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Abstract

CD146 has been identified as an excellent biomarker for lung cancer as its overexpression in solid 

tumors has been linked to disease progression, invasion, and metastasis. Previously, our group 

described a positive correlation between 64Cu-labeled YY146 uptake and increased expression of 

CD146 in six human lung cancer cell lines using subcutaneous tumor models. In this study, we 

investigate a monoclonal antibody called YY146 for immunoPET imaging of CD146 in two 

intrapulmonary metastasis models of non-small cell lung cancer (NSCLC). The binding and 

immunoreactivity of the tracer were assessed by in vitro assays. Radiolabeling of YY146 with the 

positron emitting Cu-64 (64Cu-NOTA-YY146) enabled PET imaging of intrapulmonary 

metastasis. Mice were intravenously injected with two-million tumor cells, and CT imaging was 

used to verify the presence of lung metastases. 64Cu-NOTA-YY146 was injected into tumor-

bearing mice and animals were subjected to PET/CT imaging at 4, 24, and 48 h post-injection. 

Both the average and maximum lung PET signal intensities were quantified and compared 

between high and low CD146-expressing metastases. Further validation was accomplished 

through immunofluorescence imaging of resected tissues with CD31 and CD146. In flow 

cytometry, YY146 revealed strong binding to CD146 in H460 cells due to its high expression, with 

minimal binding to CD146-low expressing H358 cells. Both YY146 and NOTA-YY146 showed 

similar binding, suggesting that NOTA conjugation did not elicit any negative effects on its 
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binding affinity. Imaging of 64Cu-NOTA-YY146 in H460 tumor-bearing mice revealed rapid, 

persistent, and highly-specific tracer accumulation. Uptake of 64Cu-NOTA-YY146 in the whole 

lung was calculated for H460 and H358 as 7.43 ± 0.38 and 3.95 ± 0.47 %ID/g at 48 h post-

injection (n=4, p<0.05), while the maximum lung signal was determined to be 13.85 ± 1.07 

(H460) and 6.08 ± 0.73 %ID/g (H358) at equivalent time points (n=4, p<0.05), respectively. To 

ensure the specificity of the tracer, a non-specific antibody was injected into H460 tumor-bearing 

mice. Ex vivo biodistribution and immunofluorescence imaging validated the PET findings. In 

summary, 64Cu-NOTA-YY146 allowed for successful imaging of CD146-expressing 

intrapulmonary metastases of NSCLC in mice. This preliminary study provides evidence 

supporting the future clinical utilization of 64Cu-NOTA-YY146 for possible treatment monitoring 

of CD146-targeted therapy or improving patient stratification.
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INTR ODUCTION

While treatments and preventative strategies are continually improving, lung cancer remains 

the leading source of cancer-related deaths in both male and females.1 According to the 

American Cancer Society, cases of lung cancer in the U.S. are expected to surpass 225,000, 

along with more than 155,000 associated deaths in 2017. In addition to being a highly lethal 

disease, lung malignancies are the most common type of cancer worldwide contributing 

~13% of new cancer cases diagnosed each year. The incidence and death rates have steadily 

declined over the last decade, yet 5-year survival rates remain unfavorably low due to several 

reasons, including ineffective screening techniques, the aggressive nature of lung 

malignancies, and the rapid development of chemoresistance.2 The relative 5-year survival 

rates are dependent on disease stage, with an average of 18% across all stages and individual 

values of 55%, 28%, and 4% for localized, regional, and distant (metastatic) disease, 
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respectively. For these reasons, there is an urgent need for new or improved clinical 

strategies for early detection and treatment of lung cancer.

