume 
of 200 µL per injection. Tumor growth was monitored, and 
biodistribution studies were conducted when tumors reached 
150–1000 mm3.
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Biodistribution studies

Mice were injected intravenously via the tail vein with 83 
kBq (0.048 nmol) of [212Pb]Pb-MKV-509 with or without 
prior oral administration of acetazolamide in saline (∼30 min 
prior, 10 mg/kg, 100 μL). Blood samples were collected via 
cardiac puncture after 2 or 24 h under gas anesthesia (∼3.5% 
sevoflurane in oxygen at 0.5 L/min; Baxter, IL, USA). 
Following euthanasia by cervical dislocation, various organs 
were harvested. Radioactivity and tissue weight were mea-
sured using a HIDEX gamma counter. The decay-corrected 
percentage of the injected activity per gram of tissue (%IA/g) 
was calculated using injection standards.

Statistical analyses

All statistical analyses were conducted using SigmaPlot 15.0 
software. Data were tested for normality and equal variance 
using the Shapiro–Wilk and Brown–Forsythe tests, 
respectively.

Group comparisons were conducted using one-way 
Analysis of variance (ANOVA), with Holm–Sidak post hoc 
corrections. For groups where assumptions for parametric 
testing were not met, nonparametric tests were employed. 
Statistical significance was determined at a p-value of <.05. 
Results are presented as mean ± standard deviation (SD).

Results

Stability of [212Pb]Pb-MKV-509

The stability of [212Pb]Pb-MKV-509 in FBS, PBS, and com-
plete culture medium was assessed by iTLC at 1, 4, 24, and 
48 h postradiolabeling. The RCP remained above 90% at all 
time points, indicating high stability of the radioligand in 
different solutions (Table 1). At the time of radiolabeling 
(t = 0), the RCP was 98.7 ± 1.2% and 94.1 ± 4.7% for [212Pb]
Pb-MKV-509 and [212 Bi]Bi-MKV-509, respectively.

The release of 212 Bi following the decay of [212Pb]
Pb-MKV-509 was quantified by comparing the RCP of the 
daughter [212 Bi]Bi-MKV-509 to that of the parent conjugate. 
At 1 h postradiolabeling, the RCP of [212 Bi]Bi-MKV-509 was 
∼80% across all tested solutions. Due to the short half-life of 
[212 Bi]Bi (∼1 h), its activity dropped to 6.4% after 4 h. At this 
point, the RCP decreased to about 74%, reflecting the com-
bined effect of decay of initial [212 Bi]Bi-MKV-509 and the 
ingrowth of [212 Bi]Bi-MKV-509 from the decay of [212Pb]
Pb-MKV-509. From 4 to 48 h, the RCP of [212 Bi]Bi-MKV-509 

declined from 74% to 71% (Table 1). Across all tested solu-
tions, the estimated release of 212 Bi ranged from 20.1% to 
23.3% during the 4- to 48-h incubation period, respectively.

Cell surface CAIX expression

Flow cytometry analysis revealed that SK-RC-52 cells dis-
played a bimodal CAIX expression, indicating the presence 
of two distinct populations with different antigen density 
(Figure 1). In contrast, HT-29 cells exhibited a more unified 
CAIX-positive population (Figure 1).

Radioligand binding and cytotoxic effects in monolayer 
cultures

SK-RC-52 cells exhibited significantly higher binding and 
internalization of [212Pb]Pb-MKV-509 compared to HT-29 
cells (Figure 2(A)), consistent with a fourfold higher antigen 
density (Figure 2(B) and Table 2). Despite differences in 
receptor expression, both cell lines displayed similar Kd val-
ues (∼19 nM), indicating high-affinity ligand–receptor inter-
actions under saturating conditions (Table 2).

Clonogenic assays demonstrated an activity-dependent 
inhibition of colony formation, with a plateau effect at the 
highest activities (Figure 2(C)). SK-RC-52 cells were more 
sensitive to treatment compared to HT-29, as reflected by 
lower survival fractions and IC values (Table 2). The nega-
tive control, [212Pb]Pb-FAPI-46, induced an exponential 
reduction in clonogenic survival, resulting in approximately 
a 30% reduction at 50 kBq/mL in both cell lines (Figure 2(C)).

