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ABSTRACT: Previous studies have suggested tumoral caveolin-1 (CAV1) as a predictive
biomarker for the response to anti-HER2 antibody drug therapies in gastric tumors. In this study,
radiolabeled and fluorescently labeled anti-CAV1 antibodies were developed and tested as an
immunoPET or optical imaging agent to detect CAV1 in HER2-positive/CAV1-high NCIN87
gastric tumors. The expression of CAV1 receptors in NCIN87 gastric tumors and nontumor
murine organs was determined by Western blot. Binding assays were performed to validate the
anti-CAV1 antibody specificity for CAV1-expressing NCIN87 cancer cells. Subcutaneous and
orthotopic NCIN87 xenografts were used for PET imaging and ex vivo biodistribution of the
radioimmunoconjugate. Additional HER2-PET and CAV1-optical imaging was also performed to
determine CAV1 in the HER2-positive tumors. 89Zr-labeled anti-CAV1 antibody was able to bind
to CAV1-expressing NCIN87 cells with a Bmax value of 2.7 × 103 CAV1 receptors/cell in vitro.
ImmunoPET images demonstrated the localization of the antibody in subcutaneous NCIN87
xenografts. In the orthotopic model, CAV1 expression was also observed by optical imaging in the
HER2-positive tumors previously imaged with HER2-PET. Ex vivo biodistribution analysis further confirmed these imaging results.
The preclinical data from this study demonstrate the potential of using CAV1-PET and optical imaging for detecting gastric tumors.

■ INTRODUCTION
Caveolin-1 (CAV1) is a membrane-associated protein that
plays a complex role in cancer, functioning as both an
oncogene and a tumor suppressor.1 In the later stages of cancer
development, overexpression of CAV1 associates with tumor
cell progression, metastasis, and invasion.2 However, a
downregulation of CAV1 protein has been described for
sarcomas, colon,3 mammary,4 and ovarian carcinomas.5 In
addition to its critical role in the structural formation of
cholesterol-rich caveolae microdomains, CAV1 also partic-
ipates in cholesterol transport, cell signaling, and the
development of various diseases, including cardiovascular and
metabolic diseases.6

Previous studies have demonstrated a negative correlation
between tumoral CAV1 expression, membrane receptors, and
the binding of antibody drugs to tumors.7−12 Additional
therapeutic studies demonstrated that tumoral CAV1 may play
a role in reducing the effectiveness of antibody-based therapies
in cancer treatment.7,8,10,12,13 Gastric cancer cells containing
high tumoral CAV1 show heterogeneous expression of
membrane human epidermal growth factor receptor 2
(HER2), which results in low antibody-tumor binding.7,13

Retrospective analyses of samples from HER2-overexpressing
gastric cancer patients who underwent HER2-targeting
Herceptin therapy suggest that patients with CAV1-high
gastric cancers (immunohistochemistry, IHC 3+/2+; corre-
sponding to 40% of the HER2-positive cancers) have reduced
overall survival when compared with patients with CAV1-low
cancers.7 These previous CAV1 IHC and retrospective studies

highlight the potential of CAV1 as a predictive biomarker for
the tumor response to HER2-targeting antibody therapies.
Although we observed encouraging results using CAV1 IHC

suggesting a role for CAV1 as a predictive biomarker to HER2-
targeted antibody therapy,7 IHC has several limitations that
may reduce its ability as a clinical diagnostic.14 Limitations to
IHC include sampling bias, the inability to visualize the entire
tumor tissue, or constraints due to tumor heterogeneity.
Positron emission tomography (PET) is a highly sensitive and
quantitative imaging modality that enables the noninvasive,
real-time visualization of tumor biomarkers. Several tumor-
targeted antibody PET agents have been developed and
translated to date for applications in oncology.15,16 Immuno-
PET, a technology that combines the sensitivity of PET and
the selectivity of antibodies, allows visualization of tumor
biomarkers in vivo, and has the potential to be used as a
complementary technique to IHC allowing for more accurate
assessment of biomarkers in cancer diagnosis and treat-
ment.17,18

Building on our previous work where we optimized the IHC
detection of tumoral CAV1 using a murine CAV1-specific
monoclonal antibody,7 here we evaluated the utility of CAV1-
targeted immunoPET to detect tumoral CAV1 in HER2-
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expressing gastric tumors. To further study the ability of
CAV1-targeted imaging in gastric tumors, we also applied
fluorescently labeled anti-CAV1 antibodies to investigate its
distribution in an orthotopic model of HER2-expressing gastric
tumors, allowing for a complementary visualization of tumoral
CAV1 expression.

