
PD-L1 Detection in Tumors Using [64Cu]Atezolizumab with PET

Wojciech G. Lesniak†,§, Samit Chatterjee†,§, Matthew Gabrielson†, Ala Lisok†, Bryan 
Wharram†, Martin G. Pomper†,‡, and Sridhar Nimmagadda*,†,‡

†Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins 
University, Baltimore, Maryland, United States

‡Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University, Baltimore, Maryland, 
United States

Abstract

The programmed death protein 1 (PD-1) and programmed deathligand 1 (PD-L1) pair is a major 

immune checkpoint pathway exploited by cancer cells to develop and maintain immune tolerance. 

With recent approvals of anti-PD-1 and anti-PD-L1 therapeutic antibodies, there is an urgent need 

for noninvasive detection methods to quantify dynamic PD-L1 expression in tumors and to 

evaluate the tumor response to immune modulation therapies. To address this need, we assessed 

[64Cu]atezolizumab for the detection of PD-L1 expression in tumors. Atezolizumab 

(MPDL3208A) is a humanized, human and mouse cross-reactive, therapeutic PD-L1 antibody that 

is being investigated in several cancers. Atezolizumab was conjugated with DOTAGA and 

radiolabeled with copper-64. The resulting [64Cu]atezolizumab was assessed for in vitro and in 

vivo specificity in multiple cell lines and tumors of variable PD-L1 expression. We performed 

PET-CT imaging, biodistribution, and blocking studies in NSG mice bearing tumors with 

constitutive PD-L1 expression (CHO-hPD-L1) and in controls (CHO). Specificity of 

[64Cu]atezolizumab was further confirmed in orthotopic tumor models of human breast cancer 

(MDAMB231 and SUM149) and in a syngeneic mouse mammary carcinoma model (4T1). We 

observed specific binding of [64Cu]atezolizumab to tumor cells in vitro, correlating with PD-L1 

expression levels. Specific accumulation of [64Cu]atezolizumab was also observed in tumors with 

high PD-L1 expression (CHO-hPD-L1 and MDAMB231) compared to tumors with low PD-L1 

expression (CHO, SUM149). Collectively, these studies demonstrate the feasibility of using 

[64Cu]atezolizumab for the detection of PD-L1 expression in different tumor types.
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INTRODUCTION

Cancer cells exploit multiple mechanisms to evade immune recognition and establish 

immune tolerance.1 This tolerance is facilitated and maintained by regulatory immune cells, 

immunosuppressive cytokines and chemokines, and immune checkpoint pathways that 

downregulate immune cells’ antitumor activity. Over the past decade, immune modulation 

therapies that are focused on either antagonizing coinhibitory or activating costimulatory 

pathways have resulted in improved patient survival.2, 3 Therapeutic antibodies targeting 

immune checkpoint proteins are at the forefront of those advances.

A major therapeutic target in cancer immune modulation therapy is the axis between the two 

immune checkpoint proteins programmed death receptor 1 (PD-1, CD279) and its ligand 

PD-L1 (B7-H1, CD274).4 PD-1 is expressed on activated T, B, and NK cells, and PD-L1 is 

normally displayed as an autoimmune prevention mechanism on a subset of macrophages, 

endothelial cells, and other nonmalignant tissues. There is increased PD-L1 expression on a 

wide variety of tumors, including melanoma, nonsmall cell lung cancer, Merkel cell 

carcinoma, breast cancer, and squamous cell carcinomas.5–7 Promotion of PD-L1 expression 

in the tumor microenvironment (TME) is driven by both genetic and adaptive immune 

response mechanisms.8 Examples of the former include KRAS and PTEN mutations and 

translocation or amplification of the 9p24.1 gene in certain tumors.9–11 PD-L1 expression on 

tumor cells and immune cell infiltrates can also be induced as an adaptive mechanism in 

response to interferon-γ (INF-γ) secreted by antigen-bound tumor-infiltrating T cells.12 

Increased expression of tumor and stromal cell PD-L1 leads to deactivation of PD-1-

expressing tumor-infiltrating cytotoxic T cells, causing immune suppression in the TME.13