Non-small cell lung cancer (NSCLC) remains difficult to diagnose, as symptoms often do 

not appear until advanced tumor stages are reached, and traditional screening methods often 

require multiple tests to determine tumor localization, staging, and aggressiveness.3 

Molecular imaging strategies, like positron emission tomography (PET), have already shown 

immense clinical utility for the diagnosis of lung cancer; however, there is still a need for 

marker-specific tracers in this disease. Currently, combined computed tomography (CT) and 

PET with 18F-FDG (FDG-PET) are employed for diagnosing most cases of lung cancer,4 yet 

the low specificities of CT (average, 73%)5 and FDG-PET (average, 79%; range, 52–100%)6 

can limit the detection of patient malignancies, especially individuals with smaller 

malignancies of <1.5 cm in diameter. Intrapulmonary metastases, also known as multifocal 

or satellite nodules, occurs when cells from the primary lung tumor spread to other regions 

of the lungs.7 Intrapulmonary metastases are difficult to differentiate on a molecular scale 

from the primary tumor, yet there is hope that newer imaging agents may allow physicians to 

better visualize these metastatic lesions. Recently, the advent of new PET tracers has shown 

potential benefits through targeting of cellular proliferation with 18F-fluorothymidine (18F-

FLT) and tumor hypoxia using 18F-fluoromisonidazole (18F-FMISO);8, 9 however, these 

tracers have also shown some limitations and require further optimizations.

CD146 (cluster of differentiation 146), also known as MUC18 or MCAM, has been 

associated with increased tumor aggressiveness in a number of malignancies arising from 

lung,10 liver,11 gastric,12 breast,13 colon,14 and brain tissues.15 In healthy tissues, CD146 is 

an important mediator of cell-cell interactions and is normally expressed at low levels on the 

surface of most endothelial cells found in humans, along with some smooth muscle and 

follicular dendritic cells.16, 17 For most cancers, elevated CD146 expression is associated 

with increased metastatic potential and decreased survival rates. In a recent investigation on 

the connection between CD146 and overall survival in patients with lung adenocarcinomas, 

Oka et al. found that males were more likely to have CD146-high tumors and that CD146 

expression decreased the 5-year survival rates by ~35% (84.4 to 50.0% for CD146− and 

CD146+ patients, respectively).18 Thus far, CD146 expression has been detected in 50–75% 

of lung cancers,10 suggesting that it may hold immense potential to serve as a diagnostic and 

prognostic biomarker in lung cancer.

Previously, we employed a rapid immunization approach to generate an antibody targeting 

CD146 called YY146.19 PET tracers have recently been developed for the imaging of 

CD146 in brain and hepatocellular cancers,15, 20 demonstrating differential uptake in 

CD146-expressing malignancies. Next, we described a positive correlation between 64Cu-

labeled YY146 uptake and increased CD146 expression in six human lung cancer cell lines 

(including the two cells explored in this study) using subcutaneous tumor models.21 While 

PET imaging of the lungs is inherently difficult due to the anatomical location, we 

hypothesized that CD146 would be an excellent biomarker for targeting in lung cancer using 

an intrapulmonary metastasis model. Therefore, we developed and characterized the 

potential of our CD146 PET tracer, based on our novel CD146 antibody (YY146), to image 

intrapulmonary metastases of NSCLC. We demonstrate successful visualization of CD146-
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expressing lung nodules in vivo using noninvasive immunoPET imaging. Hence, we believe 

this tracer has the potential to be a valuable diagnostic tool in lung cancer, providing 

invaluable molecular information to diagnose or guide treatment-related decisions.

EXPERIMENTAL SECTION

Cell culture

Two human lung cancer cell lines, H460 and H358, were obtained from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). Cell lines were cultured according to the 

manufacturer’s suggestion using Roswell Park Memorial Institute (RPMI)-1640 medium 

supplemented with 10% non-heat-inactivated FBS (Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA) and 1% penicillin-streptomycin solution (Gibco, Thermo Fisher 

Scientific, Waltham, MA, USA) in a humidified incubator at 37 °C with 5% CO2.

Radiolabeling of YY146

Radiolabeling of YY146 with 64Cu was accomplished through conjugation of the chelator p-

SCN-Bn-NOTA (NOTA; Macrocyclics, Dallas, TX, USA) to the antibody. This procedure 

was previously described.21, 22 Briefly, 2–4 mg of YY146 (in PBS) was adjusted to pH ~8.5 

using 0.1M Na2CO3. NOTA was dissolved in DMSO and added to the antibody solution at a 

molar ratio of 1:10 (YY146:NOTA) and allowed to react for 2–3 h at room temperature. 