Cell cycle alterations and DNA damage following [212Pb]
Pb-MKV-509 treatment

Flow cytometry analysis revealed an activity-dependent 
accumulation of cells in the G2/M phase in both cell lines 
at day 1 posttreatment (Figure 3(A)). In SK-RC-52 cells, the 
G2/M fraction increased from ∼14% to 25–54% following 
treatment with 6–50 kBq/mL, accompanied by a significant 
reduction in S-phase from ∼31% to 23–14%. In HT-29 cells, 
the G2/M fraction increased from ∼10% to 15–23%, while 
S-phase distribution remained largely unchanged (Table S1).

DNA damage was confirmed by γH2AX staining, which 
showed a ∼2-fold increase in SK-RC-52 cells at day 3 post-
treatment, and a ∼1.5-fold increase in HT-29 cells at day 1 
following exposure to 50 kBq/mL (Figure 3(B)). In SK-RC-52, 

Table 1. R adiochemical purity (RCP) of [212Pb]Pb-MKV-509 and [212 Bi]Bi-MKV-509 diluted 1:1 in PBS, FBS, or complete culture medium up  
to 48 h.

RCP (%)

PBS FBS Complete medium

Incubation time (h) 212Pb 212Bi 212Pb 212Bi 212Pb 212Bi

1 96.0 ± 0.5 80.4 ± 1.8 96.3 ± 0.7 81.4 ± 1.4 96.1 ± 0.7 80.5 ± 2.2
4 94.8 ± 0.1 73.8 ± 3.8 95.6 ± 0.7 76.4 ± 5.1 95.1 ± 0.3 75.4 ± 3.0
24 94.2 ± 0.5 73.0 ± 2.2 95.3 ± 0.4 76.9 ± 2.3 95.2 ± 0.3 76.0 ± 3.0
48 92.7 ± 2.1 71.1 ± 2.7 93.1 ± 2.7 71.4 ± 4.3 93.9 ± 1.6 72.7 ± 4.0

Data are presented as mean ± SD, n = 3.
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a significant difference in γH2AX levels was detected between 
all activities at 6 days posttreatment. However, no significant 
differences in γH2AX levels were detected between the days 
within each activity group. HT-29 cells showed a significant 
increase in γH2AX signal between 6 kBq/mL and 50 kBq/mL 
at day 3. A significant reduction in DNA damage was also 
observed at all tested activities from day 1 to day 6, indicat-
ing progressive DNA repair over time.

Growth dynamics of multicellular spheroids

Treatment with [212Pb]Pb-MKV-509 significantly delayed 
spheroid growth in both SK-RC-52 and HT-29 models 
(Figure 4). Untreated HT-29 spheroids disintegrated over 
time, limiting the experiment to 17 days. In SK-RC-52 spher-
oids, 0.56 kBq/mL significantly reduced spheroid growth by 
day 3, but spheroids resumed expansion after 14 days (Figure 
4(A), Table S2). The treatment caused a significant 
activity-dependent increase in doubling time (Figure 4(A)). 
Viability staining (FDA/PI) showed mostly viable spheroids 
at all activities on day 17. Increasing activity from 5 to 80 
kBq/mL did not enhance the effect, as no significant differ-
ences in cross-sectional area were observed by the end of 
the experiment (Table S2).

HT-29 spheroids exhibited lower sensitivity to [212Pb]
Pb-MKV-509 treatment compared to SK-RC-52 (Figure 4). 
Among the tested activities, 5 kBq/mL was the only activity 
that significantly prolonged doubling time and reduced 
spheroid size at days 7 and 14 (Figure 4(A,B)). Interestingly, 
treatment with 0.56 kBq/mL resulted in a transient increase 
in spheroid size on day 7 compared to the untreated control 
(Table S2). At activities above 5 kBq/mL, HT-29 spheroids 
showed widespread loss of viability and were primarily com-
posed of dead cells (Figure 4(B)).

