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Abstract

T cell immunoglobulin and mucin domain-containing-3 (TIM-3) is an immune checkpoint 

expressed mainly on CD4+ and CD8+ T cells. In addition to negatively regulating inflammatory T 

cell function, TIM-3 is a promising immunotherapy target. Herein, the aim is to develop an 

immuno-positron emission tomography (immunoPET) probe for noninvasively characterizing 

TIM-3 expression. Flow cytometry is used to detect the expression levels of TIM-3 in B16F10 

cells. RMT3–23, a rat antimouse TIM-3-specific monoclonal antibody, is radiolabeled with 64Cu 

and the performance of 64Cu-NOTA-RMT3–23 is interrogated by immunoPET in murine 

melanoma models before and after radiation therapies. Biodistribution and immunofluorescent 
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staining studies are carried out after the immunoPET imaging studies. TIM-3 is negatively 

expressed in B16F10 cells, and its expression is not induced by radiation therapies. ImmunoPET 

imaging with 64Cu-NOTA-RMT3–23 precisely tracks the unique distribution of TIM-3-positive 

lymphocytes in immunocompetent melanoma models, and tumor uptake of the radiotracer is not 

affected by either single-dose or fractionated radiation therapies. The 64Cu-NOTA-RMT3–23 

immunoPET imaging results are further mirrored by the immunofluorescent staining studies. 

These results demonstrate the feasibility of 64Cu-NOTA-RMT3–23 immunoPET in tracking 

TIM-3 and highlight a new opportunity to optimize TIM-3-targeted immunotherapies with this 

novel imaging strategy.
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1. Introduction

With the clinical use of chimeric antigen receptor (CAR)- modified T cells and immune 

checkpoint inhibitors, cancer immunotherapy has resulted in durable or complete responses 

in patients with various types of cancers.[1] Immune checkpoint blockade (ICB) usually 

involves in inhibiting cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and 

programmed cell death receptor 1 (PD-1)/programmed cell death ligand 1 (PD-L1) signaling 

axis. CTLA-4 is highly expressed in the regulatory T cells (Tregs).[2] Therefore, the 

antitumor activity of an anti-CTLA-4 monoclonal antibody (mAb) is mediated, in part, by 

ablation of the Tregs at tumor sites.[3] PD-1 is relatively overexpressed on effector tumor-

infiltrating lymphocytes (TILs) and acts as a negative regulator of T cell antitumor response. 

After engaging with its major ligand PD-L1, PD-1 mediates its immune inhibitory function 

by tyrosine phosphatase SHP-2, which dephosphorylates the downstream signaling cascades 

of T cell receptor.[4] In patients with metastatic melanoma, immune checkpoint inhibitors 

targeting the CTLA-4 and/or the PD-1/PD-L1 signaling pathway have demonstrated 

significant improvements in progression-free survival and overall survival.[5] However, 

primary and adaptive resistance associated with immune checkpoint inhibitors hinders 

melanoma patients from sustained ICB treatment.[6] In this setting, identification of novel 

immune checkpoints negatively regulating the antimelanoma immune response is of clinical 

significance, since blockage of these novel immune checkpoints may enhance the antitumor 

activity or even overcome resistance of the clinically approved ICB regimens.

As a type I transmembrane protein, T cell immunoglobulin and mucin domain-containing-3 

(TIM-3) was originally identified as a molecule that can help identify IFNγ-secreting Th1 

cells.[7] While TIM-3 negatively controls the progression of several autoimmune diseases, it 

also acts as a pivotal immune checkpoint by regulating T cell exhaustion during tumor 

development.[8] Immune inhibitory receptors including TIM-3, PD-1, LAG-3, and TIGIT are 

tightly coexpressed on both CD8+ and CD4+ TILs,[9] of which TIM-3 and PD-1 double-

positive TILs represent the most exhausted phenotypes.[10] TIM-3 is also overexpressed in 

several types of human malignancies including melanoma and cervical carcinoma.[8,11] 
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Consequently, combinatorial immunotherapy consisting of anti-TIM-3 and anti-PD-1 or 

anti-CTLA-4 antibodies could significantly reduce tumor burden in preclinical settings.[12] 