PD-10 columns (GE Healthcare, Aurora, OH, USA) were used to purify NOTA-YY146 

from unconjugated NOTA. 64Cu was produced in a CTI RDS 112 cyclotron 

via 64Ni(p,n)64Cu reaction and isolated via cation exchange chromatography in 0.1 M HCl. 

For radiolabeling, 150–200-μg of NOTA-YY146 was mixed with 74–148 MBq (2–4 mCi) 

of 64CuCl2 in 300-μL of 0.1 M sodium acetate buffer (pH 4.5) at for 30 min at 37 °C. 64Cu-

NOTA-YY146 were purified using PD-10, and the fractions were collected and filtered 

through a 0.2-μm filter before injection into mice. The specific activity is approximately 2 Ci 

per μmol and ~15 μg antibody was injected into each mouse. Radiolabeled IgG 

(ThermoFisher Scientific, Waltham, MA, USA) was performed using the same procedures 

above.

Flow cytometry

The binding and immunoreactivity of the antibody to CD146 was assessed by flow 

cytometry in H460 and H358 cells. First, cells were harvested at ~70% confluency, counted, 

and resuspended in ice-cold PBS at 1 × 106 cells per mL. Cells were incubated for 30 min 

on ice with either PBS, 5 μg/mL YY146, 25 μg/mL YY146, 5 μg/mL NOTA-YY146, or 25 

μg/mL NOTA-YY146. After washing and centrifugation, cells were incubated with 5 μg/mL 

of Cy3-labeled goat anti-mouse secondary antibody for 30 min on ice. Lastly, cells were 

washed and the binding efficiencies were analyzed using the MACSQuant cytometer 

(Miltenyi Biotech, Germany) and the data were analyzed using FlowJo (Tree Star, Inc., 

Ashland, OR, USA).

Saturation binding assay

The equilibrium dissociation constant (KD) and receptor density were calculated from a 

receptor saturation binding assay. In the assay, H460 and H358 cells were seeded in a 96-
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well plate at 1 × 105 cells per well and increasing concentrations of 64Cu-NOTA-YY146 in 

PBS were added to each well (range 0.03 – 100 nM). Cells were incubated with the 

radiolabeled antibody for 2 h at room temperature. For determination of nonspecific binding, 

1 μmol of unlabeled YY146 was added to corresponding wells. After a 2 h incubation, wells 

were washed three times with PBS, and the cells were harvested and counted using an 

automated γ-counter (PerkinElmer, Waltham, MA, USA). The total binding and nonspecific 

binding isotherms were plotted using the GraphPad Prism software 7.00 (La Jolla, CA, 

USA), which provided the Bmax and KD values that allowed for calculation of receptor 

density.

Development of animal model

All animal studies were conducted under the approval of the University of Wisconsin 

Institutional Animal Care and Use Committee. For implantation, cells were grown to 70% 

confluency and detached using Accutase (Thermo Fisher, Waltham, MA, USA). After 

washing and centrifugation, cells were resuspended in 1 mL of PBS at a concentration of 5 × 

106 cells/mL. Next, four-to-five week old female athymic mice (Envigo, Cambridgeshire, 

United Kingdom) were intravenously injected with 200 μL of H460 or H358 cancer cells. 

From previous studies, we determined that lung nodules developed between 3–6 weeks post-

implantation; thus, CT imaging was used verify the presence and monitor the development 

of lung nodules starting at day 21. For this study, mice were used between 27–35 days after 

injection of cancer cells upon confirmation of lung nodules by CT.

