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Abstract

The rapid ascension of immune checkpoint blockade treatments has placed an emphasis on the 

need for viable, robust, and noninvasive imaging methods for immune checkpoint proteins, which 

could be of diagnostic value. Immunoconjugate-based positron emission tomography (immuno-

PET) allows for sensitive and quantitative imaging of target levels and has promising potential for 

the noninvasive evaluation of immune checkpoint proteins. However, the advancement of immuno-

PET is currently limited by available imaging tools, which heavily rely on full-length IgGs with 

Fc-mediated effects and are heterogeneous mixtures upon random conjugation with chelators for 

imaging. Herein, we have developed a site-specific αPD-L1 Fab conjugate with the chelator 1,4,7-

triazacyclononane-N,N′,N″-triacetic acid (NOTA), enabling radiolabeling for PET imaging, using 

the amber suppression-mediated genetic incorporation of unnatural amino acid (UAA), p-

azidophenylalanine. This Fab conjugate is homogeneous and demonstrated tight binding toward 

the PD-L1 antigen in vitro. The radiolabeled version, 64Cu-NOTA-αPD-L1, has been employed in 

PET imaging to allow for effective visualization and mapping of the biodistribution of PD-L1 in 

two normal mouse models, including the capturing of different PD-L1 expression levels in the 

spleens of the different mouse types. Follow-up in vivo blocking studies and ex vivo fluorescent 

staining further validated specific tissue uptakes of the imaging agent. This approach illustrates the 

utility of UAA-based site-specific Fab conjugation as a general strategy for making sensitive PET 

imaging probes, which could facilitate the elucidation of the roles of a wide variety of immune 

checkpoint proteins in immunotherapy.

Graphical Abstract

*Corresponding Authors wcai@uwhealth.org. Phone: 608-262-1749 (W.C.); rosswang@temple.edu. Phone: 215-204-1855 (R.E.W.).
§H.L.W. and E.B.E. contributed equally.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI:10.1021/acs.molpharmaceut.9b00010.
Chemical synthesis, cloning of antibody expression vectors, antibody sequences, expression and purification of antibody Fab 
fragments, in silico screening of mutation sites on αPD-L1 Fab, site-specific conjugation and purification of Fab–NOTA conjugates, 
ELISA assay, radiolabeling, in vivo PET imaging, LC–MS and NMR analysis of compound 4 (Figure S1), SDS-PAGE analysis of 
antibody Fab fragments (Figure S2), ESI-MS characterization of antibody conjugate (Figure S3), in vivo PET imaging studies (Figure 
S4), ex vivo biodistribution (Figure S5) (PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
Mol Pharm. Author manuscript; available in PMC 2020 May 06.

Published in final edited form as:
Mol Pharm. 2019 May 06; 16(5): 2028–2036. doi:10.1021/acs.molpharmaceut.9b00010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

antibody; immune checkpoint; immunotherapy; PD-L1; site-specific; positron emission 
tomography; unnatural amino acid

INTRODUCTION

Checkpoint inhibitor-based cancer immunotherapy has recently emerged as a pillar of 

effective treatment to control tumor growth and dissemination.1,2 The discovery of multiple 

immune checkpoint mechanisms such as program death-ligand 1 (PD-L1), programmed cell 

death protein 1 (PD-1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) has 

facilitated the understanding of how tumor cells bypass the attack of immune systems.3 

Therapeutic treatments utilizing immune checkpoint inhibitors would “wake up” the 

previously suppressed immune cells and activate them to attack tumor cells.3 Thus, these 

inhibitors, such as antibodies, have become first-line therapies for different tumor types.1,3 

Yet, heterogeneous outcomes in clinical responses, frequent toxicity, and adverse effects 

necessitate the development of new methods for the prognosis and monitoring of patient 

responses.1,2,4–8 A noninvasive strategy to comprehensively monitor the expression of 

immune checkpoint proteins may help elucidate their roles in immunotherapeutic responses 

and potentially be useful in patient selection and treatment monitoring.4,9–13 Molecular 

imaging, especially positron emission tomography using antibodies conjugated with 

radionuclides (immuno- PET), allows for accurate and noninvasive evaluation of target 

levels.14–16 Due to the high sensitivity and resolution, immuno-PET has been successfully 

applied to interrogate the relationship between tissue uptake and clinical responses toward 

antibody treatment.17–19 Thus, immuno-PET could be a crucial tool to test the biomarker 

hypothesis of immune checkpoint proteins for immunotherapy.15,16,20
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Despite previous PET imaging efforts for immune checkpoint proteins,9–11,20–26 most 

immune checkpoint-based PET probes rely on full-length IgG antibodies,10,21,23,24 which 

have limited tissue/tumor penetrance. Fab fragments, on the other hand, retain the binding of 

the antibody but are devoid of the Fc effector domain. The resulting shorter circulation half-

lives and less off-target-related background signals make them ideal probe candidates.27,28 