■ RESULTS
CAV1-High and CAV1-Low Gastric Tumors Have

Distinct HER2 Signaling Profiles. Our previous studies in
HER2-expressing gastric tumors demonstrated a negative
relationship between tumoral CAV1 protein levels and
antibody drug binding and efficacy.7,13 High tumoral CAV1
associates with a lower tumor response to HER2-targeting
antibody therapies when compared with tumors containing low
levels of CAV1. Here, we analyzed genomic alterations in our
previously reported cohort of patient-derived HER2-positive
gastric tumor samples.7 We used MSK-IMPACT data to
determine somatic alterations in HER2+/CAV1-low versus
HER2+/CAV1-high gastric cancer samples.19,20 The most
frequently altered genes in a cohort of 27 samples studied were
TP53, SMARCA4, RARA, PTPRD, PTCH1, PIK3CA, MGA,
EPHB1, CDKN2A, CDK12, and CCNE1 (Figure 1A). Overall,
CAV1-high gastric cancer samples exhibited a relatively low
number of mutations compared with those of CAV1-low
tumors. Taken together, our results suggest different signaling
profiles in CAV1-high gastric cancer versus CAV1-low gastric
cancer.

CAV1 Is Expressed in Tumors and Nontumor Tissues.
Next, we determined CAV1 ex vivo expression in HER2+
NCIN87 human gastric tumors and murine nontumor organs.
IHC analyses demonstrated CAV1 reactivity at the membrane
and cytoplasm of neoplastic cells and endothelial CAV1
reactivity in stromal blood vessels (Figure 1B). CAV1 was
expressed at high protein levels in NCIN87 tumors (IHC 3+)
as we have previously reported.7 Additional Western blot
analyses demonstrated high CAV1 protein levels in murine
organs including the heart, large intestines, muscle, lungs, and
nontumor stomach (Figure 1C, Supporting Information Figure
1). The high expression of CAV1 in murine organs is expected,
as CAV1 is also highly expressed in those human organs
according to data collected from the Human Protein Atlas
database21 (http://www.proteinatlas.org, Supporting Informa-
tion Figure 2). These results show CAV1 expression in both
gastric tumors and nontumor murine tissues.
[89Zr]Zr-DFO-Anti-CAV1 Antibody Binds to CAV1-

Expressing Gastric Cancer Cells. The anti-CAV1 antibody
PET probe was developed by conjugating the anti-CAV1
antibody with the hexadentate chelator desferrioxamine
(DFO) chelator and then radiolabeled with zirconium-89
(Supporting Information Figures 3−5 and Table 1). [89Zr]Zr-
DFO-anti-CAV1 was synthesized with a radiochemical purity,
radiochemical yield, and specific activity of 96−98%, 95−99%,
and 3.98 μCi/μg, respectively. In vitro studies demonstrated a
positive correlation between the number of NCIN87 gastric
cancer cells and the [89Zr]Zr-DFO-anti-CAV1 antibody
binding to cells (Figure 2A). It has been well explored that

Figure 1. (A) Twelve most predominant genomic alterations present in CAV1-low versus CAV1-high HER2+ gastric tumor tissues. HER2
membrane levels are classified as high versus low based on the quantification of immunofluorescence staining as described in Pereira et al. Nature
Communications 2022.7 Patients 1 to 33 are IDs for all HER2+ gastric tumor tissues analyzed in the study. The graph on the right shows the
number of genomic alterations, EGFR and MET amplification, and PIK3CA and PTEN mutations present in HER2+CAV1LOW versus
HER2+CAV1HIGH gastric tumor tissues. HER2+CAV1LOW (n = 20) and HER2+/CAV1HIGH (n = 7). (B) Immunohistochemical (IHC) detection of
CAV1 in NCIN87 tumors. (C) Western blot analyses of the CAV1 expression in NCIN87 xenografts and nontumor murine tissues (liver, heart,
muscle, large intestine, small intestine, pancreas, kidney, lymph nodes, lungs, stomach, spleen, and tumor).
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lovastatin, a cholesterol-depleting drug, can significantly lower
CAV1 expression in cancer cells.7,13 The NCIN87 cells treated
with lovastatin were incubated with [89Zr]Zr-DFO-anti-CAV1
antibodies, and it was observed that the uptake in lovastatin-
treated cells was reduced by ∼1.6-fold compared to the control
(Figure 2B, left). Also in our binding study, [89Zr]Zr-DFO-