PET/CT imaging and image analysis

H460 and H358 tumor-bearing mice were intravenously injected with 7.4–11.1 MBq 

of 64Cu-NOTA-YY146. PET images were acquired at 4, 24, and 48 h post-injection of 64Cu-

NOTA-YY146 or 64Cu-NOTA-IgG using an Inveon microPET/CT (Siemens Medical 

Solutions, Knoxville, TN, USA). Mice were placed in prone position in the scanner after 

anesthesia was induced and maintained with 1–2% isoflurane. PET scans of 20–40 million 

coincidence events were acquired per mouse for every static PET emission scan with an 

energy window of 350–650 keV, a time window of 3.43 ns, and resolution of ~1.5 mm. For 

PET/CT imaging, CT images were obtained using the following settings for anatomical 

registration and attenuation correction: 80 kV, 900 μA, and a nominal resolution of 105 μm. 

PET images were reconstructed using the 3D ordered subset expectation maximization 

(OSEM3D) algorithm and quantitative region of interest analyses were performed in the 

Inveon Acquisition Workplace (Siemens Medical Solutions, Malvern, PA, USA). Data were 

reported as the percentage of injected dose per gram (%ID/g).

Ex vivo biodistribution studies

Ex vivo biodistribution studies were performed after the final imaging time point at 48 h 

after injection. First, mice were euthanized by CO2 asphyxiation and cervical dislocation. 

The portions of the lung that contained nodules, blood, and major organs and tissues were 

collected and weighed before the activities were counted in an automatic γ-counter, and the 

recorded as %ID/g (mean ± SD).
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Immunofluorescence staining

After euthanizing the mice, the lung was visually inspected for the presence of tumor 

nodules. were surgically extracted and preserved for immunofluorescence staining using 

procedures previously described.21 Briefly, tissues were embedded in Tissue-Tek optimal 

cutting temperature (O.C.T.) compound (Sakura Finetek, Torrance, CA, USA) for 

histological sectioning at the Experimental Pathology Laboratory (University of Wisconsin 

Carbone Center, Madison, WI, USA). Tissue slides of 5 μm thickness were fixed in ice-cold 

acetone for 15 min and dried at room temperature for 15 min. Next, slides were washed in 

PBS and blocked in 2.5% donkey serum for 1 h at room temperature. After blocking, slides 

were incubated for 12 h at 4 °C with the CD31 (Novus Biologicals, Littleton, CO, USA) and 

CD146 (YY146) primary antibodies at concentrations of 2 μg/mL and 10 μg/mL, 

respectively. Next, slides were washed 3-times with PBS-T (PBS with 0.1% Tween 20) for 

10 min before addition of secondary antibodies. The slides were next incubated with Cy3-

labeled donkey anti-rat and AlexaFluor488-labeled goat anti-mouse at room temperature for 

2 h, then washed 3-times with PBS-T and 3-times with PBS before coverslipped using 

Vectashield mounting medium for fluorescence microscopy with 4′,6-diamidino-2-

phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA). Imaging was performed 

on the Nikon A1R confocal microscope (Nikon Instruments, Melville, NY, USA).

Statistical Analysis

Quantitative data were expressed as the mean ± standard deviation (SD). A 95% confidence 

interval was used with p<0.05 being considered statistically significant.

RESULTS

Development of 64Cu-NOTA-YY146

Development and in vitro characterization of the PET tracer 64Cu-NOTA-YY146 were 

performed prior to injection into tumor-bearing mice. To successfully radiolabel YY146, a 

bifunctional chelator (NOTA) was conjugated to the antibody through the exposed lysine 

residues. After purification with PD-10 columns, the radiolabeling yield of 64Cu-NOTA-

YY146 was calculated to be ≥ 85%, with a radiochemical purity of over 95%. 64Cu-NOTA-

YY146 was then utilized to image lung cancer metastases using two lung cancer cell lines, 

known to express high (H460) or low (H358) levels of CD146. In addition, a nonspecific 

tracer (64Cu-NOTA-IgG) was obtained with the same method and similar radiolabeling 

efficiency.