Yet, few Fab-based PET probes have been developed so far.27,28 More importantly, common 

antibody probes have been synthesized via random coupling of natural amino acids with 

chelators, resulting in heterogeneous constructs with suboptimal stabilities, efficacies, and 

pharmacological properties.29,30 Early studies with cysteine-based site-specific 

immunoconjugates revealed higher target-to-background imaging intensity ratios than 

random conjugates,30 demonstrating the positive effects on in vivo performance of precise 

control of conjugation sites and stoichiometry. Yet, the suboptimal biological stability of the 

resulting maleimdyl thioether bonds largely limited its broad applications.30 Another 

cysteine-based approach, expressed protein ligation (EPL), could result in relatively stable 

coupling, but the feasible site is mainly limited to C-terminals which may not render the 

most stable conjugates.31 On the other hand, application of EPL to multiple modifications 

within the protein sequence would be technically demanding.32,33 Recently, another site-

specific conjugation strategy emerged, with the amber suppression-mediated genetic 

incorporation of unnatural amino acids (UAAs) during the translation of recombinant 

proteins.33,34 In this approach, the amber stop codon employs paired orthogonal amino-acyl 

transferase and iso-tRNA to incorporate the desired UAA site specifically into proteins 

including the recombinant anti-body.33,34 Antibodies incorporating UAAs, such as p-

acetylphenylalanine (pAcF), can be coupled to small molecules of interest via a stable 

linkage,29,35,36 generating site-specific therapeutics in high yields. The UAA conjugates as 

therapeutic candidates have demonstrated superior in vivo efficacy, stability, and toxicology 

profiles to the cysteine conjugates.34,37,38 Nevertheless, UAA-incorporated 

immunoconjugates have rarely been applied to PET imaging.29,39

To this end, we have developed a site-specific immuno-PET probe by incorporating one 

UAA, p-azidophenylalanine (pAzF), into antibody Fab fragments. Using the antibody 

against the popularly studied immune checkpoint protein PD-L1, as an example, we 

demonstrated for the first time the generation, optimization, and in vivo PET imaging of a 

UAA-based site-specific Fab conjugate with 1,4,7-triazacyclononane-N,N′,N″-triacetic acid 

(NOTA).

EXPERIMENTAL SECTION

Materials.

Reagents and solvents were obtained directly from commercial resources such as Thermo 

Fisher, VWR, and Sigma-Aldrich and were used without further purification. Analytical 

thin-layer chromatography was performed with EMD Chemicals Silica gel 60 F254 plates, 

the chemicals which were visualized by UV lamp (Chemglass Life Sciences) at 254/365 nm, 

KMnO4 staining, or phosphomolybdic acid staining. For purification, flash column 

chromatography was performed with silica gel grade 60 (230–400 mesh, Fisher Scientific). 

Preparative high-performance liquid chromatography (HPLC) was carried out on Waters 
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1525 series equipped with a 2489 UV/vis detector, 1525 binary pump, and a XBridge Prep 

C18 column (5 μm, 19 × 250 mm2). Solvent A was water/0.5% trifluoroacetic acid, and 

solvent B was acetonitrile. For mass spectrometry (MS) analysis, regular liquid 

chromatography-mass spectrometry (LC-MS) was performed on Agilent 1100 series. High-

resolution LC–MS analysis was done on an Agilent 6520 Accurate-Mass Quadrupole-Time-

of-Flight (Q-TOF) coupled with an electrospray ionization (ESI) source. A zorbax 300SB-

C8 column (5 μm, 4.6 × 50 mm2) was used. For acquisition of NMR spectroscopy, 1H NMR 

and 13C NMR were recorded on 400 or 500 MHz Bruker Advance. The data were processed 

with the MestReNova Software, measuring signal shifts in parts per million (ppm) downfield 

from the internal standard tetramethylsilane.