anti-CAV1 antibody uptake was ∼2.5-fold lower under
blocking conditions compared with cells incubated with
[89Zr]Zr-DFO-anti-CAV1 antibody alone (Figure 2B, right).
Additional competitive radioligand saturation-binding assays
demonstrated that the NCIN87 gastric cancer cells express 2.7
× 103 CAV1 proteins/cell (Figure 2C and Supporting

Figure 2. (A) 89Zr-labeled anti-CAV1 antibody binding to CAV1-expressing NCIN87 gastric cancer cells. NCIN87 gastric cancer cells (1, 5, 7.5, or
10 million) were incubated with 37 KBq of [89Zr]Zr-DFO-anti-CAV1 antibody (0.25−0.30 μg) for 1 h at room temperature. (B) Binding of the
89Zr-labeled anti-CAV1 antibody in the absence or presence of an excess of unlabeled anti-CAV1 antibody or in the cells treated and not treated
with lovastatin for 4 h. For the blocking study of 89Zr-labeled anti-CAV1 antibody binding to cancer cells, cells were incubated with 89Zr-labeled
anti-CAV1 antibody in the presence of 25−30 μg DFO-Anti-CAV1. Data are presented as mean ± S.E.M., n = 3−5. (C) NCIN87 cells were
incubated with the [89Zr]Zr-DFO-anti-CAV1 antibody (0−256 nM) for 3 h at room temperature. Specific binding of [89Zr]Zr-DFO-anti-CAV1
antibody and nonlinear regression curve fit are represented in black spheres and dotted lines. Data are presented as mean ± S.E.M., n = 5. (D)
[89Zr]Zr-DFO-anti-CAV1 antibody stability was determined in human serum for a period of 1 week. Radio-TLC chromatograms of the [89Zr]Zr-
DFO-anti-CAV1 antibody in human serum were run on silica strips using an eluent of 50 mM EDTA, pH 5.0. (*P < 0.05, n.s.= not significant;
based on a Student’s t test, n = 3−5)

Figure 3. (A) Representative PET images at 72 h post tail vein injection of [89Zr]Zr-DFO-anti-CAV1 antibody in mice bearing HER2-positive/
CAV1-high NCIN87 xenografts. (B) Biodistribution profile at 72 h post injection of [89Zr]Zr-DFO-anti-CAV1 antibody. The Supporting
Information shows the full biodistribution.
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Information Figure 6) and that the antibody has moderate
binding to the NCIN87 cancer cells with a KD value of 108
nM. Additional serum stability analyses demonstrated that the
[89Zr]Zr-DFO-anti-CAV1 antibody radiotracer is stable for
seven consecutive days in human serum (Figure 2D).
Altogether, these data demonstrate that the [89Zr]Zr-DFO-
anti-CAV1 antibody is stable, and it binds CAV1-expressing
gastric cancer cells.
ImmunoPET of CAV1-Expressing NCNIN87 Gastric