In Vitro Characterization of 64Cu-NOTA-YY146

In a previous study, we showed that H460 and H358 expressed significantly different levels 

of CD146 in vitro by Western blot analysis. 21 H460 cells were shown to highly express 

surface CD146, while H358 was found to express CD146 at levels much lower than that of 

H460. Flow cytometry was performed to validate the cell binding and immunoreactivity of 

YY146 towards CD146 expressed on H460 and H358 cells. Additionally, this assay 

determined the impact that conjugation of the chelator NOTA would have on YY146’s 

binding affinity. In H460 cells, YY146 showed excellent cell binding at both 5 μg/mL and 
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25 μg/mL in a concentration-dependent manner. This appeared as a stronger shift to the right 

in the fluorescent histograms with the higher concentration of antibody at 25 μg/mL (Figure 

1), as indicated by the positive shift in Cy3 signal. Conjugation of the chelator did not affect 

the interaction between the antibody and CD146, as there were minimal changes in signal 

between YY146 and NOTA-YY146 at both concentrations in H460 cells. For H358 cells, 

known to express lower levels of CD146, no shift in Cy3 signal compared to the control was 

noticeable through flow cytometry (Figure 1).

The affinity of 64Cu-NOTA-YY146 for CD146 was determined via a receptor saturation 

binding assay (Figure 2). Antibody affinity is typically reported as the equilibrium 

dissociation constant (KD), and was calculated as 2.84 ± 0.53 nM in H460 cells. This value 

suggests a strong binding affinity between 64Cu-NOTA-YY146 and CD146. Additionally, 

the receptor density of CD146 on the surface of H460 cells was found to be ~9.9 × 105 

receptors per cell. Due to the low expression levels of CD146 on H358 cells, no reliable KD 

or receptor density values were obtained for this cell line.

PET Imaging of CD146 in Intrapulmonary Metastasis Model of NSCLC

The intrapulmonary metastasis model of NSCLC was created by intravenous injection of 

lung cancer cells in athymic nude mice. CT imaging was used to validate and monitor the 

presence of lung nodules and representative images from H460 and H358 mice are shown in 

Figure 3. The metastases (M), liver (LIV), and heart (H) have been marked for convenience.

Small nodules are visible in the thoracic cavity of both H460 (Figure 3A) and H358 (Figure 

3B) tumor-bearing mice. Additionally, a radiolabeled non-specific IgG was injected into 

H460 tumor-bearing mice to ensure the specificity of the targeted tracer (Figure 3C). CT 

scans of a healthy mouse have been provided as a control, which showed no nodules in the 

lungs (Figure S1).

In H460 tumor-bearing mice, lung signal could be easily differentiated from that of the heart 

at the initial time points, 4 h after injection of the 64Cu-NOTA-YY146. Since the 

intrapulmonary metastases were dispersed throughout different portions of the lung, the 

quantification results were reported and compared between groups as whole lung (with 

tumor metastases) versus the maximum lung signal, with the latter being indicative of the 

maximum intensity value for the brightest metastasis (Figure 4). For H460 tumor-bearing 

mice, 64Cu-NOTA-YY146 uptakes in the whole lung were 5.63 ± 0.36, 6.15 ± 0.50, and 7.43 

± 0.38 %ID/g at 4, 24, and 48 h post-injection (n=4), respectively. In parallel, the maximum 

tumor signals also increased over time from 10.85 ± 0.60 %ID/g at 4 h post-injection to 

13.85 ± 1.07 %ID/g at 48 h post-injection. In mice bearing H358 tumors, the average lung 

signal was significantly lower at each time point, with 3.50 ± 0.27, 3.98 ± 0.47, and 3.95 

± 0.47 %ID/g at 4, 24, and 48 h post-injection (n=4, p ≤ 0.01 when compared with the H460 

group), respectively. Concordantly, the maximum uptakes were also significantly lower at 

5.21 ± 0.83, 5.38 ± 0.61, and 6.08 ± 0.73 %ID/g at 4, 24, and 48 h post-injection (n=4, p ≤ 

0.05), respectively. The maximum tumor values obtained for H460 were approximately two-

fold higher than those found in the H358 model. Imaging in H460 tumor-bearing mice 

with 64Cu-NOTA-IgG revealed tracer uptake in the whole lung was 12.47 ± 0.12, 8.27 