Methods.

Please see the Supporting Information for experimental details.

RESULTS AND DISCUSSION

Synthesis of the NOTA–BCN Linker.

We began by designing and synthesizing the PET chelator. Copper-64 as a metallic 

radionuclide garners interest due to its favorable physical properties, appropriate half-life, 

and ease of production.40–43 Among the available macrocyclic chelates, the NOTA series 

have been reported to possess superior chelation ability.40 Notably, the hexadentate NOTA 

derivative with 1-branched substitution (3p-C-NOTA) had higher radiolabeling efficiency 

and stability than the other NOTA derivatives40 but has yet to be utilized for immuno-PET.
44–46 Thus, we set out to synthesize a similar NOTA derivative with the termini modified 

with bicyclo[6.1.0]non-4-yne (BCN) for strain-promoted azide–alkyne cycloaddition 

(SPAAC) conjugation.47 6-Benzamidohexanoic acid was first reacted with benzoyl chloride 

to afford protected linker compound 1 (Scheme 1).48 Bromination followed by methylation 

resulted in methyl 6-benzamido-2-bromohexanoate (compound 2). The 1,4,7-

triazacyclononane (TACN) moiety was introduced by reacting the linker compound 2 with 

TACN-1,7-bis(t-butyl acetate) in the presence of potassium carbonate.45,48 The resulting 

intermediate was hydrolyzed under strong acid conditions to generate the amine-derivatized 

NOTA compound 3. A final coupling of 3 with the BCN-succinimidyl ester, followed by 

HPLC purification, afforded the NOTA–BCN linker (compound 4) with >95% purity, as 

shown by LC–MS analysis (Supporting Information Figure S1).

Design and Synthesis of Anti-PD-L1 Fab Mutant.

Compared to IgGs, antibody Fab fragments possess a small protein size, thereby improving 

tissue penetrance, and the removal of the Fc portion avoids unwanted effector effects.27,28 Its 

shorter biological half-life enables labeling with shorter-lived radionuclides such as 

copper-64, which taken together should lead to improved signal-to-background ratios at 

earlier time points.27 These unique characteristics make them not only suitable for 

therapeutic development49,50 but also as ideal imaging agents,27 warranting a detailed test of 

the site-specific incorporation of UAA. Among all of the available immune checkpoint 

proteins, PD-L1 appears to be the most studied due to its broad and dynamic expression 

profile and its potential correlation with prognosis and therapy responsiveness.
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10,20,21,23,24,26 Hence, we picked the sequences coding for the variable regions of the αPD-

L1 antibody avelumab, which has been clinically approved for treating gastric cancer and 

Merkel-cell carcinoma and is also human–mouse crossreactive.51 The plasmid 

(pBAD_αPD-L1) was constructed to harbor the heavy- and lambda light chain genes of the 

Fab fragment following a stll signal peptide.36,52 The wild type αPD-L1 Fab was expressed 

in Escherichia coli, with a yield of 4.2 mg/L in shake flask cultures. Sodium dodecyl sulfate/

polyacrylamide gel electrophoresis (SDS/PAGE) analysis showed that the Fab fragment 

migrated as a single band, with >95% purity and a molecular mass of ~45 kDa (Figure S2).

The site-specific labeling strategy based on the genetic incorporation of UAA allows one to 

explore various conjugates with different geometries and stabilities.36,52 Previous studies on 

a couple of mutation sites have resulted in Fab fragments of significantly different yields.36 

Nevertheless, there has been no systematic study done to determine the optimal conjugation 

site. To this end, we selected 23 possible sites on αPD-L1 Fab, which are surface-exposed, 

distal to binding sites, and are in flexible loops (Figure 1A). In silico screening was 

performed using the RosettaBackrub algorithm to predict the viability of single point 

mutations at the selected sites (Figure 2). The results suggested that mutations at HC-K129 

would be most favorably tolerated (Figure 2). Notably, the site HC-K129 has been 

experimentally explored before to be an ideal conjugation site for pAcF with high expression 

yield and little interference with antigen binding.36,52,53 As a negative control in our 

experimental validation of the screening results, LC-V202 was picked for amber suppression 

as well. Despite the previous site-specific incorporation of pAcF for oxime coupling,36 we 

decided to employ the incorporation of pAzF for strain-promoted SPAAC in this study. 