Cancer Xenografts. Premised on our in vitro findings
showing CAV1 expression in NCIN87 tumors (Figure 1)
and anti-CAV1 antibody binding to cancer cells (Figure 2), we
performed immunoPET imaging and a biodistribution study to
monitor the ability of the anti-CAV1 antibody to accumulate in
CAV1-positive NCIN87 subcutaneous tumors. PET images
were acquired at 72 h post intravenous injection of [89Zr]Zr-
DFO-anti-CAV1 antibody. PET images demonstrated anti-
body accumulation in the tumor, heart, liver, spleen, with
minimal uptake in the bones (Figure 3A and Supporting
Information Figure 7), consistent with the biodistribution and
clearance of full-length antibodies. To quantify the accumu-
lation of the [89Zr]Zr-DFO-anti-CAV1 antibody in murine
tissues and NCIN87 tumors, we performed biodistribution
studies at 72 h after antibody injection (Figure 3B). Here, we
observed a percent-injected dose per gram (% ID/g) of 9.29 ±
2.74 in NCIN87 tumors. The uptake of the anti-CAV1
antibody was 9.6-fold higher in the subcutaneous NCIN87
tumors compared with the nontumor stomach tissues (0.97 ±
0.29% ID/g). Next, we performed the biodistribution studies
with a blocking dose (100-fold of unlabeled anti-CAV1
antibody) to confirm the specificity of the radiolabeled anti-
CAV1 antibody (Supporting Information Figure 8). A
significant decrease (P = 0.0764) was observed in the binding

of [89Zr]Zr-DFO-anti-CAV1 antibody when the tumor was
blocked with a 100-fold excess of unlabeled anti-CAV1
antibody. [89Zr]Zr-DFO-anti-CAV1 antibody uptake in the
NCIN87 tumors was 6-fold higher compared with the
nonspecific IgG [89Zr]Zr-DFO-IgG.13 Collectively, these
results demonstrate the ability of CAV1-targeted immunoPET
to image gastric tumors.
CAV1-Targeted Optical Imaging in an Orthotopic

Gastric Cancer Model. Next, we determined the potential for
CAV1-targeted optical imaging in an orthotopic gastric cancer
model (Figure 4A). The orthotopic gastric cancer model was
developed by injecting NCIN87 gastric cancer cells into the
subserosal layer of the stomach as previously described.22 The
development of HER2-positive NCIN87 tumors was con-
firmed by HER2-targeting immunoPET at 5 weeks after
NCIN87 cancer cell injection in the stomach (Figure 4B).
Once the tumors were identified, the mice were injected with
fluorescently tagged (ICG) anti-CAV1 antibody for optical
imaging. Protein staining using Coomassie blue was performed
to detect the presence of anti-CAV1 labeled with ICG
(Supporting Information Figure 9). Under nonreducing
conditions, protein staining of the conjugated products
exhibited bands similar to those of the unmodified anti-
CAV1 antibody (Supporting Information Figure 9). Optical
imaging was carried out at 24 h after injection of the anti-
CAV1 antibody labeled with ICG. Ex vivo imaging studies
demonstrated anti-CAV1 antibody uptake in the tumor
stomach and intestines (Figure 4B). These results suggest
the ability of CAV1-targeted optical imaging to detect primary
gastric tumors and possible metastases in the intestines.

Figure 4. (A) Schematic representation of the intragastric injection method. (B) Dual-modality imaging of HER2 and CAV1 orthotopic models of
gastric cancer. PET images and fluorescent images of trastuzumab (anti-HER2, left) and anti-CAV1 antibody (right) in an orthotopic model of
NCIN87 gastric cancer. Left: Representative coronal and sagittal PET of trastuzumab in an orthotopic model of NCIN87 tumors. [89Zr]Zr-DFO-
trastuzumab (6.66−7.4 M 46 μg protein) was administered by tail vein injections, and PET images were acquired at 24 h post-injection. Scale bar
represents %ID/g, percentage of injected dose per gram. Circles show trastuzumab uptake in the intestines and stomach. Right: Representative
fluorescence images of uptake of anti-CAV1 antibody labeled with ICG. Images were acquired at 24 h after antibodies injection.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03614
ACS Omega 2023, 8, 35884−35892

35887

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03614/suppl_file/ao3c03614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03614/suppl_file/ao3c03614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03614/suppl_file/ao3c03614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03614/suppl_file/ao3c03614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03614/suppl_file/ao3c03614_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03614/suppl_file/ao3c03614_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03614?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03614?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03614?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03614?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ DISCUSSION
Previous studies have demonstrated a negative correlation
between tumoral CAV1 and cell-surface HER2. In our previous
work, we demonstrated that high protein levels of CAV1 in
tumors were associated with low density of HER2 at the
membrane of gastric cancer cells, low anti-HER2 antibody
efficacy, and low survival in patients treated with trastuzu-
mab.7,13 These findings suggested that CAV1 could be a
complementary biomarker to detect HER2 expression in
tumors and a predictive biomarker for selecting tumors for
anti-HER2 antibody therapies. In this study, we have
developed radiolabeled and fluorescent anti-CAV1 antibodies
and evaluated their potential to image gastric tumors using in
vivo models. Specifically, we used HER2-positive/CAV1-
expressing NCIN87 gastric cancer cells that were subcuta-
neously or orthotopically implanted in the stomachs of mice.
Our results showed that these anti-CAV1 antibodies could
potentially be used to image gastric tumors in vivo.
CAV1 is a structural protein of membrane caveolae that has

