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Abstract

Purpose—Intercellular adhesion molecule-1 (ICAM-1, CD54) is an emerging therapeutic target 

for a variety of solid tumors including melanoma and anaplastic thyroid cancer (ATC). This study 

aims to develop an ICAM-1-targeted immuno-positron emission tomography (immunoPET) 

imaging strategy and assess its diagnostic value in melanoma and ATC models.

Methods—Flow cytometry was used to screen ICAM-1-positive melanoma and ATC cell lines. 

Melanoma and ATC models were established using A375 cell line and THJ-16T cell line, 

respectively. An ICAM-1-specific monoclonal antibody (R6–5-D6) and a nonspecific human IgG 

were radiolabeled with 64Cu and the diagnostic efficacies were interrogated in tumor-bearing 

mouse models. Biodistribution and fluorescent imaging studies were performed to confirm the 

specificity of the ICAM-1-targeted imaging probes.

Results—ICAM-1 was strongly expressed on melanoma and advanced thyroid cancer cell lines. 
64Cu-NOTA-ICAM-1 immunoPET imaging efficiently delineated A375 melanomas with a peak 

tumor uptake of 21.28 ± 6.56 %ID/g (n = 5), significantly higher than that of 64Cu-NOTA-IgG 

(10.63 ± 2.58 %ID/g, n = 3). Moreover, immunoPET imaging with 64Cu-NOTA-ICAM-1 

efficiently visualized subcutaneous and orthotopic ATCs with high clarity and contrast. 
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Fluorescent imaging with IRDye 800CW-ICAM-1 also visualized orthotopic ATCs and the tumor 

uptake could be blocked by the ICAM-1 parental antibody R6–5-D6, indicating the high 

specificity of the developed probe. Finally, blocking with the human IgG prolonged the circulation 

of the 64Cu-NOTA-ICAM-1 in R2G2 mice without compromising the tumor uptake.

Conclusion—ICAM-1-targeted immunoPET imaging could characterize ICAM-1 expression in 

melanoma and ATC, which holds promise for optimizing ICAM-1-targeted therapies in the future.
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Introduction

Intercellular adhesion molecule-1 (ICAM-1, CD54), a member of the immunoglobulin 

superfamily of adhesion molecules, is composed of five extracellular immunoglobulin G-like 

domains and a short cytoplasmic tail [1]. ICAM-1 and vascular cell adhesion molecule-1 

(VCAM-1) are well-characterized markers for inflammation [2]. While ICAM-1 expression 

is very low or absent in normal organs (e.g., liver, pancreas, thyroid, ovary, breast, prostate, 

heart, and skin), it is highly expressed on the surface of many types of cancer cells [1, 3]. 

The upregulation of ICAM-1 is required to initiate the transmigration and spread of 

melanomas [4–6]. ICAM-1 is also aberrantly expressed in thyroid cancers [7]. Interestingly, 

ICAM-1-targeted chimeric antigen receptor T (CAR-T) cells showed robust killing of 

thyroid cancer cells in vitro. More importantly, the administration of ICAM-1 CAR-T cells 

demonstrated profound and enduring tumor eradication in preclinical anaplastic thyroid 

cancer (ATC) xenograft models [8, 9]. The evidence provides a rationale for utilizing 

ICAM-1 as a target for diagnosing and treating aggressive melanomas and thyroid cancers.

Traditional tumor maker screening techniques, such as immunohistochemistry, can only 

examine resected tumors and local lymph nodes. In comparison, molecular imaging 

approaches could noninvasively detect and quantify tumor markers or receptor status across 

the body when multiple metastases have developed. Several molecular imaging modalities 

are being used [10], including magnetic resonance (MR) imaging, single-photon emission 

computed tomography (SPECT), and positron emission tomography (PET). After 

conjugating an anti-ICAM-1 antibody to iron oxide nanoparticles (IONPs), a study reported 

that MR imaging using ICAM-IONPs could quantify ICAM-1 overexpression in breast 

cancer models [11]. When it comes to analyzing receptor concentrations or tumor markers in 

cancers, PET is more commonly used than SPECT and MRI because of its inherent 

advantages (i.e., quantitation and resolution). In recent years, immunoPET, a companion 

diagnostic method developed by conjugating a therapeutic antibody to a positron emitter, is 

being increasingly developed and used in clinical settings [12]. In addition to its role in 

imaging receptor tyrosine kinases and oncoproteins in cancers [12–16], immunoPET allows 

noninvasive evaluation of the dynamics of immune cells [17], as a result, optimizing or even 

changing clinical treatment decisions. Moreover, immunoPET could facilitate antibody drug 

development by providing the in vivo biodistribution and pharmacokinetics of therapeutic 

antibodies [18].
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Despite the emerging role of ICAM-1 as a therapeutic target for a wealth of malignancies, 

molecular imaging toolbox specific for ICAM-1 is still missing. In this study, we aim to 

develop an ICAM-1 targeting immunoPET probe 64Cu-NOTA-ICAM-1 and investigate its 

diagnostic performance in preclinical melanoma and ATC models.