± 0.55, and 4.6 ± 0.70 %ID/g at 4, 24, and 48 h post-injection. The maximum tumor values 
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were 15.2 ± 0.80, 11.67 ± 0.70, and 6.57 ± 1.42 %ID/g at 4, 24, and 48 h post-injection, 

respectively (n=4). While initial uptake of 64Cu-NOTA-IgG was high in the whole lung and 

intrapulmonary metastases, it was non-specific and rapidly declined. Tracer uptake was 

significantly higher in H460 tumor-bearing mice injected with 64Cu-NOTA-YY146 (n=4) in 

comparison with non-specific tracer by 48 h post-injection, indicative of the high affinity 

and specificity of our novel CD146 imaging agent.

64Cu-NOTA-YY146 uptake in other organs was determined and the time-activity curves 

shown in Figure 5. As expected, signal from the blood, liver, spleen, and kidneys steadily 

declined in both tumor models, while muscle signal remained constantly low. Blood signal 

was similar between the two models at 4 h post-injection with values of 11.91 ± 0.70 and 

10.24 ± 0.80 for H460 and H358, respectively. After the final imaging time point at 48 h 

post-injection, mice were euthanized and the blood along with major organs and tissues were 

excised for ex vivo validation. Biodistribution studies showed similar findings to PET 

imaging results (Figure 6). A statistically significant difference in tumor signal was found 

between H460 and H358 models (n=4, p ≤ 0.01), further corroborating the PET data. Blood 

and liver signals correlated well with the PET data, as well. Minimal uptake was found in 

the pancreas, stomach, intestines, brain, and muscle.

Immunohistochemistry

Immunofluorescence staining of tissue sections further correlated the PET imaging results 

with in situ CD146 expression (Figure 7). Tissue sections of the lung containing tumor 

nodules were co-stained for CD146 and the vasculature marker CD31. In H460 tumor-

bearing mice, marked CD146 staining was found throughout the slide, which validates the in 
vivo PET and ex vivo biodistribution findings. As expected, H358 tissue sections showed 

minimal staining of CD146 that was associated with background signal. In both tumor 

models, CD31 and DAPI staining verified the presence of vasculature and cell nuclei, 

respectively.

DISCUSSION

Lung cancer accounts for nearly 13% of patients diagnosed with cancer every year, making 

it the most preventable forms of cancer worldwide.1 In 2017, lung cancer will account for 

26% of all cancer-related deaths in the U.S. While pancreatic malignancies are the most 

lethal cancers, lung cancer accounts for nearly 3-fold more deaths annually. In more than 

70% of patients, lung cancer is diagnosed after the disease has become locally advanced or 

metastatic, a stage in which survival is significantly reduced. The advent of newer 

approaches for detection and treatment of lung cancer will likely decrease its lethality. For 

this reason, there is an urgent need for novel strategies to assist in cancer detection, 

treatment monitoring, and patient stratification. In the realm of cancer diagnostics, 

immunoPET imaging has shown remarkable growth in the last decade due to improvements 

in fields like antibody manufacturing and isotope production.

CD146 is a unique target as its expression has been linked to increased metastatic potential 

in many cancers. Additionally, it has been targeted for therapeutic purposes,23 suggesting 

that CD146-targeted imaging agents may allow for monitoring of treatment response in the 
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future. In this study, 64Cu-NOTA-YY146 allowed for a rapid and clear delineation of 

CD146-expressing intrapulmonary metastases. Preceding the imaging studies, the tracer was 

developed by radiolabeling of the murine anti-human CD146 antibody previously developed 

in our laboratory, known as YY146, with 64Cu.19, 24 For radiolabeling, the antibody was 

conjugated to the chelator through conjugation of thiocyanate-modified NOTA with free 

lysine residues in the antibody. Since attachment of the chelator showed no ill effects on cell 

binding through flow cytometry (Figure 1), it may be assumed that the lysine residues 

located away from the binding site of YY146.25–27 Additionally, the tracer was highly stable 

in vivo as minimal bladder signal was visible post-injection.