Moreover, the expression of TIM-3 on CD8+ T cells and Tregs increased following radiation 

and anti-PD-L1 therapies, and the addition of an anti-TIM-3 antibody significantly delayed 

tumor growth in preclinical lung cancer models.[13] Currently, antibody therapeutics 

targeting TIM-3 or dually targeting TIM-3 and another immune checkpoint (e.g., PD-1 or 

PD-L1) are undergoing clinical investigation.[14] The therapeutic benefits of these novel 

immunotherapy regimens are urgently awaited.

Substantial clinical studies have revealed that the infiltration of CD8+ T cells and (or) pre-

existing CD8+ T cells in the tumor microenvironment indicated better responses of ICB 

treatments.[15] Instead of using tumor and liquid biopsies, we previously reported that 

immuno-positron emission tomography (immunoPET) imaging is a powerful technique to 

noninvasively map T cells and oncoproteins.[16–21] However, methods that can capture the 

dynamics of TIM-3-positive lymphocytes are still lacking. Herein, we aim to develop a 

TIM-3-specific immunoPET probe and use this probe to delineate TIM-3 expression in 

murine melanoma models. By harnessing this TIM-3-targeted immunoPET imaging 

approach, we also characterize the alteration of TIM-3 expression following single-dose or 

fractionated radiation therapies in murine melanoma models.

2. Results

2.1. 64Cu-NOTA-RMT3–23 ImmunoPET Imaging of Nonirradiated Melanomas

In this study, a rat antimouse mAb RMT3–23 was used to screen TIM-3 expression and to 

conjugate the immunoPET imaging probe. RMT3–23 reacts with TIM-3 from both BALB/c 

mice and C57BL/6 mice.[22] We first assessed the expression of TIM-3 on the surface of 

B16F10 cells by performing flow cytometry and found that TIM-3 was negatively expressed 

on B16F10 cells (Figure 1A), indicating that TIM-3 is not a marker for B16F10 cell line. 

However, TIM-3 was found positively expressed in certain human melanoma tissues and 

melanoma cell lines.[23] Despite this dichotomous observation, the negative expression of 

TIM-3 on the surface of B16F10 cells precludes the TIM-3 signal contributed by B16F10 

tumors in the following studies.

RMT3–23 was first conjugated to NOTA and then radiolabeled with 64Cu. In our hands, 
64Cu-labeling of NOTA-RMT3–23 resulted in a radiolabeling yield of >80% and a 

radiochemical purity of >99%. The feasibility of 64Cu-NOTA-RMT3–23 immunoPET 

imaging was first interrogated in C57BL/6N mice bearing B16F10 melanomas (with an 

average tumor volume of ≈400 mm3). As shown by immunoPET images in Figure 1B, 64Cu-

NOTA-RMT3–23 circulated well throughout the imaging period, which differed from other 

immune checkpoint-targeted immuno- PET probes that rapidly deposited in lymphatic 

tissues (e.g., spleen and lymph nodes).[18,19] Indeed, the expression of TIM-3 is largely 

restricted to IFNγ-producing CD4+ T cells, CD8+ T cells, and exhausted T cells.[7,24] 

Meanwhile, 64Cu-NOTA-RMT3–23 concentrated more obvious in the tumor edge than in 

the tumor center, which may indicate TIM-3-positive lymphocytes failed to penetrate deeply 

inside the tumor. Region of interest (ROI) analysis revealed the overall decline of 64Cu-

NOTA-RMT3–23 uptake in the blood pool, liver, and spleen over the imaging period, with 

Wei et al. Page 3

Adv Ther (Weinh). Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the uptake value at the terminal imaging time-point was 17.37 ± 1.08, 9.80 ± 0.36, and 10.87 