Materials and methods

Cell lines and flow cytometry

Two melanoma cell lines (SK-MEL-5 and A375) were kindly provided by Dr. Mark R. 

Albertini (University of Wisconsin - Madison) and cultured in phenol red-free Dulbecco’s 

Modified Eagle’s Medium (DMEM, ATCC) supplemented with 10% fetal bovine serum 

(FBS, Gibco). Five thyroid cancer cell lines (THJ-16T, 8505C, TPC-1, FTC-236, and 

FTC-133) were kindly provided by Dr. Heather Hardin (University of Wisconsin - Madison). 

THJ-16TLuc cell line was constructed by transfecting the THJ-16Tcell line with a pGMLV-

CMV-Lu lentivirus luciferase reporter (Genomeditech). Thus, the tumor burden of mice 

bearing orthotopic ATCs can be monitored by bioluminescence imaging (BLI). All the 

thyroid cancer cell lines were maintained according to the recommended cell culture 

protocols.

For detecting cell surface abundance of ICAM-1 by flow cytometry, a mouse anti-human 

ICAM-1 monoclonal antibody (mAb) (Clone: R6–5-D6; BioXCell) was used. Concretely 

speaking, 1 × 106 cells for each sample were collected and washed with cold phosphate-

buffered saline (PBS, HyClone). The washed cells were re-suspended in flow cytometry 

staining buffer (Invitrogen) and incubated with primary antibodies (5 μg/mL or 10 μg/mL of 

NOTA-ICAM-1) on ice for 45 min, followed by washing with PBS for three times. The 

washed cells were further incubated with an Alexa Fluor 488-labeled goat anti-mouse IgG (5 

μg/mL) for another 45 min. The samples were washed again, re-suspended in PBS, and 

analyzed using a BD LSR Fortessa flow cytometer (BD Biosciences). The results were 

analyzed with the FlowJo software (FlowJo LLC).

Melanoma and thyroid cancer models

All animal experiments were conducted in compliance with the institutional guidelines at the 

University of Wisconsin - Madison and at the Renji Hospital, School of Medicine, Shanghai 

Jiao Tong University. A375 cells suspended in sterile PBS and matrigel matrix (Corning) 

with a ratio of 1:1 were used to establish subcutaneous melanoma models [19]. We have 

reported that the ATC cell line THJ-16T has a tumor take rate as high as 100% in athymic 

nude mice [20], and orthotopic thyroid cancer models better mirror the aggressive scenario 

of advanced thyroid cancers [21, 22]. Therefore, we chose the THJ-16T cell line and the 

ultra-immunodeficient R2G2 (B6;129-Rag2tm1FwaIL2rgtm1Rsky/DwlHsd; Envigo) mice to 

establish thyroid cancer models. Following a previously described protocol [20], 5 × 106 

THJ-16T cells and 0.5–1 × 106 THJ-16T cells per mouse were used to establish 

subcutaneous and orthotopic ATC xenografts, respectively. To facilitate BLI, orthotopic ATC 

models were also established using the THJ-16TLuc cell line and nude mice. The ATC 

models were used for immunoPET and fluorescent imaging 4–5 weeks after tumor cell 

inoculation.
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Radiolabeling, immunoPET imaging, and data analysis

The ICAM-1-specific mAb R6–5-D6 and a nonspecific human IgG isotype control 

(Invitrogen) were used to conjugate immunoPET probes in this study. Antibodies were first 

conjugated with 2-S-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid 

(p-SCN-Bn-NOTA; Macrocyclics) and then radiolabeled with 64Cu (T1/2 = 12.7 h) [23]. 