Several in vitro assays were performed to study the expression of CD146 and the binding 

affinity of YY146. Saturation binding assay unveiled the high affinity of YY146 towards 

CD146 expressed in the H460 cell line with a KD value of 2.84 ± 0.53 nM (Figure 2). This 

value was within the expected range and confirmed the strong binding affinity of the 

antibody; most antibodies display KD values in the range of 10−6 to 10−9 M, with antibodies 

showing the highest affinity being ~10−12 M. 28. Additionally, a receptor density of CD146 

on H460 cells was calculated to be ~9.9 × 105 receptors per cell, which guarantees a 

successful implementation of imaging studies, where expression level of more than 105 

receptors per cell is considered appropriate.29, 30 Hence, given the strong binding affinity 

of 64Cu-NOTA-YY146 and high receptor density of CD146 on H460 cells, 64Cu-NOTA-

YY146 would be expected to allow for optimal in vivo PET imaging of CD146 expression.

Indeed, PET imaging revealed high tracer uptake in CD146-expressing H460 tumors, while 

significantly lower uptake was detected in H358 tumors (Figure 3). The values were within 

expected ranges as we previously investigated 64Cu-NOTA-YY146 in multiple subcutaneous 

models of lung cancer.21 In subcutaneously-implanted H460 tumors, tracer uptake peaked at 

48 h post-injection with 20.1 ± 2.86 %ID/g. The maximum tumor signal in the lung was 

calculated as 13.85 ± 1.07 %ID/g in H460 tumor-bearing mice (Figure 4), suggesting a 25–

30% decrease in tracer accumulation from the subcutaneous model previously 

investigated.19 Previous studies have shown that orthotopic tumors display significantly 

decreased vasculature, including functional blood and lymphatic vessels, in comparison to 

subcutaneous tumors.31 Hence, this difference in overall tumor signal could be attributed to 

well-known variations in the vasculature and overall tumor size found between these models. 

Furthermore, given the small size of the lung nodules (~1 mm), partial volume effects could 

contribute to the significant underestimation of the tumor uptake as determined by PET. 

Such systematic errors are inherent to the PET quantification of small structures and could 

account for the significant variation in 64Cu-NOTA-YY146 accretion between the tumor 

types.

The lung nodule model more closely resembles the situation encountered in patients than 

subcutaneous tumor models, as the disease may spread locally throughout the lung or move 

to other organs. Previous studies have shown the benefits of injecting cancer cells 

intravenously as methods to study highly metastatic lung malignancies.32–34 While 

subcutaneous tumors display the high reproducibility required for assessing antitumor 

agents, orthotopic tumors models have a significantly broader range of applications as the 

tumors establish heterogeneous microenvironments and show high metastatic potential.35 
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For lung cancer imaging, the long circulation half-life of antibodies may pose a potential 

limitation due to the strong heart signal.36 CT was utilized in this study to discern blood 

pool signal in the heart from the lungs. Such limitation concerning the high blood pool 

activity found with immunoPET may be overcome by imaging at later time points allowing 

for better delineation of lung signal from that of the heart. However, the relatively short half-

life of 64Cu (t1/2: 12.7 h) precludes long-term imaging,37 yet isotopes with longer half-lives 

like 89Zr (t1/2: 78.4 h) are becoming more accessible to researchers across the globe. 

Additionally, it may be possible to actively diminish the blood pool signal at the optimal 

time point (48 h post-injection in this study) to better visualize the lungs without CT by 

removing excess antibody tracer from circulation using specific intravenous 

immunoglobulins.38 A third viable option may be the use of antibody Fab or Fab’2 

fragments of YY146 that retain great binding affinity and specificity towards CD146, but 

present pharmacokinetic profiles that are more amenable (a.k.a. shorter blood circulation 

half-life and renal excretion) for thoracic PET imaging.