± 0.75%ID g−1 (n = 3), respectively. Tumor uptake of 64Cu-NOTA-RMT3–23 gradually 

increased with a peak uptake of 10.57 ± 1.17%ID g−1 (n = 3) reached at 48 h after 

administration of the radiotracer (Figure 1C). The ex vivo biodistribution study performed 

immediately after termination of the immunoPET imaging studies demonstrated higher 

retention of the radiotracer in the circulation (31.46 ± 3.03%ID g−1, n = 3) but a comparable 

tumor uptake (10.35 ± 1.25%ID g−1, n = 3) (Figure 1D). These results demonstrated that 

TIM-3 expression in the tumor microenvironment was readily accessed and visualized by 

TIM-3- targeted immunoPET imaging. However, this imaging approach is otherwise unable 

to detect other secondary lymphatic tissues except the spleen, due to either low expression of 

TIM-3 in these tissues or limited detection ability of the imaging technique.

2.2. 64Cu-NOTA-RMT3–23 ImmunoPET Imaging Following Single-Dose Radiation Therapy

Before exploring the potential effects of radiation on the expression level of TIM-3 in the 

tumor microenvironment, we irradiated B16F10 cells in vitro with increasing doses of 

irradiation (i.e., 2, 6, and 12 Gy in one fraction) and monitored these samples with flow 

cytometry. The results showed that cell surface TIM-3 of the irradiated cells did not increase 

when compared to the control groups (irradiated cells only, second antibody only, and 

nonirradiated cells; Figure 2A).

The average tumor volume reached 299.81 ± 135.04 mm3 (n = 4) seven days after the 

inoculation of 1 × 106 B16F10 cells to each C57BL/6N mouse. However, the high-dose 

radiation therapy, that is, 12 Gy in one fraction, did not suppress the growth of the tumors 

because the tumor volume expanded to 956.25 ± 131.44 mm3 (n = 4) ten days after the 

therapy. To understand whether TIM-3 infiltration is irradiation-responsive, we carried out 

TIM-3 immunoPET imaging using the irradiated mice. The results demonstrated a 

substantial uptake of 64Cu-NOTA-RMT3–23 around the growing tumors (Figure 2B). ROI 

analysis showed the tumor accumulation of 64Cu-NOTA-RMT3–23 was 9.75 ± 1.81%ID g−1 

(n = 4; Figure 2C). This was further corroborated by the ex vivo biodistribution data (Figure 

2D), which revealed a tumor uptake of 8.94 ± 2.41%ID g−1 (n = 4). However, uptake of 
64Cu-NOTA-RMT3–23 in the irradiated tumors was not statistically different from that in 

the above nonirradiated tumors (p = 0.53 for tumor uptake at 48 h when comparing the ROI 

data and p = 0.42 when comparing the biodistribution data).

2.3. 64Cu-NOTA-RMT3–23 ImmunoPET Imaging Following Fractionated Radiation Therapy

A previous study elucidated that fractionated, rather than single-dose irradiation, was 

effective in inducing infiltration of CD4+ and CD8+ T cells and abscopal effect.[25] To test 

the influence of fractionated irradiation therapy on the immigration of TIM-3-positive 

lymphocytes, we prepared melanoma models by subcutaneously injecting 5 × 105 cells to 

each mouse. Following the inoculation, we initiated fractionated irradiation (12 Gy in six 

fractions, one fraction day−1) on day 2 when the tumors were still unmeasurable. However, 

the fractionated radiation therapy failed to delay the tumor growth as the average tumor 

volume reached 130.68 ± 25.73 (n = 6) on day 7 after the implantation. To explore whether 

tumor accumulation of the radiotracers increased after the fractionated irradiation therapy, 

we subjected the irradiated mice to immunoPET imaging on day 8. For the mice receiving 
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the 64Cu-NOTA-RMT3–23 injection, the overall distribution patterns were similar to those 

seen in mice receiving single-dose radiation therapy (Figure 3A–D). Note that the 

distribution of the radiotracer was heterogeneous across the tumor (Figure 3A,B). 