Briefly, the storage buffer of antibodies was changed to PBS and the pH of the antibody 

solution was adjusted to 9.0–10.0 using 0.1 M Na2CO3. The chelator NOTA was dissolved 

in dimethyl sulfoxide and added to the antibody solution with a molar ratio of 10:1, followed 

by incubation of the mixture on a shaker (800 rpm) at room temperature for 2 h. NOTA-

conjugated antibodies were purified with equilibrated PD-10 desalting columns (GE 

Healthcare) and concentrated with Amicon® Ultra-4 Centrifugal Filters (with a molecular 

weight cut-off of 100 KDa; Millipore). The conjugated antibodies were used immediately or 

stored at − 20 °C for subsequent use. For radiolabeling, 64Cu of high specific activity was 

produced in house and 3–5 mCi of 64Cu in 0.1 HCl was added to 300 μL of NaOAc (pH 5 ± 

0.5), followed by addition of 100–200 μg of NOTA-mAb to the radiometal solution and 

incubation at 37 °C for 1 h under constant shaking. The final radiopharmaceuticals were 

separated from free 64Cu using PD-10 columns with PBS as the mobile phase.

The radiochemical purity (RCP) of the radiopharmaceuticals was assessed by radio-thin 

layer chromatography (radio-TLC). Moreover, 64Cu-NOTA-ICAM-1 was incubated in 1× 

PBS buffer and 100% mouse serum for 48 h and the stability was tested by performing 

radio-TLC and then measured by a gamma counter (Perkin Elmer Inc.). On average, 10.25 ± 

1.96 MBq of 64Cu-NOTA-ICAM-1 (n = 14) and 9.52 ± 2.49 MBq of 64Cu-NOTA-IgG (n = 

6) were injected via tail vein to the experimental mice, as specified below. For blocking 

studies, 1.5 mg of human IgG isotype control per mouse was injected one day prior to 64Cu-

NOTA-ICAM-1 immunoPET imaging. ImmunoPET imaging was acquired sequentially 

using an Inveon PET/CT scanner (Siemens) and the data were analyzed as previously 

described [19].

Bioluminescent and fluorescent imaging studies

IRDye 800CW-ICAM-1 was developed by labeling the mAb R6–5-D6 with a near-infrared 

(NIR) dye IRDye 800CW (LI-COR Biosciences Inc.), as previously reported [24]. Despite 

the excellent tumor take rate of the THJ-16T cell line [20], baseline BLI was carried out to 

confirm the growth of THJ-16TLuc tumors. To this end, D-luciferin (3 mg/mouse) was 

injected peritoneally to the nude mice and BLI was acquired with an IVIS Spectrum (Perkin 

Elmer Inc.) 10 min after injection. Tumor-bearing mice were divided into ICAM-1-targeted 

imaging group and blocking group (n = 3 for each group). Mice in the ICAM-1-targeted 

imaging group were injected with IRDye 800CW-ICAM-1 (100 μg/mouse). Whereas for the 

mice in the blocking group, 1 mg of unlabeled R6–5-D6 was given 24 h prior to injection of 

the IRDye 800CW-ICAM-1 (100 μg/mouse). Fluorescent imaging (λex/em 745/800 nm) was 

acquired 48 h after injection of the fluorescent tracer using the IVIS Spectrum. The data 

were analyzed using a Living Image 4.5.5 (IVIS Imaging Systems) software.
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Biodistribution and histopathology studies

After termination of the immunoPET imaging studies, the mice were sacrificed and samples 

including blood were obtained and weighed. The radioactivity of the collected samples was 

counted using the automated γ-counter and the uptake of the radiotracers in different organs/

tissues was calculated and given as %ID/g (mean ± SD). The detailed protocols and reagents 

used for immunofluorescent staining were available from the authors upon rational request.

Statistical analysis

Statistical analysis was performed using GraphPad and Microsoft Excel. All data are 

presented as the mean value ± SD. Group data were compared using the two-tailed Student t 
test, and multiple comparisons of grouped data were calculated using two-way ANOVA. p < 

0.05 was considered statistically significant.

Results
64Cu-NOTA-ICAM-1 immunoPET imaging of melanomas

As a continuation of our previous work [19, 25], this study intended to explore novel 

biomarkers for melanomas. Flow cytometry assessment showed that both the two tested 

melanoma cell lines (i.e., A375 and SK-MEL-5) were ICAM-1-positive (Fig. 1). 64Cu-

NOTA-ICAM-1 was developed with a high radiolabeling yield (> 70%) and an excellent 

RCP (> 99%) as tested by radio-TLC. The specific activity of the 64Cu-labeled antibody was 

estimated to be in the range of 3.5–7 mCi/nmol. 64Cu-NOTA-ICAM-1 was highly stable 

within 48 h and minimal 64Cu was released from the radiotracer (Supplementary Fig. 1). 