both cancer-promoting23 and anticancer effects.24 CAV1
regulates proteins of the pro-survival phosphatidylinositol 3-
kinase/Akt pathway and plays a role in the regulation of
growth-factor-activated Ras-p42/44 mitogen-activated protein
kinase (MAPK) pathway.25 Previous studies have shown that
an increase in CAV1 expression is associated with drug
resistance in ovarian, colorectal, lung, head and neck, and
gastric cancer cells.7,13,26−30 Additionally, high expression of
tumoral CAV1 has been linked to lower survival in patients
with gastric cancer.31 In our study, we found distinctive
signaling profiles in CAV1-low versus CAV1-high gastric
tumors in HER2-positive gastric tumors. Specifically, we
observed PIK3CA mutations, as well as EGFR- and MET-
amplification, which have been shown to determine clinical
response to HER2-targeted therapies,32 in CAV1-low gastric
tumors.
Noninvasive PET imaging facilitates early assessment of

tumor response to therapy in patients with HER2-positive
gastric tumors. Previous studies have demonstrated the utility
of HER2 immunoPET in detecting variations in HER2
expression, target engagement, and assessment of lesions in
the whole body of patients with gastric tumors.33,34 However,
pretreatment HER2-PET with 89Zr-labeled trastuzumab does
not always correlate with tumor response to HER2-targeting
antibody drugs.35 Therefore, additional complementary
techniques are needed to accurately assess the tumor response
to therapy and guide treatment decisions in patients with
HER2-positive gastric tumors.
Our PET imaging studies demonstrated that the radio-

labeled anti-CAV1 antibody could delineate NCIN87 tumors.
Although the density of CAV1 receptors on NCIN87 gastric
cancer cells is lower (2700 CAV1 receptors per NCNI87
cancer cell) than that of other overexpressing receptors, such as
HER2 (157,000 HER2 receptors per NCIN87 cancer cells),13

we observed higher tumoral uptake of the 89Zr-labeled anti-
CAV1 antibody in NCIN87 tumors (9.29 ± 2.74% ID/g)
compared to nontumor stomach tissue (0.97 ± 0.29% ID/g)
or to a nonspecific IgG (<1.5% ID/g). However, the human/
mouse cross-reactivity of the anti-CAV1 antibody used in our
studies resulted in uptake not only in tumors but also in
endogenous CAV1 expression in nontumor murine organs. To
determine the potential imaging ability of this antibody, further
optimization of the antibody binding to CAV1 and the use of

other models of high CAV1 expression are needed. Since the
level of cellular uptake of antibodies correlates with their
affinity toward the targeted receptor, further studies are needed
to optimize the affinity of the radiolabeled anti-CAV1 antibody
toward CAV1 receptors.
In addition to determining CAV1-targeted imaging using a

subcutaneous model, we established an orthotopic gastric
cancer model using HER2-positive NCIN87 gastric cancer
cells injected into the subserosa of the gastric body of nude
mice. This method resulted in a tumor formation rate of 100%,
similar to previous reports.22 To confirm the development of
HER2-positive NCIN87 tumors in mice, we used HER2-
targeted immunoPET with the 89Zr-labeled trastuzumab. We
then prepared an optical imaging probe for targeting and
imaging CAV1 tumors in the same mice by using ICG to label
the anti-CAV1 antibody. The uptake of the ICG-conjugated
anti-CAV1 antibody was observed in the tumor present in the
stomach. Additional signal was observed in the intestines,
which could indicate the ability of the gastric cancer model to
metastasize into the intestines. Contrary to previous studies
reporting liver uptake for ICG-labeled antibodies, we did not
observe anti-CAV1 antibody uptake in the liver. Here, we
validated CAV1 expression with optical imaging in HER2-
positive tumors that were visualized with trastuzumab PET.
However, a limitation of using an optical imaging probe is that
it is challenging to detect deep tissue regions due to the
absorption and scattering of light by tissues, leading to a
decrease in signal intensity. Nevertheless, optical imaging has
potential when used during endoscopy or surgery because
activable optical probes can achieve relatively high signal-to-
background ratios. Optical imaging can also be a low-cost, real-
time imaging modality, which could help in the early detection
of cancer and improve patient outcomes.