Quantitative analyses of the immunoPET data showed an average tumor uptake of 10.03 ± 

0.78%ID g−1 (n = 3) at 48 h post-injection of the radiotracer (Figure 3C), which was 

comparable to that of the nonirradiated group (10.03 ± 0.78%ID g−1, n = 3 versus 10.57 ± 

1.17%ID g−1, n = 3; p = 0.85) or to that of the single-dose irradiation group (10.03 ± 

0.78%ID g−1, n = 3 versus 9.75 ± 1.81%ID g−1, n = 4; p = 0.95). Statistical analyses also 

showed no difference in tumor uptake of the 64Cu-NOTA-RMT3–23 at the other two time-

points (i.e., 4 and 24 h). Biodistribution data revealed that the majority of the radiotracer was 

still in the circulation (23.01 ± 2.05%ID g−1, n = 3) at the terminal imaging time-point, 

accompanied by the second-highest uptake in the tumor (7.88 ± 2.36%ID g−1, n = 3; Figure 

3D).

2.4. 64Cu-NOTA-RTG2α ImmunoPET Imaging Following Fractionated Radiation Therapy

To demonstrate the specificity of 64Cu-NOTA-RMT3–23 immunoPET imaging, we 

conjugated a nonspecific 64Cu-NOTA-RTG2α, and further investigated the diagnostic 

efficacy of this radiotracer in B16F10 melanoma models after fractionated radiation therapy. 

As shown in Figure 4, although 64Cu-NOTA-RTG2α immunoPET imaging could outline the 

tumors on the coronal images, the tumor signal on the maximum intensity projection (MIP) 

images was not distinct from the adjacent intestinal signal. Moreover, the circulation profiles 

of 64Cu-NOTA-RTG2α differed significantly from that of the 64Cu-NOTA-RMT3–23. As 

early as 4 h post-injection, 64Cu-NOTA-RTG2α was largely deposited in the liver, spleen, 

and kidney (Figure 4A,B). ROI analyses showed uptake of the radiotracer in the 

aforementioned three organs at the first time-point was 21.63 ± 1.16, 9.23 ± 3.90, and 9.5 ± 

2.43%ID g−1 (n = 3), respectively. And, the corresponding value dropped to 10.67 ± 2.37, 

3.6 ± 0.79, and 4.47 ± 0.91%ID g−1 (n = 3) two days later (Figure 4C). The accumulation of 
64Cu-NOTA-RTG2α in the tumor plateaued at 4 h (4.90 ± 0.70%ID g−1, n = 3) and then 

decreased during the imaging period (4.70 ± 0.95%ID g−1 at 24 h and 3.77 ± 1.06%ID g−1 at 

48 h, respectively). Multiple comparisons showed that tumor uptake of the 64Cu-NOTA-

RMT3–23 (either in the nonirradiation group, in the 12 Gy in one fraction irradiation group, 

or in the 12 Gy in six fractions irradiation group) was significantly higher than that of the 
64Cu-NOTA-RTG2α at all the time-points except that at 4 h. Ex vivo biodistribution study 

confirmed the in vivo immunoPET imaging results, showing a relatively higher uptake of 
64Cu-NOTA-RTG2α in several parenchymal organs (i.e., liver, spleen, intestine, and kidney) 

where the radiolabeled antibody was metabolized or degraded (Figure 4D). The detailed 

uptake values of 64Cu-NOTA-RMT3–23 and 64Cu-NOTA-RTG2α in the tumor and other 

major organs (or tissues) based on biodistribution data are presented in Table 1.