Clinical studies indicate that intratumoral PD-L1 expression, detected by 

immunohistochemistry (IHC), could be indicative of but not an effective biomarker of 

response to anti-PD-1 and anti-PD-L1 therapy.14, 15 Some of the contributing factors to the 

observed inconsistency are the unresolved issues with PD-L1 IHC, such as different 

antibodies for detection and variable criteria used for positive IHC in the evaluation of 

clinical trials14, 16 and the changes in PD-L1 expression in tumors induced by a dynamic 
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TME. Obtaining repeated biopsies to evaluate PD-L1 expression in the TME is impractical, 

particularly in patients with metastatic disease, further limiting our ability to fully assess 

therapy-induced changes in PD-L1 expression in real time. Noninvasive imaging allows for 

repetitive measurements of target expression in all lesions in their entirety. Recent 

preclinical studies show that PD-L1 expression in tumors can be assessed by radionuclide 

imaging.17–21

We have previously shown in murine models that PD-L1 can be detected in the TME 

with 111In-radiolabeled atezolizumab using single photon emission computed tomography-

computed tomography (SPECT-CT) imaging.19 Atezolizumab (MPDL3280a, PD-L1-mAb) 

is a humanized, human and mouse cross-reactive, PD-L1 antibody in clinical evaluation for 

treatment of advanced or metastatic bladder cancer,22 melanoma,23 nonsmall cell lung 

cancer,24 renal cell carcinoma, 25 and several other cancers. Atezolizumab binds both human 

and mouse PD-L1 with high affinity and provides an opportunity to evaluate PD-L1 

expression in both human tumor xenografts and syngeneic mouse tumor models. 

Atezolizumab binds human and mouse PD-L1 with dissociation constants (Kd) of 0.43 and 

0.13 nM, respectively.22, 26

The high sensitivity and quantitative features of positron emission tomography (PET) are 

increasingly used to image tumor target expression using radiolabeled antibodies.27, 28 For 

example, 64Cu-trastuzumab has been used to detect HER2 expression in tumors and 

metastases.29–31 Here, we report our evaluation of the ability of [64Cu]atezolizumab to 

detect PD-L1 expression in different tumor types using PET-CT.

RESULTS AND DISCUSSION

Fabrication of [64Cu]Atezolizumab

Atezolizumab was first conjugated with DOTAGA for stable chelation of 64Cu (Scheme S1). 

As indicated by MALDI-TOF spectrometry, the applied procedure resulted in conjugation of 

an average of two molecules of the chelator each antibody (Figure S1D). Subsequently, the 

atezolizumab−DOTAGA conjugate was radiolabeled with 64Cu, providing 

[64Cu]atezolizumab with radiochemical yields of 75 ± 5%, purity of >96% (as determined 

by ITLC), and specific activity of 8.6 ± 0.78 µCi/µg. Radiolabeling was further confirmed by 

SDS-PAGE, Coomassie blue staining, and autoradiography, under reducing and nonreducing 

conditions, indicating intact antibody upon chelation 64Cu (Figure S2).

[64Cu]Atezolizumab Shows PD-L1-Specific Cellular Uptake in Vitro

To evaluate the in vitro binding specificity of [64Cu]atezolizumab, we selected human and 

mouse cancer cell lines with varying PD-L1 surface expression. Flow cytometry analyses 

demonstrated the following order of PDL1 expression among cells tested: CHO-hPD-L1 > 

MDAMB231 > 4T1-Luc > SUM149 > CHO (Figure 1A and B). The in vitro binding assay 

detected significantly higher uptake of [64Cu]atezolizumab in the CHO-hPD-L1 and 

MDAMB231 cells with high PD-L1 expression than in the SUM149 and CHO cells with 

low PD-L1 expression (Figure 1C). The bound [64Cu]atezolizumab radioactivity correlated 

(correlation coefficient R = 0.997) with the flow cytometry mean fluorescence intensity 
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(MFI) profile of the cells. The 4T1-Luc cells had low uptake, similar to that of SUM149 

cells. A blocking study using unmodified nonradiolabeled atezolizumab in CHO-hPD-L1 

cells showed significantly reduced uptake of [64Cu]atezolizumab, further confirming PD-L1-

specific binding of [64Cu]atezolizumab. The immunoreactive fraction of [64Cu]atezolizumab 

assessed in CHO-hPD-L1 cells was 73.8% (Figure 1D).

Collectively, the in vitro results show that [64Cu]-atezolizumab can be used to detect varying 

levels of PD-L1 expression in cells of different cancer types.