■ CONCLUSIONS
In this study, we radiolabeled a mouse/human cross-reactive
anti-CAV1 antibody for immunoPET of CAV1-expressing
gastric cancer cells. The 89Zr-labeled anti-CAV1 antibody
showed a high affinity for HER2-positive/CAV1-high NCIN87
gastric cancer cells, allowing visualization of gastric cancer cells
growing subcutaneously and in murine stomachs. By
combining PET and optical imaging, we validated CAV1
expression in the HER2-positive NCIN87 tumors. While this
study shows promising results, future studies optimizing the
CAV1 antibody, other CAV1-overexpressing models, and pre-
versus post-therapy CAV1-PET imaging studies are necessary
to fully validate the potential of CAV1 as a predictive
biomarker of tumor response to HER2 therapies.

■ EXPERIMENTAL PROCEDURES
Cell Culture. The HER2-positive/CAV1-expressing human

gastric cancer cells NCIN87 purchased from American Type
Culture Collection were kept in culture using Roswell Park
Memorial Institute-1640 growth medium supplemented with
10% (v/v) fetal serum bovine, 2 mM L-glutamine, 1 mM
sodium pyruvate, 4.5 g/L glucose, 10 mM hydroxyethyl
piperazineethanesulfonic acid, 1.5 g/L sodium bicarbonate,
100 U/mL penicillin, and 100 μg/mL streptomycin. NCIN87
gastric cancer cells used in this study were within passage 10.
Western Blot of Tissue Lysates. Whole-protein extracts

were collected from liver, heart, muscle, large intestine, small
intestine, pancreas, kidney, lymph nodes, lungs, stomach, and
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spleen nontumor tissues of nu/nu female mice. Additional
whole-protein extracts were collected from the NCIN87
tumors. Tissue lysates were prepared in radioimmunoprecipi-
tation assay buffer, and the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific) was used to quantify protein in
tissue lysates. Protein electrophoresis was performed using
NuPage 4−12% Bis-Tris protein gels (Invitrogen). Proteins
were transferred to polyvinylidene difluoride membranes (Bio-
Rad). After membrane blocking in 5% w/v milk (Bio-Rad),
membranes were probed with mouse anti-β-actin 1:20,000
(Sigma, A1978) or rabbit anti-CAV1 1:500 (Abcam, ab2910).
After washing the membranes with TBS-T, the membranes
were incubated with IRDye 800CW antirabbit or antimouse
IgG 1:15,000 (LI-COR Biosciences) and imaged on the
Odyssey Infrared Imaging System (LI-COR Biosciences).
Conjugation and Radiolabeling of Anti-CAV1 Anti-

body with Zirconium-89. 89Zr-oxalate was obtained from
the Washington School of Medicine at St. Louis or Memorial
Sloan Kettering Cancer Center isotope production teams. To
prepare [89Zr]Zr-DFO-anti-CAV1, an anti-CAV1 antibody
(anti-CAV1, BD Biosciences, 610407) was first conjugated
with the bifunctional chelate p-isothiocyanatobenzyl-desfer-
rioxamine (DFO-Bz-NCS; Macrocyclics) and then labeled
with zirconium-89 (89Zr). The DFO-conjugated anti-CAV1-
antibody was characterized using MALDI mass spectrometry
analyses and gel electrophoresis (Supporting Information
Figures 3 and 4 and Table 1). The [89Zr]Zr-DFO-anti-CAV1
antibody conjugates had a radiochemical purity of 98%,
radiochemical yields ranging from 96 to 98% (Supporting
Information Figure 5), and specific activities of 3.98 μCi/μg.
Binding studies of the [89Zr]Zr-DFO-anti-CAV1 conjugate
were performed using the HER2-positive/CAV1-expressing
NCIN87 cancer cells prior to in vivo experimentation.
[89Zr]Zr-DFO-anti-CAV1 stability was above 85% after
incubation in human serum (Sigma-Aldrich) at 37 °C for a
period of 96 h.
Anti-CAV1 Antibody Labeling with ICG. Conjugation of