Compared to oxime coupling, the strain-promoted SPAAC conjugation is more 

bioorthogonal and can proceed efficiently at neutral pH.39,54,55 Although there are few 

reports in regards to its incorporation onto antibodies,54 electron-deficient aryl azides, such 

as pAzF, have been shown to greatly accelerate the SPAAC reaction.47

Therefore, we performed site-directed mutation of HC-K129 or LC-V202 to the TAG codon 

and co-transformed each pBAD plasmid into the DH10B strain along with a plasmid 

(pULTRA_pCNF)56 that encodes the polyspecific Mj-tRNA/tyrosyl-tRNA synthetase pair 

evolved to incorporate the pAzF UAA. The expression yield for αPD-L1 Fab mutant (HC 

K129X, X = pAzF) was 2.5 mg/L, whereas the yield for αPD-L1 Fab (LC V202X, X = 

pAzF) was only 0.04 mg/L. This significant difference is consistent with the in silico 

screening results and emphasizes the importance of optimizing the labeling site. In parallel, 

we also cloned and expressed αHER2 Fab mutant (HC K129X, X = pAzF), which could 

serve as a nonrelevant antibody control for follow-up imaging experiments. Both Fab 

antibodies migrated as a single band on SDS/PAGE analysis, indicating a >95% purity and a 

molecular weight of ~45 kDa (Figure S2). Their identities were further confirmed by ESI-

MS analysis (Figure S3).

Synthesis and Characterization of Site-Specific NOTA-Anti-PD-L1 Fab Conjugate.

Next, we conjugated the purified Fab mutants (αPD-L1 Fab and αHER2 Fab, HC K129X, X 

= pAzF) with linker compound 4 (Figure 1A). Each pAzF-containing Fab was reacted with a 

10-fold excess of NOTA–BCN linker at 37 °C for 12 h to ensure the complete conjugation. 
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The Fab conjugates were purified following the reported procedures36,57 and analyzed by 

SDS/PAGE (Figure S2) and ESI-MS (Figure S3), which demonstrated that the final 

conjugates were >95% pure, and had the desired molecular mass with a NOTA-to-antibody 

ratio of 1 (Figure S3). The binding affinity of αPD-L1 Fab fragments to PD-L1 was 

evaluated by ELISA (Figure 1B). The conjugate and the HC-K129 mutant both have a 

similar affinity (EC50’s ~ 0.7 nM) to the wild type, suggesting that neither the site-directed 

mutation nor payload conjugation at the selected site compromises the antibody’s binding.

In Vivo PET Imaging of PD-L1 Expression.

To utilize this class of site-specific Fab conjugates as imaging probes, we evaluated their in 

vivo PET imaging capability using nude mice that are immuno-deficient and can potentially 

carry various tumor types for future studies.58–60 After radiolabeling with 64Cu, 50–70 μCi 

of either 64Cu-NOTA-αPD-L1 or 64Cu-NOTA-αHER2 were intravenously administered to 

nude mice. PET scans were performed at 5, 15, and 45 min postinjection (pi). As 

demonstrated by Figure 3A, PET signal vs noise became stable at 45 min pi, with 

background signals almost cleared. Compared to the intact full-length antibody counter-

parts,10,23 Fab fragment-based PET agents provided higher contrast imaging due to the low 

level of nonspecific accumulation and faster clearance mechanisms,61 potentially ideal for 

imaging highly abundant surface markers. Fab conjugates were mostly cleared through the 

renal pathway and excreted via the urinary bladder, as evidenced by the extremely high 

kidney and bladder uptakes. Both images (Figure 3A) and region-of-interest (ROI) analysis 

(Figure 3B,C) revealed specific uptake of 64Cu-NOTA-αPD-L1 in brown adipose tissue 

(BAT) and spleen. For BAT, the accumulation of 64Cu-NOTA-αPD-L1 was the highest 

immediately after injection (6.2 ± 2.4% ID/g, n = 3) and remained high throughout the study 

(6.1 ± 2.1% ID/g at 45 min). The control 64Cu-NOTA-αHER2, on the contrary, displayed 

minimal enrichment in BAT, from 1.7 ± 0.2% ID/g at 15 min to 1.6 ± 0.1% ID/g at 45 min 