[64Cu]Atezolizumab Specifically Accumulates in Tumors with High PD-L1 Expression

Validation of the Specificity of [64Cu]Atezolizumab in CHO-hPD-L1 and CHO 
Tumor Models—To validate the in vivo specificity of [64Cu]atezolizumab, we used NSG 

mice bearing CHO-hPDL1 tumors that stably expressed high levels of PD-L1. The PET-CT 

images of these mice indicated significantly higher accumulation of [64Cu]atezolizumab in 

CHO-hPD-L1 tumors compared to that in the control CHO tumors with low PD-L1 

expression and other peripheral tissues at 24 and 48 h postinjection (pi) (Figure 2A). 

Biodistribution studies in the same model showed significantly elevated uptake of 

radioactivity in the CHO-hPD-L1 tumor with the percentage of injected dose per gram of 

tissue (%ID/g) of 39.8 ± 2.8 and 40.6 ± 6.9 at 24 and 48 h pi, respectively; in contrast, the 

%ID/ g values in the control CHO tumors were 11.1 ± 1.9 and 10.1 ± 3.3 at the same time 

points (Figure 2B). In peripheral organs (liver, spleen, heart, lungs, kidneys, and thymus) of 

the NSG mice bearing CHO-hPD-L1 tumors, uptake of [64Cu]-atezolizumab was similar to 

the level in CHO tumors. The imaging and biodistribution results were consistent with high 

PD-L1 immunoreactivity in CHO-hPD-L1 tumors compared to that in CHO tumors (Figure 

2C).

Confirmation of the Specificity of [64Cu]Atezoluzumab in MDAMB321 and 
SUM149 TNBC Models—We further confirmed the specificity of [64Cu]atezolizumab to 

detect tumor PD-L1 expression in mice with MDAMB231 and SUM149 TNBC xenografts 

that have high and low endogenous cell surface PD-L1 expression, respectively. The PET-

CT images of TNBC tumor-bearing mice showed a significantly increased uptake of 

[64Cu]atezolizumab in MDAMB231 tumors compared to that in SUM149 tumors (Figure 

3A). These results were confirmed by ex vivo biodistribution, which showed high 

accumulation of the radioactivity in MDAMB231 tumors with %ID/g of 10.8 ± 0.4 and 17.2 

± 2.1 at 24 and 48 h pi, respectively; in contrast, the SUM149 tumors had values of 8.2 

± 0.26 and 9.4 ± 2.3 at 24 and 48 h pi, respectively (Figure 3B). The MDAMB231 tumor 

showed high tumor-to-muscle ratios of 13.2 ± 0.9 at 48 h pi. The intensity of PD-L1 staining 

in MDAMB231 tumors was significantly higher than in SUM149 tumors (Figure 3C) but 

lower than in CHO-hPDL1 tumors (Figure 2C), corroborating the lower uptake of 

[64Cu]atezolizumab in MDAMB231 tumors compared to that in CHO-hPD-L1 tumors. 

Unlike CHO-hPD-L1 tumors, [64Cu]atezolizumab uptake and retention was slow in 

MDAMB231 tumors and was prominent at 48 h, suggesting that PD-L1 expression levels 

and tumor physiology influence PD-L1 antibody accumulation and could potentially 

determine tumor response to therapy. The lowest uptake of radioactivity in the SUM149 

xenografts agreed with the least intense PD-L1 immunoreactivity of the tumors (Figure 3C).
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The PD-L1-mediated uptake of [64Cu]atezolizumab in MDAMB231 tumors was further 

confirmed by reduced uptake of radioactivity in a blocking experiment in which mice were 

preinjected with unmodified nonradiolabeled antibody. The uptake of radioactivity in the 

MDAMB231 tumors was reduced by >50% at 24 h pi compared to that of mice that did not 

receive the blocking dose, suggesting PD-L1-specific blocking (Figure 3C). There was high 

accumulation of radioactivity in the spleen, possibly due to increased serum availability of 

the radiotracer after blocking. In contrast, there was low accumulation of the radioactivity in 

brown adipose tissue (BAT) and kidneys. BAT is an immunologically relevant tissue, and 

accumulated radioactivity is PD-L1 specific, as demonstrated previously by us and other 

groups in PD-L1 imaging studies.19, 32

TNBCs lack receptors for estrogen, progesterone, and human epidermal growth factor. 