anti-CAV1 antibody (BD Biosciences, 610407) with Indoc-
yanine Green (ICG) was performed at a molar ratio of 1:6
(antibody:ICG) in 0.1 M disodium phosphate (Na2HPO4, pH
8.6) at room temperature for 1.5 h. The ICG-labeled antibody
was purified with a size exclusion column (PD-10; GE
Healthcare, Piscataway, NJ). The concentration of ICG was
calculated by measuring the absorption with a UV−vis system
to confirm the number of fluorophore molecules conjugated
with each antibody molecule. The antibody concentration was
also determined by measuring the absorption at 280 nm with a
UV−vis system and confirmed by nanodrop’s protein
measurement. To confirm the conjugation of ICG to anti-
CAV1 antibody, the conjugate was analyzed by SDS−PAGE,
and the gel was imaged using the Odyssey Infrared Imaging
System (LI-COR Biosciences, Supporting Information Figure
9).
Binding, Saturation-Binding, and Blocking Assays.

For the binding assays, the HER2-positive/CAV1-expressing
NCIN87 cancer cells were incubated with 37 kBq of 89Zr-
labeled anti-CAV1 antibody (1 μg) for 1 h at 37 °C. Blocking
experiments were performed by incubating NCIN87 cancer
cells with the zirconium-89 labeled antibody in the presence of
a 25-fold excess (25 μg) of unlabeled DFO-conjugated anti-
CAV1 antibody. Cholesterol-depleting drug lovastatin has
been shown to reduce the CAV1 expression in the gastric
cancer model.13,36 The CAV1-expressing NCIN87 cells were

treated with lovastatin for 4 h, followed by incubation with
89Zr-labeled anti-CAV1 antibody (37 kBq, 1 μg) for 1 h at
room temperature. The radioactivity from the supernatants
and the cell pellet was then measured with a gamma counter,
and the immunoreactivity was calculated by dividing the
radioactivity measured in the cell pellet by the sum of the
radioactivity in the cell pellet plus washing fractions.
For the saturation-binding assays, NCIN87 cells were

incubated with [89Zr]Zr-DFO-anti-CAV1 (0−256 nM) in
PBS (pH 7.5) containing 1% (m/v) bovine serum albumin
(Sigma) and 1% (m/v) sodium azide (Acros Organics) for 2.5
h at 4 °C. Unbound radioactivity was removed, and cells were
washed three times with PBS. The cells were collected using a
solution of 100 mM sodium hydroxide (NaOH), and the total
cell-bound radioactivity was measured on a gamma counter.
Total binding was plotted versus the concentration of the
[89Zr]Zr-DFO-anti-CAV1 antibody. To calculate Bmax, KD, and
the nonspecific binding component, the results were fit via
nonlinear regression with a one-site binding model in
GraphPad Prism 9. The 89Zr-IgG (Sigma-Aldrich) nonspecific
component was subtracted from the total binding to generate
specific binding curves.
Subcutaneous Tumor Implantation. Animal experi-

ments were performed following the guidelines approved by
the Research Animal Resource Center and Institutional Animal
Care and Use Committee at the Washington School of
Medicine at St. Louis or Memorial Sloan Kettering Cancer
Center. The HER2-positive/CAV1-expressing NCIN87 cells
(5 million) were injected subcutaneously (200 μL containing
1:1 (v/v) cell media and basement membrane Matrigel, BD
matrigel, BD Biosciences) in the right flank of eight- to 10-
week-old nu/nu female mice (Charles River Laboratories).
NCIN87 tumors were allowed to grow until they reached
approximately 150−250 mm3 in volume, as measured by an
external vernier caliper and applying the equation V = (4π/3) x
(α/2)2 x (b/2). V is the tumor volume (mm3), α is the longest
axis (mm), and b is the axis perpendicular to the longest axis
(mm).
Orthotopic Tumor Implantation. Gastric orthotopic

models were developed by injection of NCIN87 cells into
the serous membrane of the stomach of nu/nu female mice.22