Figure 1.  Cell surface expression of CAIX. Flow cytometry analysis of SK-RC-52 
and HT-29 cells stained with Girentuximab (G250) followed by Alexa Fluor® 647 
AffiniPure™ Goat Anti-Human IgG (H+L) secondary antibody. Unstained cells 
(US), cells stained with secondary antibody (Ctrl).

Figure 2.  (A) Specific binding and internalization of [212Pb]Pb-MKV-509 in SK-RC-52 and HT-29 cells, expressed as percentage of total added. (B) Saturation binding 
curves showing specific binding of [212Pb]Pb-MKV-509 to CAIX antigen sites per cell in SK-RC-52 and HT-29 cells, plotted against ligand concentration (nM). Data 
are presented as mean ± SD, n = 2. Curves were fitted using nonlinear regression with a one site saturation equation in SigmaPlot 15 (solid lines). (C) Inhibition 
of colony formation in SK-RC-52 and HT-29 cells following a 1 h incubation with [212Pb]Pb-MKV-509 compared to untreated control cells, with results shown as 
mean ± SD, n = 3-4. Curves (solid lines) were generated in SigmaPlot 15 using the bi-exponential model. Curves generated from the negative control, [212Pb]
Pb-FAPI-46 (dotted lines), were fitted using a single exponential model (n = 2).
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In vivo biodistribution of [212Pb]Pb-MKV-509

The biodistribution study in SK-RC-52 xenograft-bearing 
mice revealed tumor uptake of 4.7%IA/g at 2 h, which 
decreased to 2.2%IA/g by 24 h (Figure 5 and Table S3). 
Notably, high uptake was observed in the small intestine 
(8.7%IA/g), large intestine (7.5%IA/g), lungs (8.3%IA/g), 
and stomach (28.6%IA/g). Most tissues exhibited a tenfold 
reduction in activity by 24 h, except for the stomach 
(11.1%IA/g), which retained levels comparable to the 
tumor. Acetazolamide pretreatment significantly reduced 
off-target uptake, particularly in the stomach and intes-
tines; however, it also lowered tumor uptake (1.1%IA/g) 
(Figure 5 and Table S3).

Discussion

This study presents the first preclinical evaluation of a 
212Pb-labeled small-molecule radioligand targeting CAIX in 
preclinical models of solid tumors. [212Pb]Pb-MKV-509 
exhibited high stability, tumor-specific uptake, and antitumor 
effects across monolayer and spheroid cultures. These results 
underscore the potential of targeted alpha therapy using a 
small-molecule ligand to induce DNA damage, disrupt cell 
cycle progression, and inhibit growth in both monolayer and 
3D spheroid models.

The clonogenic assays revealed a biphasic response to 
increasing activities of [212Pb]Pb-MKV-509 for both cell 
lines, characterized by an initial decrease in survival fol-
lowed by a plateau at higher activities. The negative control 
[212Pb]Pb-FAPI-46 demonstrated a linear effect in both cell 
lines, indicating that the observed biphasic response was 
receptor-mediated. Oversaturation could cause receptors to 
become occupied, and increasing the activity (i.e., radioli-
gand concentration) would not induce a higher response, as 
the redundant radioligands are washed away after 1 h. 
SK-RC-52 cells demonstrated significantly higher specific 
binding, internalization, and antigen density per cell 

Table 2.  Binding parameters and radiocytotoxic potency of [212Pb]Pb-MKV-509 
in SK-RC-52 and HT-29 cells.

Cell line Bmax (antigens/cell) Kd (nM) IC50 (kBq/mL)

SK-RC-52 596 212 ± 11 266 19 ± 2 3.4 ± 0.9
HT-29 134 342 ± 12 636 19 ± 6 7.1 ± 1.5

The total receptor density per cell (Bmax), equilibrium dissociation constant (Kd), 
and the inhibitory activity concentration required to reduce colony formation 
by 50% (IC50).