Patients with TNBC have limited therapeutic options and have poorer outcomes than those 

with other subtypes of breast cancer.33 However, patients with TNBC treated with 

atezolizumab have a 30% increase in overall survival.3 Histological studies in untreated 

primary breast cancer specimens have indicated that tumor cell PD-L1 expression could 

serve as an indicator of active breast tumor immunity,7 suggesting that noninvasive PD-L1 

detection could have predictive and prognostic implications for immune therapies targeting 

checkpoints in breast cancers. Results we observed in TNBC models (Figure 3) 

demonstrated that [64Cu]atezolizumab had the specificity to detect variable levels of PD-L1 

with PET-CT and confirmed the feasibility of variable PD-L1 detection in TNBCs.

PD-L1 Detection in a Mammary Tumor Model in Immunocompetent Mice—To 

evaluate the biodistribution of [64Cu]atezolizumab in immunocompetent mice, we 

performed its evaluation in Balb/C mice harboring syngenic 4T1 mouse mammary 

carcinoma, as PD-L1 is expressed on immune cells and atezolizumab is a human and mouse 

cross-reactive antibody. The 4T1-Luc cells were inoculated in the mammary fat pad, and 

formation of primary tumors was followed by bioluminescence imaging (Figure 4A). PET-

CT imaging indicated high and persistent accumulation of [64Cu]-atezolizumab in the 

tumors (Figure 4B).

Ex vivo biodistribution showed 18.1 ± 4.2 and 17.0 ± 4.3% ID/g accumulated radioactivity 

in the 4T1-Luc tumors at 24 and 48 h pi, respectively (Figure 4C). Accumulation of 

radioactivity was also detected in the lymph nodes, heart, lungs, liver, and spleen. 

Interestingly, [64Cu]atezolizumab uptake in 4T1-Luc tumors was comparable to that in 

MDAMB231 xenografts at 48 h pi. Our in vitro flow cytometry analysis showed 

significantly lower expression of PD-L1 on 4T1-Luc cells than on MDAMB231 cells 

(Figure 1A and B), which is also consistent with the low [64Cu]atezolizumab binding 

observed in vitro (Figure 1C). PD-L1 expression in the tumor cells can be induced by 

increased IFN-γ that is secreted by inflammatory immune cell components recruited to the 

tumors.12 To characterize the [64Cu]atezolizumab uptake observed in the tumors, we 

performed flow cytometry of a single cell suspension of 4T1-Luc tumors. There was a 

significant increase in PD-L1 expression in tumor-derived 4T1-Luc cells compared to that in 

parental cultured cells (Figure 4D), which was further confirmed by IHC of tumors from the 

PET-CT imaging study (Figure 4E), indicating that observed radioactivity accumulation is 

PD-L1 specific. In immune competent mice, infiltrating leukocytes may partially contribute 
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to accumulation of [64Cu]atezolizumab in the TME. Flow cytometry analysis of a single cell 

suspension from 4T1 tumors showed a small fraction of the total cells (~6%) to be CD45 

and PD-L1 positive leukocytes, suggesting that accumulation of [64Cu]atezolizumab in the 

TME in untreated 4T1 tumor-bearing mice is mainly associated with expression of PD-L1 

on tumor cells. Radioactivity uptake observed in tissues with endogenous PD-L1 expression, 

namely lungs, liver, spleen, and BAT, was significantly lower compared to that in 4T1-Luc 

tumors. Similar biodistribution results with a mouse PD-L1 cross-reactive antibody further 

support these observations.18, 32 Collectively, these results demonstrate PD-L1 detection in 

tumors in an immunocompetent model and demonstrate the use of human and mouse cross-

reactive antibodies for the evaluation of targets for immune checkpoint therapy.

CONCLUSIONS

We have synthesized a positron-emitting version of atezolizumab and have demonstrated its 

capacity to image PD-L1 expression in the TME in a variety of cancers, including within an 

immunocompetent model. The development of such alternative methods for quantitative 

measurement of PD-L1 expression in the TME is necessary because of recent clinical 

developments and approvals of anti-PD1 and anti-PD-L1 therapeutic antibodies as well as 

unresolved issues in PD-L1 IHC analysis, dynamic changes in PD-L1 expression in the 

TME, and the impracticality of repetitive tissue sampling in advanced stage disease patients. 

Noninvasive PD-L1 measures could enhance immune checkpoint therapy management and 

reduce immune-related toxicities associated with immune checkpoint therapies.