2.5. Immunofluorescent Staining Studies

Immunofluorescent staining of the resected tissues from the nonirradiated mice showed 

colocalization of TIM-3 and CD45, a leukocyte common antigen, at the tumor edges (Figure 

5). However, a scarcity of TIM-3-positive cells was observed inside the tumors despite the 

infiltration of CD45-positive lymphocytes. Meanwhile, TIM-3 and CD45 double-positive 

lymphocytes were noted in the spleens, but not in the stained liver sections. No B16F10 
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tumor cells were stained by TIM-3, affirming that TIM-3 is not a marker for the B16F10 cell 

line and tumor. Similar immunofluorescent staining patterns were found in the tissues of the 

irradiated mice (Figure 6). These results were in accordance with the circular uptake of 
64Cu-NOTA-RMT3–23 in the tumors and low uptake of the radiotracer in the livers and 

spleens revealed by immunoPET imaging.

3. Discussion

Immune checkpoint inhibition using antibodies blocking either CTLA-4 or PD-1/PD-L1 axis 

has transformed the care of patients with a broad range of advanced malignancies. 

Unfortunately, a large proportion of patients have either primary or adaptive resistance to 

immune checkpoint inhibitors.[26] In the efforts to uncovering the underlying resistance 

mechanisms, increased expression of TIM-3 has been found to be involved in the adaptive 

resistance to anti-PD-1 therapies,[24,27,28] and in poorly immunogenic response following 

radiation and anti-PD-L1 combinatorial therapies.[13] This evidence suggests TIM-3 as a 

promising immune checkpoint that could be exploited for developing checkpoint-blocking 

drugs. In addition to its role as a therapeutic target, TIM-3 may also serve as a marker for 

designing noninvasive diagnostic approaches for patient stratification and therapeutic 

response assessment. Here, we successfully generated an immunoPET probe for high-

resolution in vivo imaging of the immune receptor TIM-3. By harnessing serial immunoPET 

imaging, we uncovered how the TIM-3-positive immune cells distributed in the tumors and 

also in other parts of the body in naïve and irradiated melanoma-bearing C57BL/6N mice.

In vivo imaging techniques are being used to visualize the distribution and fate of immune 

checkpoints and their inhibitors.[17,29] Josefsson et al. reported that PD-L1 was specifically 

detected by SPECT in tumor and spleen in the immunocompetent mice.[30] Several 

subsequent studies further demonstrated that PD-1 and PD-L1 targeted immunoPET 

delineated spleen, lymph nodes, and nonlymphoid organs, such as brown adipose tissue.
[31,32] Our study here showed that TIM-3-targeted immunoPET imaging of C57BL/6N mice 

did not detect signals in secondary lymphoid organs (except the spleen) or in brown adipose 

tissue. However, we observed prominent immunoPET signals in the peritumoral regions 

(Figures 1B, 2B, and 3A,B), which were further confirmed by ex vivo immunofluorescent 

staining of the resected tumor tissues (Figures 5 and 6). Our results are in line with a recent 

study by Curley et al., which reported that TIM-3 was restricted to peritumoral lymphocytes 

with scattered positivity in tumor cells in vulvar squamous cell carcinoma.[11] We found low 

retention of 64Cu-NOTA-RMT3–23 in the livers of irradiated and nonirradiated mice. A 

previous study also reported the restricted expression of TIM-3 around the portal vein of 

normal C57BL/6 mice.[22] Our preliminary results reported the unique distribution patterns 

of TIM-3-positive lymphocytes in murine melanomas and uncovered the role of 

immunoPET in imaging TIM-3-positive lymphocytes across the body before and after the 

radiation therapies. However, a rat mAb was used to construct the TIM-3-targeted imaging 

strategy in our study. Future studies may employ humanized or human antibody vectors to 

develop translatable immunoPET techniques, which may hopefully optimize the 

development and use of TIM-3-targeted immunotherapies. Interestingly, the circulation of 
64Cu-NOTA-RTG2α, the nonspecific probe developed using a rat IgG2a, κ isotype control, 

was totally different from that of 64Cu-NOTA-RMT3–23. Indeed, some radiolabeled rat 
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mAbs were rapidly captured by mouse liver and spleen after administration.[33] The 

underlying reasons for this phenomenon remain to be determined.