Figure 3.  Cell cycle disruptions and DNA damage induction following [212Pb]Pb-MKV-509 treatment. (A) Cell cycle distribution 1 day post-treatment and (B) γH2AX 
expression in SK-RC-52 and HT-29 cells after 1 h exposure to [212Pb]Pb-MKV-509. Cells were fixed in methanol, stained with primary- and secondary antibodies, 
and counterstained with propidium iodide at 1-, 3-, and 6 days post-treatment. Data are presented as mean ± SD, n = 3.
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compared to HT-29 cells. The maximum internalization was 
∼8% of total added activity (∼22% of specifically bound frac-
tion) at the lowest radioligand concentration tested (Figure 
2(A)). Previous studies have shown that CAIX-ligand com-
plexes do not undergo efficient internalization, at least with 

small-molecule ligands (Krall et  al. 2014). Consistently, 
VD11-4-2 predominantly exhibited cell-surface binding 
(Matulienė et  al. 2022), and minimal internalization was also 
reported for the dicyclic peptide DPI-4452 in HT-29 cells 
(Massière et  al. 2024). The SK-RC-52 cells were also more 
sensitive to radioligand treatment, showing a lower IC50 
value. These results suggest that cells with higher CAIX 
receptor density sustain greater alpha-induced damage, while 
those with low or no ligand binding exhibit a more gradual 
response. Further analysis correlating CAIX expression with 
radiation response could clarify this relationship.

Flow cytometry analysis confirmed radiation-induced 
DNA damage, with the highest γH2AX levels detected at 1 
and 3 days posttreatment in HT-29 and SK-RC-52 cells, 
respectively. By day 6, the DNA damage decreased in HT-29 
cells, possibly due to activation of DNA repair mechanisms. 
Additionally, heavily damaged cells may have undergone cell 
death, indicating selective survival of less-damaged cells 
(Figure S6). Radiation-induced DNA damage has been 
reported to cause G2/M-phase arrest (Hwang and Muschel 
1998). Indeed, the cell cycle distribution following 212Pb 
exposure showed a substantial G2/M arrest, consistent with 
previous findings of alpha radiation effects (Vallon et  al. 
2012; Yong et  al. 2012, 2013). This arrest was transient, 
peaking at day 1 posttreatment, followed by an activity- and 
time-dependent recovery (Figures S7 and S8), indicating that 
cells may have either repaired the damage prompting the 
arrest or bypassed the cell cycle inhibition through 

Figure 4. G rowth inhibition in SK-RC-52 and HT-29 spheroids following [212Pb]Pb-MKV-509 treatment. (A) Cross-sectional area (µm2) and doubling time of SK-RC-52 
and HT-29 spheroids at different days after 1 h incubation with [212Pb]Pb-MKV-509. Data are presented as mean ± SD, n = 3. (B) Microscope images 4x magnifi-
cation (200 µm scalebar) were captured from day 0 to day 17 post-treatment. Viability staining with fluorescein diacetate (FDA) and propidium iodide (PI) was 
performed on day 17 to differentiate viable from non-viable cells.

Figure 5. T issue uptake of [212Pb]Pb-MKV-509 in SK-RC-52 xenograft-bearing 
mice. Biodistribution is shown as percent of injected activity per gram of tissue 
(%IA/g) at 2 h (n = 4) and 24 h (n = 2) postinjection. Two mice were given acet-
azolamide (10 mg/kg, oral administration) 30 min prior to radioligand adminis-
tration (2 h, block). Data are presented as mean ± SD.

https://doi.org/10.1080/09553002.2025.2595630
https://doi.org/10.1080/09553002.2025.2595630
https://doi.org/10.1080/09553002.2025.2595630


134 S. K. KRISTIANSEN ET AL.

alternative mechanisms. Similar findings have been reported 
previously with alpha radiation (Palayoor et  al. 1993; Vallon 
et  al. 2012).