Our studies in five tumor models of variable PD-L1 expression demonstrate the potential 

and specificity of this antibody for PD-L1 detection with PET-CT. We observed strong PD-

L1 expression-dependent [64Cu]atezolizumab accumulation in the tumors, suggesting that 

radiolabeled atezolizumab PET-CT imaging could be further developed as a companion 

diagnostic test for PD-L1-targeted therapies.

MATERIALS AND METHODS

Reagents

The antihuman PD-L1 monoclonal antibody atezolizumab (PD-L1 mAb) was custom 

synthesized as described previously.22, 26 Chemicals were purchased from Sigma-Aldrich or 

Fisher Scientific with two exceptions: 2,2′,2″-(10-(2,6-dioxotetrahydro-2H-pyran-3-

yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (DOTAGA anhydrate) was 

purchased from CheMatech Macrocycle Design Technologies (catalog #C109; Dijon, 

France), and [64Cu]Cl2 was purchased from The University of Wisconsin. All cell culture 

reagents were purchased from Corning unless otherwise specified.

Preparation of Radiolabeled Antibody

The PD-L1 mAb was reacted with DOTAGA anhydrate in PBS at 1:60 mAb:DOTAGA 

molar ratio for 3 h at room temperature. Unconjugated DOTAGA was removed using an 

Amicon ultra-4 centrifugal filter with 10 kDa MWCO (#UFC801024, EMD Millipore, 

Billerica) and equilibriated with 0.1 M sodium acetate (pH 5). Conjugation of DOTAGA to 

antibody was confirmed by matrix-assisted laser desorption ionization mass spectrometry. 
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Radiolabeling of mAb-DOTAGA with 64Cu was carried out in 0.1 M sodium acetate (pH 5) 

for 1 h at 37 °C under metal-free conditions. The resulting [64Cu]atezolizumab was 

incubated with ethylenediaminetetraacetic acid (EDTA) at a final concentration of 5 mM for 

5 min to chelate unbound 64Cu2+ and then subsequently purified on a PBS preequilibrated 

Zeba spin desalting column (Thermo Scientific, catalog #89882). Radiochemical purity was 

tested by instant thin-layer chromatography (ITLC) (catalog #61885, Pall Life Science) 

using citrate-phosphate-dextrose solution as a mobile phase.

SDS-PAGE Analysis and Autoradiography

Antibodies were electrophoretically run in 1 mm NuPAGE Novex Gel, either in reducing 

conditions (sample with 0.7 M 2-mercaptoethanol heated at 95 °C for 2 min before loading) 

or in native nonreducing conditions (sample without 2- mercaptoethanol and not heated). 

After the completion of the run, the gel was stained with colloidal Coomassie G-250 as per 

manufacturer’s protocol (SimplyBlue, Cat. No. LC6060, Life Technologies). The stained gel 

was then exposed to X-ray film overnight for autoradiography.

Cell Lines

In this study, we used five cell lines for in vitro and in vivo studies: (i, ii) human triple 

negative breast cancer (TNBC) cell lines MDAMB231 and SUM149, (iii, iv) Chinese 

hamster ovary cell line CHO-K1 (henceforth referred to as CHO) and CHO cell line with 

stable human PD-L1 expression (CHO-hPD-L1), and (v) mouse mammary TNBC 4T1 cell 

line stably expressing firefly luciferase (4T1-Luc). The MDAMB231 and CHO lines were 

purchased from the American Type Culture Collection (ATCC) and passaged for no more 

than 3 months, after which new cultures were initiated from vials of frozen cells. SUM149 

and 4T1-Luc cell lines were kindly provided by Dr. Stephen P. Ethier, Medical University of 

South Carolina, and Dr. Gary Luker of the University of Michigan, respectively. The CHO-

hPD-L1 cell line was generated in our laboratory and maintained as described previously.19 

The SUM149 cell line was authenticated by short tandem repeat (STR) profiling at the Johns 

Hopkins genetic resources facility.

The SUM149 cells were maintained in Ham’s F-12 medium with 5% FBS, 1% P/S, 5 µg/mL 

of insulin, and 0.5 µg/mL of hydrocortisone. All other cell lines were cultured in ATCC-

recommended media in an incubator at 37 °C in an atmosphere containing 5% CO2.