Increasing evidence has indicated that anti-CTLA-4 IgG1 antibodies with enhanced 

fragment crystallizable gamma receptor (FcγR) binding affinity have superior antitumor 

responses,[34–36] similar to phenomena observed in the antitumor effects of other therapeutic 

antibodies.[3,37] When it comes to the PD-1/PD-L1 axis, the in vivo antitumor activity of 

anti-PD-L1 rather than anti-PD-1 antibodies was found to be FcγR-dependent.[38] In 

contrast, anti-PD-1 antibodies could be rapidly removed from PD-1+ and CD8+ T cells and 

further transferred to macrophages, which was in part mediated by interactions between Fc 

domains of the antibodies and FcγRs expressed by the tumor-associated macrophages.[29] In 

the case of TIM-3, spleen uptake of 64Cu-NOTA-RMT3–23 was quite high at the initial 

time-point, but it is not known how rat IgG2a interacts with mouse FcγRs. Further 

investigation and elucidation of these gaps may help optimize the scaffolds of anti-TIM-3 

antibodies as diagnostic agents in the first place. Furthermore, optimization of anti-TIM-3 

antibodies will mediate the full therapeutic efficacy of TIM-3-targeted therapy either as a 

single agent or in combination with other immune checkpoint modulators.[14]

Currently, immune checkpoint inhibitors are actively being investigated in synergy with 

radiation therapy.[39] In head and neck squamous cell carcinomas, a concomitant increase of 

several T cell-specific surface markers (ICOS, PD-L1, and TIM-3) was detected after 

radiation plus anti-PD-L1 therapies. More importantly, dual inhibition of PD-L1 and the T 

cell co-inhibitory receptor TIM-3 in combination with radiation therapy significantly 

reduced tumor growth accompanied by a prolonged survival.[13] Radiation alone was not 

able to control the melanoma growth in our study, partially due to the engagement of TIM-3 

in the tumor microenvironment. Our results here provided evidence that TIM-3-positive T 

cells existed in the tumor microenvironment. Therefore, theses subtypes of T cells could be 

considered as “canaries in the coal mine” or detrimental events indicating less effective 

therapeutic effect. Based on this observation, future studies could further design 

combinatorial therapeutic strategies for effective melanoma therapy, because substantial 

studies have demonstrated that combinatorial immunotherapy and radiation therapy could 

eradicate tumors.[13,39–41] Currently, we are exploring a combinatorial treatment strategy 

consisting of local radiation therapy, antibody antagonizing TIM-3, and other 

immunotherapy regimens for treating both local and distant metastatic melanomas.

4. Conclusion

In this work, we successfully developed a TIM-3-specific immunoPET probe and 

characterized its diagnostic value in immunocompetent melanoma models. Future studies 

are needed to develop translatable TIM-3-specific immunoPET that may optimize clinical 

TIM-3-targeted immunotherapies.
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5. Experimental Section

Cell Line and Flow Cytometry:

The B16F10 melanoma cell line was kindly provided by Dr. Ravi Patel (Department of 

Human Oncology, University of Wisconsin-Madison). The cell line was cultured in Gibco 

RPMI 1640 medium supplemented with 10% FBS (Gibco) and 1% PenStrep (Invitrogen). 

The cell line was maintained at 37 °C in a humidified atmosphere with 5% CO2. Following a 

previously reported protocol,[21] flow cytometry was used to detect TIM-3 expression on the 

surface of B16F10 cells. Briefly, nonirradiated or irradiated B16F10 cells resuspended in 

flow cytometry staining buffer (Invitrogen) were incubated with 5 or 10 μg mL−1 of anti-

TIM-3 mAb (RMT3–23; rat IgG2a, κ),[22] followed by washing and incubation of 5 μg mL
−1 of Alexa Fluor 488-conjugated goat antirat IgG (Jackson ImmunoResearch Laboratories). 