ImmunoPET imaging with 64Cu-NOTA-ICAM-1 clearly visualized subcutaneous A375 

xenografts at 24 h and 48 h post-injection of the radiotracer. In comparison, uptake in other 

major organs was quite low as seen from the given maximum intensity projection (MIP) 

images (Fig. 2a). Quantitative evaluation of the PET data showed a tumor uptake of 10.94 ± 

3.22 %ID/g at 48 h post-injection of the radiotracer, whereas the corresponding uptake in the 

blood pool, liver, spleen, and kidney was 9.44 ± 5.43 %ID/g, 8.26 ± 0.81 %ID/g, 6.04 ± 1.14 

%ID/g, and 4.48 ± 1.01 %ID/g, respectively (n = 5, Fig. 2b). Biodistribution study yielded 

fair agreement with the above region of interest (ROI) analysis results, demonstrating a 

higher radioactivity concentration in the tumors (21.28 ± 6.56 %ID/g, n = 5) but a 

comparable concentration in other major organs or tissues (Fig. 2c).

To showcase the specificity of 64Cu-NOTA-ICAM-1, we radiolabeled the nonspecific human 

IgG with 64Cu and the diagnostic value of the developed 64Cu-NOTA-IgG was investigated 

in another group of A375-bearing melanoma models. Not surprisingly, 64Cu-NOTA-IgG 

immunoPET imaging had no affirmative value in imaging ICAM-1-positive melanomas as 

the tumor signal was not distinct from the background signal (Fig. 2d–f). 64Cu-NOTA-IgG 

mostly resided in the circulation at 48 h post-injection, with an uptake of 14.77 ± 5.58 

%ID/g based on the ROI analysis and a comparative uptake of 17.82 ± 7.70 %ID/g as 

revealed by the ex vivo biodistribution data. When compared with 64Cu-NOTA-ICAM-1, the 

accumulation of 64Cu-NOTA-IgG was slightly higher in the livers and kidneys, two organs 

where antibodies were degraded or excreted after lengthy circulation.
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Immunofluorescent staining and imaging of the excised A375 tumor demonstrated a 

predominant membrane expression of ICAM-1 protein in A375 cells (Fig. 2g). Taken 

together, ICAM-1 is a promising diagnostic marker for melanomas. ImmunoPET imaging 

with 64Cu-NOTA-ICAM-1 could readily map ICAM-1 expression and stratify ICAM-1-

positive melanomas.

64Cu-NOTA-ICAM-1 immunoPET imaging of ATCs

Currently, AIC100, an ICAM-1-targeted CAR-T therapy developed by AffyImmune 

Therapeutics, is undergoing a phase I clinical trial for radioiodine-refractory thyroid cancers 

including the ATC. Therefore, we further examined the ability of 64Cu-NOTA-ICAM-1 

immunoPET in imaging advanced thyroid cancers. Flow cytometry screening showed that 

four of the five included thyroid cancer cell lines were ICAM-1-positive (Fig. 3a). 

ImmunoPET imaging showed unique distribution patterns of 64Cu-NOTA-ICAM-1 in ATC-

bearing R2G2 mice. That is, despite the abundant tumor uptake, 64Cu-NOTA-ICAM-1 was 

rapidly captured by the spleens (Fig. 3b). Based on the ROI analysis (Fig. 3c), tumor uptake 

at the initial time-point was 7.73 ± 1.38 %ID/g and the uptake value increased in a time-

dependent manner. However, there was no statistical difference between the uptake at the 

last two time-points (15.03 ± 0.51 %ID/g at 24 h vs. 16.47 ± 1.21 %ID/g at 48 h, p = 0.34). 

ROI analysis revealed a peak spleen uptake of 14.00 ± 2.11 %ID/g at 4 h after administration 

of the radiotracer, which gradually decreased over the imaging period (12.90 ± 1.15 %ID/g 

at 12 h, 12.80 ± 0.27 %ID/g at 24 h, and 11.20 ± 0.44 %ID/g at 48 h; n = 3). Biodistribution 

study showed an average tumor uptake of 26.30 ± 0.76 %ID/g and a spleen uptake of 21.84 

± 5.20 %ID/g (n = 3), with uptake in other organs/tissues less than 10 %ID/g (Fig. 3d). 