(n = 3). For the spleen, there was a similar trend for 64Cu-NOTA-αPD-L1 (11.8 ± 3.0% ID/g 

at 15 min to 12.0 ± 1.9% ID/g at 45 min, n = 3), whereas the uptake of the control 64Cu-

NOTA-αHER2 (2.5 ± 0.1% ID/g at 15 min to 2.1 ± 0.3% ID/g at 45 min, n = 3) remained 

low. These resulted in statistically significant differences (p < 0.05) in both BAT and spleen 

uptake for the two imaging tracers at the time point of 45 min pi (Figure 3B,C), whereas 

there was no notable difference in other analyzed organs.

To further confirm that the observed enrichment of 64Cu-NOTA-αPD-L1 is antigen-specific, 

we performed blocking studies in nude mice by injecting wild type αPD-L1 Fab at a dose of 

~200 μg/mouse prior to the administration of the corresponding NOTA conjugate. As shown 

in Figure 3B,C, the uptake of the NOTA conjugate was drastically decreased in both BAT 

(1.9 ± 0.3% ID/g at 15 min and 1.4 ± 0.3% ID/g at 45 min, n = 3) and spleen (3.8 ± 0.3% 

ID/g at 15 min and 1.7 ± 1.2% ID/g at 45 min, n = 3), similar to the levels of the control 

αHER2 conjugate. Taken together, this set of results indicates that the uptake of PET tracer 

in BAT and spleen of nude mice was PD-L1 specific. This finding suggests that the 64Cu-

NOTA-αPD-L1 probe is a reliable, nonmetabolic tracer for in vivo PD-L1 expression. PD-

L1 checkpoint was initially regarded to be primarily expressed in the extralymphatic organs.
3,10 The existence of PD-L1 in the spleen is consistent with recent findings that PD-L1 is 

additionally expressed in secondary lymphatic organs.10 The presence of PD-L1 in BAT 
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further confirms that adipose tissue is influenced by the arms of the immune system.10,21,62 

These organs’ expression of PD-L1 may suggest their utilization of PD-1/PD-L1 interactions 

to locally suppress unwanted T-cell responses.10

Next, we set out to gauge the general applicability of our imaging probe in another mouse 

model, C57BL/6 mice, that are immunocompetent. Similarly, the BAT and spleen were 

found to have a much higher accumulation of 64Cu-NOTA-αPD-L1 than that of the control 
64Cu-NOTA-αHER2 throughout the study (Figure S4). The uptake of 64Cu-NOTA-αPD-L1 

in the spleen was less significant (Figure S4A,C), presumably due to the more varied 

expression levels of PD-L1 in the spleens among individual C57BL/6 mice (Figure S4A,C).
10,63,64 This observation may accurately reflect the real situation, which in translation to the 

clinical situation may partially account for heterogeneous immunotherapeutic responses.

Ex Vivo Biodistribution Studies and Immunofluorescence Staining.

Following the last PET scan at 90 min pi, C57BL/6 mice were sacrificed, with major organs 

resected for ex vivo γ counting to corroborate the quantification of PET images (Figure S5). 

The kidneys from both groups had an extremely high accumulation of the tracers, at 157 

± 27% ID/g for 64Cu-NOTA-αPD-L1 and 219 ± 28% ID/g for 64Cu-NOTA-αHER2. Low 

but specific tracer uptake in the lung and intestines were also revealed, consistent with the 

reported PD-L1 expression in minor cell populations.10 Notably, the biodistribution data 

corroborated the findings from in vivo PET ROI analysis. The BAT uptakes with the two 

imaging agents were significantly different from one another in this analysis as well (4.5 

± 1.5% ID/g for 64Cu-NOTA-αPD-L1 and 0.9 ± 0.2% ID/g for 64Cu-NOTA-αHER2, p < 

0.05). The enrichment of 64Cu-NOTA-αPD-L1 was still higher than the control in the spleen 

(9.4 ± 3.9 vs 2.3 ± 0.8% ID/g) but with large variations. Follow-up immunofluorescent 

staining of these organs further confirmed that both BAT and spleen are PD-L1 positive 

(Figure 4). These results are consistent with the recent literature reports,9,10,21,24,26 which 

suggests the tissue-specific (BAT, spleen) uptake of antibodies against PD-L1 and indicates 

that our 64Cu-NOTA-αPD-L1 probe is highly specific toward PD-L1.