CONCLUSIONS

ImmunoPET imaging has become an essential component to understanding the function and 

biodistribution of antibodies in vivo. In this study, a murine antibody targeting human 

CD146 radiolabeled with 64Cu was successfully characterized and employed for imaging of 

intrapulmonary metastasis in a murine model of NSCLC. 64Cu-NOTA-YY146 showed rapid, 

persistent, and highly specific uptake in CD146-expressing H460-derived lung metastases, 

while H358 metastases with low CD146 expression displayed decreased uptake of the tracer. 

Expression of CD146 is ubiquitous in many other cancers, suggesting that CD146-based 

tracers may play a potential role in clinical imaging of cancer in helping to improve early 

and accurate diagnosis, monitoring of therapeutic response, and potentially enhancing 

patient stratification.
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Figure 1. 
The binding and immunoreactivity of YY146 and NOTA-YY146 in lung cancer cell lines 

was determined via flow cytometry. H460 (CD146-High) and H358 (CD146-Low) cells 

were incubated PBS (control; blue), 2° antibody alone (green), 5 μg/mL YY146 (purple), 5 

μg/mL NOTA-YY146 (pink), 25 μg/mL YY146 (cyan), or 25 μg/mL NOTA-YY146 

(orange).
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Figure 2. 
CD146 saturation binding curve in lung cancer cell lines with total binding plotted as y-axis. 

The KD and receptor density values were calculated as 2.84 ± 0.53 nM and 9.9 × 105 

receptors per cell in the H460 cell line, respectively. The receptor density and KD values 

corresponding to H358 cells could not be determined reliably.
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Figure 3. 
PET/CT imaging of CD146 in intrapulmonary metastasissis model of NSCLC. 

Representative coronal PET slices showing the lungs are provided. (A) H460 tumor-bearing 

mice show increasing uptake of the tracer by 48 h post-injection. PET/CT imaging at 48 h 

post-injection shows signal in the intrapulmonary metastases (M), heart (H), and liver (LIV). 

(B) H358 tumor-bearing mice showed weak tumor signal that remains consistent throughout 

the study. PET/CT imaging at 48 h post-injection shows signal in the intrapulmonary 

metastases (M), heart (H), and liver (LIV). (C) A non-specific antibody was injected into 

H460 tumor-bearing mice. PET/CT imaging at 48 h post-injection shows minimal signal in 

the intrapulmonary metastases (M), heart (H), and liver (LIV).
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Figure 4. 
Analysis of whole lung average signal and maximum lung signal derived from ROI 

quantification of PET images. Signal in the whole lung of H460-bearing mice increased 

from 4 to 24 h post-injection. The maximum lung signal corresponded to the highest signal 

found in a single tumor nodule. H460 tumor-bearing mice showed significantly higher 

maximum and average lung uptake compared to their H358 counterparts. The non-specific 

IgG showed high initial uptake in both whole lung and maximum lung values, yet both 

rapidly declined by 48 h post-injection. Results were expressed as %ID/g (mean ± SD) with 

n=4. * p-value ≤ 0.05, ** p-value ≤ 0.01.
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Figure 5. 
PET image-derived time-activity curves showing the biodistribution of the tracers (64Cu-

NOTA-YY146 and 64Cu-NOTA-IgG) in H460 and H358 tumor-bearing mice. The TACs 

revealed that the clearance behavior of the tracer from the blood pool was similar between 

both models. The other organs (liver, spleen, kidney, muscle) showed similar trends. Results 

were expressed as %ID/g (mean ± SD).
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Figure 6. 
Ex vivo biodistribution of the tracers (64Cu-NOTA-YY146 and 64Cu-NOTA-IgG) in H460 

and H358 tumor-bearing mice. Mice were euthanized at 48 h post-injection and tracer 

biodistribution in the tumor and normal tissues was determined via gamma counting. Results 

were expressed as %ID/g (mean ± SD).
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Figure 7. 
CD146 and CD31 co-staining of lung tumor sections from H460 and H358 tumor-bearing 

mice. CD146 staining (green) was elevated in H460 sections, while only background signal 

was visible in H358 sections. CD31 staining (red) revealed similar degrees of vasculature 

between both tumor models. Scale bar = 100 μm.
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