The multicellular tumor spheroid models displayed 
increased treatment sensitivity, consistent with observations 
from other 212Pb-labeled radiopharmaceuticals investigated, 
suggesting the influence of a 3D cross-fire effect mediated 
by alpha-particle emissions (Boyd et  al. 2001; Pekeč et  al. 
2023; Lindland and Juzeniene 2025; Liukaityte et  al. 2025). 
Alpha particles travel approximately 40–80 µm (about three 
to five cell diameters), enabling deposition of energy and 
induction of damage in neighboring cells as well as the tar-
get cells (Song et  al. 2012; Staudacher et  al. 2014). The lack 
of an increased effect with increasing activities observed in 
SK-RC-52 spheroids may be due to oversaturation or reduced 
receptor accessibility and limited diffusion of the radioligand 
within the spheroid (Judmann et  al. 2024). In HT-29 spher-
oids, treatment disrupted cell-cell interactions, resulting in a 
less compact peripheral structure and eventual spheroid dis-
integration at ≥5 kBq/mL. This phenomenon, previously 
described for this cell line (Thakuri et  al. 2019), is charac-
terized by a distinctive ruffled surface (Figures 4 and S9). 
After exposure to low activities of [212Pb]Pb-MKV-509, 
HT-29 spheroids displayed an increased cross-sectional area 
compared to controls, suggesting reduced compactness. This 
may result from compromised core integrity and weakened 
cell-cell adhesions or enhanced cellular migration (Bulin 
et  al. 2019). The intact spheroids remained viable through-
out the experiment, consistent with the minimal apoptosis 
and cell death detected in 2D monolayer via flow cytometry 
(Figure S8). In contrast, disintegrated HT-29 spheroids were 
largely nonviable, likely due to a combination of high radia-
tion exposure and the loss of cell-cell contacts, leading to 
cellular dissociation (Figure 4) (Baek et  al. 2016).

Both cell lines displayed CAIX expression, but not all 
cells were CAIX-positive. SK-RC-52 cells demonstrated a 
bimodal distribution, whereas HT-29 cells showed a more 
uniform positive population. Still, SK-RC-52 cells demon-
strated higher specific binding and radiosensitivity in all in 
vitro assays compared to HT-29 cells, suggesting a higher 
functional receptor density and greater cell-intrinsic suscep-
tibility (Kleinendorst et  al. 2024). HT-29, which exhibited 
‘high CAIX positivity but lower receptor density’ per cell, 
showed greater resistance to radiation-induced growth inhi-
bition, potentially linked to their p53-null status (Gao et  al. 
2009; Wang et  al. 2018). These results indicate that CAIX 
expression levels did not directly correlate with ligand bind-
ing or sensitivity. This discrepancy suggests that functional 
receptor density and intrinsic cellular factors may influence 
ligand binding and therapeutic response. Similar discrepan-
cies between protein expression and the uptake and sensitiv-
ity of radioligands have previously been observed in tumor 
models (Lindeman et  al. 2023). These findings suggest that 
receptor density and functional binding, rather than just 
CAIX expression, influence the therapeutic response.

The biodistribution study revealed rapid tumor uptake of 
[212Pb]Pb-MKV-509 (4.7%IA/g at 2 h). This uptake is compa-
rable to that reported for other small CAIX-targeting mole-
cules (Askoxylakis et al. 2010; Wang et al. 2025). Small-molecule 

ligands are predominantly eliminated via the renal pathway, 
resulting in an initial peak in kidney uptake (Vegt et al. 2010). 
By 24 h, [212Pb]Pb-MKV-509 levels in kidneys had dropped by 
more than 90% compared to the 2 h time point, suggesting 
efficient clearance. High uptake in the stomach, intestines, 
and lungs suggests off-target binding. Significant stomach 
uptake of CAIX-targeted radioconjugates has been reported 
previously, consistent with CAIX expression in this organ 
(Ivanov et  al. 2001; Yang et  al. 2019; Kulterer et  al. 2021; Zhu 
et  al. 2023; Hofman et  al. 2024; Lou et  al. 2024; Massière 
et  al. 2024; Horii et  al. 2025; Müller et  al. 2025; Wang et  al. 
2025). High uptake in the lungs is of particular interest, since 
human lung tissue does not express CAIX (Ivanov et  al. 
2001). In contrast, murine lungs do express CAIX, which may 
account for the observed binding of MKV-509. Similar lung 
uptake has been demonstrated previously (Yang et  al. 2019; 
Zhu et  al. 2023; Müller et  al. 2025). Uptake in both stomach 
and lung may also result from interactions with other car-
bonic anhydrase isoforms, and improving ligand specificity 
could help to reduce this off-target accumulation (Imtaiyaz 
Hassan et  al. 2013; Vaškevičius et  al. 2025a).