CONCLUSIONS

We have developed and studied a 64Cu-labeled, UAA-based, site-specific Fab conjugate as 

an imaging probe to measure PD-L1 expression levels in vivo with immuno-PET. This 

antibody conjugate was optimized at a fixed site and stoichiometry and bears an 

indistinguishable binding affinity from the unconjugated wild type toward the cognate 

antigen. When applied to noninvasive in vivo imaging, the probe can sensitively detect the 

expression levels of the targeted antigen, in different mouse models. The particular PD-L1 

expression on nontumor organs, such as BAT, lung, and intestines, as revealed by this probe, 

may indicate that targeted T-cell responses in these organs are strongly suppressed by the 

PD-1/PD-L1 immune checkpoint.10 Further, these findings may explain the frequent 

association of immune checkpoint blockade with immune-related adverse effects on these 

organs,10 underlying the importance of image-guided prognosis and treatment monitoring in 

immunotherapy. These data generally support the hypothesis that imaging PD-L1 expression 

with UAA-based site-specific Fab conjugates may be feasible in future clinical settings. 
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Further evaluation of the conjugate in disease-related models (xenograft and syngeneic 

tumor models) will be required to determine its clinical potential. In addition, we are 

comparing the properties and activity of this conjugate with random conjugates and 

cysteine-based site-specific conjugates. Finally, this work suggests that the amber 

suppression-mediated genetic incorporation strategy has applicability as a route to a class of 

site-specific immuno-PET probes that can potentially guide immune checkpoint-targeted 

immunotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis and characterization of the site-specific 64Cu-NOTA-anti-PD-L1 Fab conjugate. 

(A) In silico screening with Rosetta has been performed with 23 solvent-exposed sites to 

determine the optimal mutation site, followed by site-directed mutagenesis to generate the 

anti-PD-L1 Fab (HC K129X, X = pAzF). Conjugation of this mutant with linker compound 

4 will afford site-specific NOTA-anti-PD-L1 Fab conjugate 5 and its radiolabeled version, 6. 

(B) Enzyme-linked immunosorbent assay (ELISA) analysis of the binding affinities of anti-

PD-L1 Fab fragments. The EC50 was calculated to be 7.8 × 10−10 M for wild type, 7.3 × 

10−10 M for the mutant (HC K129X, X = pAzF), and 7.2 × 10−10 M for conjugate 5.
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Figure 2. 
In silico screening of mutation sites on αPD-L1 Fab. (A) Changes in stability ΔREU 

(Rosetta energy units) for single-residue mutations to alanine (red) and phenylalanine (blue). 

Error bars represent standard deviations in ΔREU across the 20 structures given by the 

RosettaBackrub algorithm. (B) Similar changes in stability were predicted for alanine and 

phenylalanine. (C) Cumulative histograms of the predicted score show that mutations at 

(heavy chain) H_K129 are predicted to be the most favorable of the 23 selected residues. 

Predictions for the chosen negative control (light chain) L_V202, in contrast, are not ranked 

as especially favorable.
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Figure 3. 
In vivo PET imaging studies with 64Cu-NOTA-αHER2 and 64Cu-NOTA-αPD-L1 in nude 

mice. (A) PET scans at 15 and 45 min pi of 64Cu-NOTA-αHER2 (left), 64Cu-NOTA-αPD-

L1 (middle), or 64Cu-NOTA-αPD-L1 with preblocking by αPD-L1 w.t. (right); the yellow 

arrowhead indicates brown fat, whereas the white arrowhead points to the spleen. (B) Tracer 

uptake (% ID/g) for the three imaging groups in brown fat based on quantitative region-of-

interest (ROI) analysis of the PET images. (C) Tracer uptake (% ID/g) in the spleen. “*” 

represents p < 0.05. n = 3.
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Figure 4. 
Immunofluorescent staining of brown adipose tissue for PD-L1 expression (red) and spleen 

tissue for PD-L1 (cyan) and CD45 (green) expressions. Nuclei (blue) were stained as 

controls.
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Scheme 1. 
Synthetic Scheme of 1,4,7-Triazacyclononane-N,N′,N″-triacetic Acid (NOTA) Derivative 

with a (1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-9-yl-methylcarbamate (BCN) Linker
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