These results not only demonstrated the potency of 64Cu-NOTA-ICAM-1 immunoPET in 

diagnosing ATCs in an ICAM-1-dependent manner but also provided the first evidence that 
64Cu-NOTA-ICAM-1 was rapidly captured by the spleen of the ultra-immunodeficient 

R2G2 mice.

64Cu-NOTA-IgG immunoPET imaging of ATCs

We also performed 64Cu-NOTA-IgG immunoPET imaging in ATC-bearing R2G2 mice. MIP 

and coronal immunoPET images showed that tumor uptake of 64Cu-NOTA-IgG was slightly 

higher than uptake by surrounding tissues (Fig. 4a, b). Due to the absence of active targeting, 
64Cu-NOTA-IgG circulated significantly longer than 64Cu-NOTA-ICAM-1, as verified by 

the blood pool concentration at 48 h on ROI analysis (11.40 ± 1.57 %ID/g vs. 6.80 ± 1.31 

%ID/g, p = 0.02; Fig. 4c). Different circulation time of the two radiotracers was further 

validated by the biodistribution study, where blood accumulation of 64Cu-NOTA-IgG was 

statistically higher than that of 64Cu-NOTA-ICAM-1 (16.21 ± 2.73 %ID/g vs. 8.62 ± 2.35 

%ID/g, p = 0.02; Fig. 4d). As shown by the biodistribution data, spleen uptake of 64Cu-

NOTA-IgG was higher in ATC-bearing R2G2 mice than in the A375-bearing nude mice 

(12.34 ± 2.53 %ID/g vs. 4.89 ±0.63 %ID/g, p = 0.046). In ATC-bearing R2G2 mice, analysis 

of the biodistribution data showed that tumor uptake of 64Cu-NOTA-ICAM-1 was 

substantially higher than that of 64Cu-NOTA-IgG (26.30 ± 0.76 %ID/g vs. 12.67 ± 2.68 

%ID/g, p = 0.001). Immunofluorescent staining of the fixed ATC tumor section also showed 

a predominant membrane expression of ICAM-1 (Fig. 4e). These results supported our 

hypothesis that immunoPET imaging with 64Cu-NOTA-ICAM-1, but not with 64Cu-NOTA-
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IgG, could serve as a scouting tool to detect subcutaneous ATCs in a marker-dependent 

manner.

64Cu-NOTA-ICAM-1 immunoPET imaging of orthotopic ATCs

To test the diagnostic efficacy of 64Cu-NOTA-ICAM-1 in orthotopic thyroid cancer models, 

we carried out immunoPET imaging in orthotopic ATC-bearing R2G2 mice. Similar to that 

observed in the subcutaneous ATC models, 64Cu-NOTA-ICAM-1 immunoPET/CT imaging 

detected orthotopic ATCs with high clarity and contrast (Fig. 5a–c). Quantitative analysis 

showed that tumor uptake at 4 h, 12 h, 24 h, and 48 h was 7.45 ± 1.42 %ID/g, 14.00 ± 1.88 

%ID/g, 15.42 ± 1.53 %ID/g, and 13.20 ± 0.81 %ID/g (n = 4), respectively (Fig. 5d). But 

multiple comparisons showed no statistical differences of the tumor uptake at the last three 

time-points. In comparison with the spleen uptake of 64Cu-NOTA-ICAM-1 in subcutaneous 

ATC models (Fig. 3d), we found even higher spleen uptake of 64Cu-NOTA-ICAM-1 in the 

orthotopic ATC models (21.84 ± 5.20 %ID/g vs. 39.30 ± 4.98 %ID/g, p = 0.0137; Fig. 5e). 

Orthotopic ATC models suffer from severe tumor burden and the average volume of the 

spleens was smaller than that of the subcutaneous ATC models, which consequently 

contributed to the higher spleen uptake of the radiotracer in terms of %ID/g. Similarly, a 

mass of ICAM-1 expression was found on the plasmalemma of THJ-16T cells inoculated in 

the left thyroid gland of the R2G2 mice (Fig. 5f). These results indicated the potency of 
64Cu-NOTA-ICAM-1 immunoPET in delineating not only the subcutaneous but also the 

orthotopic ATCs.