Acetazolamide pretreatment reduced off-target accumula-
tion but also decreased tumor uptake, highlighting the chal-
lenge of balancing specificity and efficacy (Figure 5). This 
underscores the importance of carefully evaluating and man-
aging the risk of off-target effects when targeting CAIX to 
ensure both treatment efficacy and safety. Therapeutic stud-
ies were not pursued due to the substantial off-target uptake. 
Beyond ligand optimization, several parameters could be 
adjusted to improve efficacy, including radionuclide selec-
tion, fractionated dosing, or combination approaches 
(Kleinendorst et  al. 2024; Wang et  al. 2025). The short range 
of alpha particles may limit efficacy in antigen-heterogenous 
tumors, as the cross-fire effects are inferior to those of beta 
emitters (Aghevlian et  al. 2017). In this context, careful 
selection of the radionuclide payload is important, since beta 
emitters or tandem alpha/beta combinations may compen-
sate for heterogeneous target expression through enhanced 
cross-fire (Aghevlian et  al. 2017; Khreish et  al. 2020). 
However, long-lived radionuclides such as 177Lu are not well 
suited for fast-clearing CAIX-targeting small molecules, as 
their pharmacokinetics may limit tumor retention and 
thereby reduce tumor-absorbed dose (Merkx et  al. 2022; 
Müller et  al. 2025).

[212Pb]Pb-MKV-509 exhibited high RCP and stability in 
vitro, consistent with previous findings from our group, 
showing that both DOTA-conjugated PSMA-617 and 
TCMC-conjugated PSMA-targeting ligands maintain RCPs 
above 90% after 48 h and with comparable radiolytic stability 
(Stenberg et  al. 2020). The low uptake in the femur and skull 
(Figure 5) confirmed in vitro stability, as free 212Pb is known 
to accumulate in bones (Chapeau et  al. 2023). Across all 
tested solutions, the consistent loss of approximately one-fifth 
of 212 Bi from the [212 Bi]Bi-MKV-509 was observed following 
β– decay (Table 1). These results align with previous studies 
on DOTA-based chelation, in which 36% of [212 Bi]Bi-DOTA 
complexes break up following beta decays due to internal 
conversion processes that impart enough kinetic and elec-
tronic excitation to disrupt the daughter’s chelate (Mirzadeh 
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et  al. 1993). Studies have shown that TCMC is a better-suited 
chelator for 212Pb (Meredith et  al. 2014).

These findings support further refinement of 
CAIX-targeting alpha therapy, particularly through modifica-
tion of linker length and lipophilicity, improvement of iso-
form selectivity, evaluation of alternative chelators, and 
exploration of combination therapies to maximize efficacy 
while minimizing off-target effects (Benešová et  al. 2016; 
Holik et  al. 2022). Future studies will include direct compar-
isons of 212Pb and 177Lu payloads, alpha/beta tandem regi-
mens, fractionated dosing with mass-dose and molar-activity 
optimization, and combination approaches with DNA dam-
age response modulators or immunotherapies.

Conclusion

This study establishes [212Pb]Pb-MKV-509 as a promising 
CAIX-targeted alpha therapy for solid tumors, providing 
critical radiobiological insights from preclinical models. 
Our findings confirm that a short-lived alpha-emitting 
radionuclide can effectively induce DNA damage, trigger 
G2/M arrest, and inhibit cell growth, offering an alternative 
to 225Ac- and 177Lu-based therapies. The observed heteroge-
neous responses in SK-RC-52 and HT-29 models under-
score the need to consider receptor distribution and cellular 
sensitivity when optimizing treatment strategies. 
Additionally, our data provide evidence on alpha-particle 
cross-fire effects in 3D spheroid models, where ligand dif-
fusion and receptor saturation may limit activity escalation 
benefits. Biodistribution studies revealed significant 
off-target uptake, emphasizing the need for more selective 
CAIX ligands. Future efforts should focus on developing 
ligands with improved tumor targeting and minimal accu-
mulation in healthy tissues.
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