Flow Cytometry

Adherent cells were detached using enzyme-free, PBS-based cell dissociation buffer 

(Gibco). The harvested cells were washed twice with flow cytometry buffer (1× PBS with 2 

mM EDTA and 0.5% FBS) and stained with anti-human PD-L1 antibody conjugated with 

phycoerythrin (PE) (catalog #557924, BD) according to the manufacturer’s protocol.

For harvesting cells from the 4T1-Luc tumor, the tumor was dissected out, cut into small 

pieces, minced finely with scissors and scalpel, and then incubated in Hanks’ balanced salt 

solution (HBSS) containing 1 mg/mL of collagenase type I (Gibco) for 30 min at 37 °C. All 

of the digested tumor mass was passed through a 70 µM cell strainer to obtain a suspension 

of single cells. This suspension was then washed twice with flow cytometry buffer and then 
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stained with anti-mouse PD-L1 antibody conjugated with phycoerythrin (PE) (catalog 

#558091, clone MIH5, BD) according to the manufacturer’s protocol.

Samples were aquired on a FACSCalibur flow cytometer (Becton Dickinson). At least 

20,000 events were recorded and analyzed using FlowJo software (Tree Star).

In Vitro Binding Assay and Immunoreactive Fraction (IF) Determination

In vitro binding of [64Cu]atezolizumab to CHO-hPD-L1, CHO, MDAMB231, SUM149, and 

4T1 cells was determined by incubating 1 µCi of [64Cu]atezolizumab with 1 × 106cells for 1 

h at 37 °C. The PD-L1 blocking was performed by adding a 10-fold molar equivalent excess 

of the nonlabeled mAb. After incubation, cells were washed three times with cold PBS prior 

to counting on an automated gamma counter (1282 Compugamma CS, Pharmacia/

LKBNuclear, Inc., Gaithersburg, MD). To determine the immunoreactive fraction (IF) using 

the Lindmo method,34 binding of [64Cu]atezolizumab to 4, 2, 1, 0.5, and 0.25 million 

CHOhPDL1 cells was carried out as described above. The ratios of total/bound activity vs 1/

cell number were plotted, and IF was calculated as the inverse of the Y-intercept value when 

X = 0 (20). All in vitro studies were performed in triplicate and repeated three times.

Animal Models

Animal studies were performed according to the protocols approved by the Johns Hopkins 

University (JHU) Animal Care and Use Committee (ACUC). For the imaging and 

biodistribution experiments, six-to-eight week old, female, nonobese diabetic, severe-

combined immunodeficient gamma (NSG) mice were obtained from the JHU Immune 

Compromised Animal Core. Mice were implanted subcutaneously in the upper flanks with 

CHO-hPD-L1 (10 × 106) and CHO (10 × 106) or orthotopically in the upper mammary fat 

pads with MDAMB231 (2 × 106) and SUM149 (2 × 106) cells in 100 µL of HBSS 

containing 50% matrigel (Corning). For the orthotopic mouse mammary carcinoma model in 

immunocompetent mice, six-to-eight week old female BALB/c mice were injected with 

4T1-cells (5 × 105) in the lower mammary fat pad. Growth of tumors was monitored by 

bioluminescent imaging after injection of luciferin (Gold Biotechnology), and mice were 

used for the experiments when the tumor sizes reached volumes of 200−300 mm3.

PET-CT Imaging of Mouse Xenografts

Mice were injected intravenously with 450 µCi of [64Cu]atezolizumab (40 µg protein dose) 

in 200 µL of saline (n = 3−5) and anesthetized with 3% isofluorane prior to being placed in 

the scanner. During imaging, mice were maintained at 1% isofluorane levels. PET imaging 

(2 beds, 10 min per bed) was carried out using an ARGUS small-animal PET/CT scanner 

(Sedecal, Madrid, Spain). At the end of each PET scan, a CT scan (512 projections) was 

performed for anatomical coregistration.