Bioluminescent and fluorescent imaging of orthotopic ATCs

To further validate the specificity of R6–5-D6-based ICAM-1-targeted imaging, we 

developed a NIR fluorescent imaging probe IRDye 800CW-ICAM-1 using the mAb R6–5-

D6. The tumor-targeting specificity of this probe was tested in orthotopic ATC models, 

which were established using the THJ-16TLuc cell line and nude mice. One month after 

tumor cell inoculation, BLI showed localized signal in thyroid areas, indicating the 

successful establishment of the tumor models (Fig. 6a). Fluorescent imaging of the same 

mice demonstrated intense signal in the thyroid areas and also in the livers (Fig. 6b), 

indicating the tumor-targeting capacity and hepatobiliary clearance of IRDye 800CW-

ICAM-1. BLI of mice pre-injected with cold R6–5-D6 (1 mg/mouse) also suggested the 

growth of the tumors (Fig. 6c). However, fluorescent imaging of the mice failed to clearly 

delineate the tumors (Fig. 6d), presumably because R6–5-D6 saturated ICAM-1 on tumor 

cells and relocated the fluorescent probe to the livers. The average bioluminescent intensity 

in the ICAM-1-targeted imaging group and in the blocking group was 406.3 ± 200.4 (n = 3) 

and 375.3 ± 17.75 (n = 3), respectively. There was no statistical difference in the tumor 

burden in the two groups (p = 0.8850). However, fluorescent signal in the ICAM-1-targeted 

imaging group was substantially higher than that in the blocking group in terms of tumor-to-

liver ratio (1.434 ± 0.2367 [n = 3] vs. 0.3097 ± 0.04401 [n = 3], p = 0.0095). The data were 

in concert with the above immunoPET imaging results and further demonstrated the 

targeting specificity of R6–5-D6-derived imaging tracers.
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Cold IgG extended the circulation of 64Cu-NOTA-ICAM-1

Previous studies have elucidated a pivotal role of Fc/Fc-gamma receptor (FcγR) interaction 

in manipulating the in vivo fate of antibody therapeutics, especially in ultra-immunodeficient 

mice like NSG and NOD/SCID [26]. To the best of our knowledge, our study is the first 

report using the R2G2 mice to establish both subcutaneous and orthotopic tumor models. We 

also found the tricky circulation of the murine antibody-derived immunoPET probe (i.e., 
64Cu-NOTA-ICAM-1) in R2G2 mice. We tested whether pre-dosing with the unlabeled 

human IgG could partially saturate the FcγR in the spleen, thereby prolonging the 

circulation of 64Cu-NOTA-ICAM-1 and concomitantly reducing spleen deposition. When 

comparing uptake profiles to that of the non-blocking group (Fig. 3b–d), preloading with 1.5 

mg of human IgG per mouse one day before injection of 64Cu-NOTA-ICAM-1 visually 

extended the circulation of 64Cu-NOTA-ICAM-1 (Supplementary Fig. 2a, b). But the 

increase extent was not statistically significant, supported by the blood accumulation on ROI 

analysis (11.85 ± 3.18 %ID/g vs. 6.80 ± 1.31 %ID/g, p = 0.08; Supplementary Fig. 2c) and 

on biodistribution analysis (15.05 ± 4.20 %ID/g vs. 8.62 ± 2.35 %ID/g, p = 0.11; 

Supplementary Fig. 2d). After analyzing the biodistribution data, we found IgG blocking 

also failed to reduce spleen deposition of the radiotracer (21.13 ± 6.32 %ID/g vs. 21.84 ± 

5.20 %ID/g, p = 0.11), but it did not compromise tumor uptake (24.09 ± 7.40 %ID/g vs. 

26.30 ± 0.76 %ID/g, p = 0.11). It remains to be determined if murine antibodies (e.g., the 

parental antibody R6–5-D6) can block the high spleen uptake of the reported radiotracer.

Discussion

A variety of molecular targets predominantly expressed on tumor cells have been exploited 

to develop immunoPET probes. Of them, receptor tyrosine kinases (e.g., epidermal growth 

factor receptors family receptors) have been thoroughly investigated and several 

immunoPET probes have been successfully translated and used in a clinical scenario [15, 

27]. For instance, the clinical application of two human epidermal growth factor receptor-2 

specific immunoPET probes, 89Zr-trastuzumab and 89Zr-pertuzumab [13, 14], is 

fundamentally improving the clinical management of patients with breast cancer. These two 

immunoPET imaging approaches evaluated HER2 status in heterogeneous tumor lesions and 

delineated brain metastases, which sometimes might be equivocal on 18F-FDG PET images 

[28]. In the translation of immunoPET probes, one concern is the radiation exposures 

generated by the probes, especially for the liver and kidney [29]. Strategies like 

improvement of the PET/CT equipment, reduction of the administered activity, and proper 

blocking study using cold antibodies may lower radiation doses to patients and health care 

staff. In the case of 64Cu-NOTA-ICAM-1 immunoPET, we found that ICAM-1 uptake was 

low in normal organs except that in the spleens of the R2G2 mice, which was caused, in part, 

by the property of the mouse strain (as discussed below). Looking forward, continuous 

renovation of ICAM-1-directed immunoPET may further improve the image quality while 

lowering radiation exposure to the normal organs or tissues.