The mice were anesthetized by inhalation of 1−2% isofluorane
in an oxygen gas mixture and kept on a heated platform during
surgical procedures. Meloxicam (2.0 mg/kg of mice) was
administered subcutaneously during the perioperative period.
A solution of 0.25% bupivacaine was administrated by
intradermal injection in the area surrounding the incision
line. The abdomen was swabbed with sterile 70% ethanol
alcohol pads followed by a povidone-iodine (Betadine) scrub.
A small longitudinal incision (0.5 to 1 cm in length) was
performed in the skin and peritoneum; the stomach was
identified, and NCIN87 cells (5 million) in 30 μL containing
1:1 (v/v) cell media and basement membrane matrigel (BD
Matrigel, BD Biosciences) were injected into the serous
membrane of the stomach. The injection site was gently
pressed with a sterile cotton swab to prevent cell leakage. After
cell injection, the stomach was replaced in the abdomen. The
abdominal and skin incisions were closed with 4−0 Vicryl
sutures (Fischer Scientific) and sterile 9 mm wound clips,
respectively. The mice were injected with a warmed saline
solution (10 mL/kg of mice) to facilitate rehydration and
recovery from anesthesia. Buprenorphine 0.25% was adminis-
tered before recovery, and dosages of 10 μL were repeated
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(total of 100 μL) postsurgery, as needed, every 4−6 h. The
mice were monitored for any signs of pain and distress. The
mice were subsequently used for PET imaging and optical
imaging 5 weeks after the cell’s inoculation.
CAV1 Immunohistochemistry (IHC) in NCIN87 Tu-

mors. IHC of CAV1 protein levels in NCIN87 tumors was
performed using an anti-CAV1 BD Biosciences antibody
(610407) as previously described.7 Briefly, the primary anti-
CAV1 antibody 1:250 (v/v) was applied in NCIN87 tumors,
followed by incubation with the antimouse secondary antibody
(DS9800, Novocastra Bond Polymer Refine Detection, Leica
Biosystems).
Biodistribution Studies and Small-Animal Positron

Emission Tomography (PET). [89Zr]Zr-DFO-anti-CAV1
(6.66−7.4 MBq, 41−46 μg protein) was administered by
intravenous injection, and PET images were acquired at 72 h
post injection. PET imaging experiments were conducted on a
microPET Focus 120 scanner (Concorde Microsystems). For
the blocking study, 100 μg of the anti-CAV1 antibodies was
injected intravenously prior to the injection of [89Zr]Zr-DFO-
anti-CAV1 (0.147 Mbq, 1 μg protein). Acute biodistribution
studies were performed 72 h after injection of the [89Zr]Zr-
DFO-anti-CAV1 antibody. The mice were sacrificed, and
organs were harvested, weighed, and assayed in the gamma
counter for biodistribution studies. Radioactivity associated
with each organ was expressed as a percentage of injected dose
per gram of organ (% ID/g).

89Zr-Labeled Trastuzumab PET Imaging and Anti-
CAV1 Antibody-ICG Optical Imaging. Mice bearing
orthotopic NCIN87 tumors were intravenously coadminis-
tered [89Zr]Zr-DFO-trastuzumab (7.03−7.77 MBq, 47.5−52.5
μg protein) and ICG-labeled anti-CAV1 antibody (20 nM).
PET imaging experiments were conducted on a microPET
Focus 120 scanner (Concorde Microsystems) 24 h after
injection of 89Zr-DFO-trastuzumab. Following PET imaging,
optical imaging was conducted using an IVIS Spectrum
imaging system (PerkinElmer; excitation wavelength 745 nm
and emission wavelength 840 nm) and data were analyzed with
Living Image software version 4.1 (PerkinElmer). After
imaging, the mice were sacrificed and ex vivo optical imaging
was performed on liver, stomach, spleen, intestines, and skin.
Statistical Analyses. Data are expressed as mean ± SEM.

Groups and data sets were compared using the Student t-test
using GraphPad Prism 9.00 (www.graphpad.com) or Origin-
Pro 2023b (www.originlab.com). In biodistribution and
imaging studies, each cohort included three mice per
biodistribution time point.
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