Cells only group and second antibody only group were stained with no antibody or Alexa 

Fluor 488-conjugated goat antirat IgG, respectively. All the prepared samples were analyzed 

with a BD LSR Fortessa flow cytometer (BD Biosciences) and the obtained data were 

analyzed using the FlowJo analysis software.

Melanoma Models and Radiation Therapies:

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

University of Wisconsin-Madison. To establish murine melanoma models for in vivo 

imaging studies, 5 × 105 or 1 × 106 B16F10 cells per mouse were resuspended in 100 μL of 

sterile PBS and matrigel matrix (Corning) with a ratio of 1:1 and inoculated subcutaneously 

(s.c.) into the right posterior flanks of C57BL/6N mice (4–5 weeks, Envigo). Two groups of 

C57BL/6N mice with different tumor burdens received local tumor radiation. Irradiation was 

performed using a cabinet orthovoltage X-ray biological irradiator (X-RAD 320; Precision 

X-Ray, Inc.). Only the tumor areas were irradiated with the rest of the body protected by 3 

mm lead shielding. For C57BL/6N mice with relatively large tumor volumes, 12 Gy was 

delivered in one fraction, whereas mice with small tumor volumes were irradiated with 12 

Gy in six fractions on consecutive days. Tumor size was measured every two days with 

digital calipers and tumor volumes were calculated using the formula (volume = length × 

width2/2 mm3), where length and width are the longer and shorter diameters of the tumor, 

respectively.

NOTA Conjugation and 64Cu Radiolabeling:

Two rat mAbs, a TIM-3-specific RMT3–23, and a nonspecific isotype control (RTG2a, rat 

anti-TNP [Trinitrophenyl] mAb)[22] were used to conjugate immunoPET probes. The 

detailed procedures for NOTA conjugation and 64Cu-labeling of NOTA-mAbs had been 

described previously.[42] Briefly, 1 mg of mAb (i.e., RMT3–23 or RTG2a) in PBS was 

prepared and the pH of the mAb solution was adjusted to 9.0–10.0 by the addition of 

Na2CO3 (0.1 M). 2-S-(4-Isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid 

(p-SCN-Bn-NOTA; Macrocyclics) was freshly dissolved in dimethyl sulfoxide (DMSO) and 

immediately added to the mAb solution with a chelator/mAb ratio of 10:1. The reaction was 

incubated at room temperature for 2 h, followed by purification of NOTA-mAb using 

equilibrated PD-10 desalting columns (GE Healthcare) with PBS as the elution buffer. For 
64Cu-labeling of the conjugated mAb, 74 MBq of 64CuCl2 produced in-house was first 
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diluted in 300 μL of sodium acetate buffer (0.1 M, pH 4.5) and then mixed with 200–320 μg 

of NOTA-mAb. The mixed solution was incubated at 37 °C for 1 h under constant shaking 

(500 rpm). The final radiopharmaceuticals were purified using equilibrated PD-10 columns 

and the radiochemical purity of the products was measured using an instant thin-layer 

chromatography (iTLC; Eckert & Ziegler Radiopharma Inc.).

ImmunoPET Imaging and Data Analysis:

C57BL/6N mice with irradiated or nonirradiated tumors were administered intravenously 

with either 64Cu-NOTA-RMT3–23 (13.95 ± 1.67 MBq, n = 10) or 64Cu-NOTA-RTG2α 
(4.87 ± 1.63 MBq, n = 3). The procedures for PET data acquisition, reconstruction, and data 

analyses had been detailed in the previous work.[21]

Ex Vivo Immunofluorescence Staining:

Tumors, livers, and spleens of two tumor-bearing irradiated mice (7 days after 12 Gy in one 

fraction treatment) and two tumor-bearing naïve mice were collected and fixed in optimal 

cutting temperature (OCT) compound (Sakura Finetek USA, Inc.). Frozen tissue sections 

were sliced and stained with primary antibodies (10 μg mL−1 of RMT3–23 and 10 μg mL−1 

of anti-CD45 antibody [Novus Biologicals]), followed by washing and incubation of 

secondary antibodies (5 μg mL−1 of Cy3-labeled donkey antirat IgG [Jackson 

ImmunoResearch Laboratories, Inc.] and Alexa Fluor 488-labeled goat antimouse IgG 

[Invitrogen]). The washed sections were mounted with UltraCruz Hard-set Mounting 

Medium containing DAPI (4’, 6-diamidino-2-phenylindole) (Santa Cruz Biotechnology) and 

confocal images were acquired using a Nikon A1R confocal microscope.

Statistical Analysis:

Statistical analyses were performed using the GraphPad software. All data were presented as 

the mean ± SD. Group data were compared using the two-tailed Student’s t-test, and 

multiple comparisons of grouped data were calculated using two-way ANOVA (Tukey’s 

multiple comparisons test). Adjusted p values were considered statistically significant if p < 
0.05.
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Figure 1. 
Flow cytometry assessment and 64Cu-NOTA-RMT3–23 immunoPET imaging of C57BL/6N 

mice bearing B16F10 melanomas. A) Flow cytometry assessing cell surface expression of 

TIM-3. B) Representative coronal and maximum intensity projection (MIP) images of 64Cu-

NOTA-RMT3–23 immunoPET at different time-points after administration of the 

radiotracer. C) Quantitative analyses of 64Cu-NOTA-RMT3–23 immunoPET imaging data 

(n = 3). D) Biodistribution data obtained after the terminal immunoPET imaging (n = 3).
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Figure 2. 
Flow cytometry assessment and 64Cu-NOTA-RMT3–23 immunoPET imaging of irradiated 

tumor-bearing C57BL/6N mice (12 Gy in one fraction). A) Flow cytometry assessing the 

influence of irradiation on the expression level of TIM-3. Irradiated cells only, second 

antibody only (irradiated cells incubated only with secondary antibody), and nonirradiated 

cells are control groups. B) Representative coronal and maximum intensity projection (MIP) 

images of 64Cu-NOTA-RMT3–23 immunoPET at different time-points after administration 

of the radiotracer. C) Quantitative analyses of 64Cu-NOTA-RMT3–23 immunoPET imaging 

data (n = 4). D) Biodistribution data obtained after the terminal immunoPET imaging (n = 

4).
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Figure 3. 
64Cu-NOTA-RMT3–23 immunoPET imaging of irradiated tumor-bearing C57BL/6N mice 

(12 Gy in six fractions). A,B) Representative coronal and maximum intensity projection 

(MIP) images of 64Cu-NOTA-RMT3–23 immunoPET at different time-points after 

administration of the radiotracer. C) Quantitative analyses of 64Cu-NOTA-RMT3–23 

immunoPET imaging data (n = 3). D) Biodistribution data obtained after the terminal 

immunoPET imaging (n = 3).
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Figure 4. 
64Cu-NOTA-RTG2α immunoPET imaging of irradiated tumor-bearing C57BL/6N mice (12 

Gy in six fractions). A,B) Representative coronal and maximum intensity projection (MIP) 

images of 64Cu-NOTA-RTG2α immunoPET at different time-points after administration of 

the radiotracer. C) Quantitative analyses of 64Cu-NOTA-RTG2α immunoPET imaging data 

(n = 3). D) Biodistribution data obtained after the terminal immunoPET imaging (n = 3).
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Figure 5. 
Immunofluorescent staining of the resected tumor tissue, liver, and spleen from the B16F10 

tumor-bearing naïve C57BL/6N mice.
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Figure 6. 
Immunofluorescent staining of the resected tumor tissue, liver, and spleen from the B16F10 

tumor-bearing irradiated C57BL/6N mice (12 Gy in six fractions).
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