In light of the helpful information provided by immunoPET, we think that ICAM-1-targeted 

immunoPET is useful to visualize the varying levels of ICAM-1 in different tumor types [3]. 

Moreover, immunoPET imaging enables direct assessment of target occupancy and plasma 
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concentration of the antibody drugs [15, 30, 31]. Therefore, incorporation of ICAM-1-

specific immunoPET may accelerate the development of ICAM-1-directed therapeutics [32]. 

In addition to its use in cancer management, 64Cu-NOTA-ICAM-1 immunoPET may also 

detect acute renal failure and autoimmune diseases because ICAM-1 is preferentially 

expressed under these two conditions [33, 34]. Substantial studies have reported that 

ICAM-1 is involved in the clustering of T cells and the therapeutic efficacy of anti-CTLA-4 

therapy [35, 36]. Therefore, it is interesting to investigate if ICAM-1-targeted immunoPET 

can help understand the complex aggregation of T cells in immunocompetent mouse models.

Both the immunodeficiency status of the mouse strains and the properties of the antibodies 

affect the in vivo fate of antibody-based therapeutics and diagnostic probes [26, 37, 38]. In 

such a setting, we used two mouse strains with different immunodeficiency status to 

investigate the in vivo performance of 64Cu-NOTA-ICAM-1. Our results showed that the 

circulation of the mouse IgG2a-derived probe (i.e., 64Cu-NOTA-ICAM-1) was inversely 

correlated with the immunodeficiency degree of the mouse strains. Together with the results 

reported by Sharma et al. [26], we may conclude that the circulation of humanized IgG1- 

and mouse IgG2a-based diagnostic or therapeutic agents is heavily affected by the mouse 

strains. However, highly immunodeficient mouse strains are widely used for establishing 

patient-derived xenografts (PDX) and for reproducibly recapitulating distant metastatic 

tumor models. There are several strategies to enhance the tumor uptake of immunoPET 

probes while reducing spleen capture of the probes. One such approach is to block the Fc/

FcγR interaction between antibodies and FcγR-expressing cells, which can be realized by 

using deglycosylated antibodies or FcγR-blocking agents [26, 37, 39–41]. In our hands, 

preloading with the human IgG slightly prolonged the retention of 64Cu-NOTA-ICAM-1 in 

the circulation, but the increase was not statistically significant. Other alternative approaches 

may be adapted to improve the imaging quality in future studies. It is worthwhile to mention 

that the treatment outcome of certain therapeutic antibodies, such as anti-CTLA-4 and anti-

PD-L1 antibodies, is reported to be FcγR-dependent [42–44]. Therefore, additional attention 

should be paid in the antibody engineering when an anti-ICAM-1 antibody is used for both 

immunoPET imaging and cancer therapy.

Despite the promising results of the antibody-based 64Cu-NOTA-ICAM-1 immunoPET 

imaging and potential strategies to improve the imaging quality, radionuclides (e.g., 64Cu, 
89Zr, and 124I) of long half-lives are needed to match the lengthy circulation of mAbs. Due 

to their smaller size (15 KDa) and high affinity, Nanobodies have emerged as “magic 

bullets” for molecular imaging in recent years [45]. Moreover, radionuclides (e.g., 68Ga, 
99mTc, and 18F) of short half-lives are well suited to the radiolabeling of Nanobodies [46, 

47]. We have produced alpaca-derived Nanobodies targeting human ICAM-1 and our 

ongoing studies are interrogating the theranostic value of radiotracers/radioligands based on 

these smaller antibody vectors. We believe that these upcoming results will help us more 

thoroughly understand the theranostic value of ICAM-1 in more broad human malignancies.
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Conclusion

In summary, our results demonstrate that ICAM-1 is a promising biomarker for melanomas 

and ATCs. 64Cu-NOTA-ICAM-1 immunoPET is a promising technique to image ICAM-1 

expression in these two types of solid tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Flow cytometry assessment of ICAM-1 expression on melanoma cell lines
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Fig. 2. 
ImmunoPET imaging of ICAM-1-positive melanomas. a 64Cu-NOTA-ICAM-1 immunoPET 

imaging of A375-bearing nude mice. Serial maximum intensity projection images of a 

representative mouse at different imaging time-points were given. b Region of interest 

analysis of 64Cu-NOTA-ICAM-1 immunoPET imaging data. c Biodistribution study at 48 h 

post-injection of 64Cu-NOTA-ICAM-1. d 64Cu-NOTA-IgG immunoPET imaging of A375-

bearing nude mice. Serial maximum intensity projection images of a representative mouse at 

different imaging time-points were given. e Region of interest analysis of 64Cu-NOTA-IgG 

immunoPET imaging data. f Biodistribution study at 48 h post-injection of 64Cu-NOTA-

IGg. g Immunofluorescent imaging of a representative A375 tumor. The tumor section was 

stained for CD31 (red), ICAM-1 (green), and nuclei (blue). The tumors were indicated by 

yellow dotted circles
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Fig. 3. 
ImmunoPET imaging of ICAM-1 in subcutaneous anaplastic thyroid cancers. a Flow 

cytometry assessment of ICAM-1 expression on five thyroid cancer cell lines. b 64Cu-

NOTA-ICAM-1 immunoPET imaging of subcutaneous THJ-16T-bearing R2G2 mice. 

Maximum intensity projection (MIP) and coronal images of a representative mouse at 

different imaging time-points were given. c Region of interest analysis of 64Cu-NOTA-

ICAM-1 immunoPET imaging data. d Biodistribution study at 48 h post-injection of 64Cu-

NOTA-ICAM-1. The tumors were indicated by yellow dotted circles and spleens were 

indicated by white arrowheads
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Fig. 4. 
64Cu-NOTA-IgG immunoPET imaging of ICAM-1-positive subcutaneous anaplastic thyroid 

cancers. a, b 64Cu-NOTA-IgG immunoPET imaging of subcutaneous THJ-16T-bearing 

R2G2 mice. Maximum intensity projection (MIP) and coronal images of a representative 

mouse at different imaging time-points were given. c Region of interest analysis of 64Cu-

NOTA-IgG immunoPET imaging data. d Biodistribution study at 48 h post-injection of 
64Cu-NOTA-IgG. e Immunofluorescent imaging of a subcutaneous THJ-16T tumor. The 

tumor section was stained for CD31 (red), ICAM-1 (green), and nuclei (blue). The tumors 

were indicated by yellow dotted circles
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Fig. 5. 
ImmunoPET and immunoPET/CT imaging of orthotopic anaplastic thyroid cancers. a, b 
64Cu-NOTA-ICAM-1 immunoPET and immunoPET/CT imaging of a representative 

orthotopic THJ-16T-bearing R2G2 mouse. c ImmunoPET/CT images at different slices of 

the same mouse showed expansion of the tumor into the surrounding tissues and necrosis 

inside the tumor. d Region of interest analysis of 64Cu-NOTA-ICAM-1 immunoPET 

imaging data. e Biodistribution study at 48 h post-injection of 64Cu-NOTA-ICAM-1. f 
Immunofluorescent imaging of a representative orthotopic THJ-16T tumor. The tumor 

section was stained for CD31 (red), ICAM-1 (green), and nuclei (blue). The tumors were 

indicated by yellow dotted circles and spleens were indicated by white arrowheads
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Fig. 6. 
Bioluminescent imaging (BLI) and fluorescent imaging of orthotopic ATC models without 

or with R6–5-D6 blocking. a BLI of mice in the ICAM-1-targeted imaging group without 

R6–5-D6 blocking. The given image showed the growth of THJ-16TLuc tumors. b 
Fluorescent imaging of the same mice 48 h after injection of IRDye 800CW-ICAM-1. The 

fluorescent tracer was eliminated from the hepatobiliary system with a proportion deposited 

in the orthotopic THJ-16TLuc tumors. c BLI of mice in the blocking group showed 

comparable tumor burden. d Fluorescent imaging of the mice in the blocking group, which 

were injected first with a blocking dose of R6–5-D6 and then with the IRDye 800CW-

ICAM-1. Fluorescent imaging acquired 48 h after injection of the tracer showed negligible 

signal in the thyroid areas, indicating saturation of the target by the blocking dose of R6–5-

D6. The tumor areas were indicated by blue dotted circles and livers were indicated by blue 

arrowheads
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