The PET data were reconstructed using the two-dimensional, ordered-subsets-expectation 

maximization algorithm (2DOSEM) and corrected for dead time and radioactive decay. The 

values for percentage of injected dose per cc (%ID/cc) were calculated based on a 

calibration factor obtained from a known radioactive quantity. Final data visualization and 

image generation was accomplished using Amira (FEI, Hillsboro, OR).
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Ex Vivo Biodistribution

Mice harboring subcutaneous or orthotopic tumors (n = 3−5/group) were injected 

intravenously with 40 µCi of [64Cu]atezolizumab (~10 µg of protein dose) combined with 30 

µg of unmodified atezolizumab. The specific activity (40 µg of protein dose) used was 

selected based on our previous observations.19 For the blocking study, mice were injected 

with 1.5 mg of unmodified mAb 30 min before the injection of [64Cu]atezolizumab. In two 

groups of mice, blood, tumors, and selected tissues were harvested at 24 and 48 h after the 

[64Cu]atezolizumab injection, weighed, and counted in an automated gamma counter (1282 

Compugamma CS, Pharmacia/LKBNuclear, Inc.). The values for percentage of injected 

dose per gram of tissue (%ID/g) were calculated based on signal decay correction and 

normalization to external [64Cu] standards measured in triplicate. Biodistribution data are 

shown as mean ± the standard error of the mean (SEM).

Immunohistochemistry

Tumor sections were evaluated for PD-L1 expression by immunohistochemistry (IHC). 

Harvested tumors were fixed in 10% neutral buffered formalin and embedded in paraffin, 

and 4 µm thick sections were obtained on slides. After deparaffinizing with xylene and 

alcohol gradients, antigen retrieval was carried out using 10 mM citrate buffer, pH 6.0 

(#S1699, Dako target retrieval solution). Tumor sections were then treated with 3% H2O2 for 

10 min, blocked with 5% goat serum for 1 h, and then incubated with a primary anti-PD-L1 

antibody (clone SP142, Spring Bioscience) at 1:100 dilution at 4 °C overnight. 

Subsequently, using Dako CSAII Biotin-free Tyramide Signal Amplification System kit 

(#K1497), slides were incubated with secondary antibody, amplification reagent, and anti-

fluorescein-HRP. Finally, staining was carried out by adding DAB chromogen. Sections 

were counterstained with hematoxylin, followed by dehydration with alcohol gradients, 

xylene washes, and mounting with a coverslip.

Data Analysis

Statistical analysis of in vitro receptor binding assay data and ex vivo biodistribution data 

were performed with Graphpad Prism 6 software using an unpaired two-tailed t test. When P 
< 0.05, the difference between the compared groups was considered to be statistically 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
In vitro evaluation of [64Cu]atezolizumab. (A) Representative surface PD-L1 expression 

levels of studied cell lines analyzed by flow cytometry illustrated as a histogram and (B) 

mean fluorescence intensity (MFI). (C) In vitro binding specificity of [64Cu]atezolizumab 

for PD-L1 expression in various cell lines. (D) In vitro immunoreactive fraction of 

[64Cu]atezolizumab in CHO-hPD-L1 cells as determined by Lindmo analysis. ****, p < 

0.0001.
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Figure 2. 
Evaluation of [64Cu]atezolizumab in CHO-hPD-L1 and CHO tumor models. (A) Transaxial 

(top panel) and volume rendered (bottom panel) PET-CT images of [64Cu]atezolizumab 

uptake in CHO-hPD-L1 (red arrow, high PD-L1 expression) and CHO (white arrow, low 

PD-L1 expression) tumors (n = 3) confirm PD-L1-mediated uptake of the radiotracer. (B) Ex 

vivo biodistribution analysis at 24 and 48 h after the injection of [64Cu]atezolizumab in the 

same tumor model (n = 4); ****, p < 0.0001. (C) Immunohistochemical analysis for PD-L1 
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expression demonstrating significantly higher immunoreactivity in CHO-hPD-L1 tumors 

(brown color) compared to that in CHO tumors.
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Figure 3. 
Evaluation of [64Cu]atezolizumab in MDAMB231 and SUM149 tumor models. (A) PET-CT 

volume-rendered images of [64Cu]atezolizumab in MDAMB231 (red arrow, high PD-L1 

expression) and SUM149 (white arrow, low PD-L1 expression) tumor-bearing mice (n = 3) 

confirm PD-L1 specific uptake of the radiotracer. (B) Ex vivo biodistribution analysis of 

[64Cu]atezolizumab at 24 and 48 h after injection in the same tumor models (n = 4); **, p < 

0.01. (C) Immunohistochemical analysis for PD-L1 expression demonstrating high 

immunoreactivity in MDAMB231 tumors compared to that in SUM149 tumors.
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Figure 4. 
Evaluation of [64Cu]atezolizumab in 4T1 mammary carcinoma. (A) Representative 

bioluminescence image of a mouse with a 4T1-Luc tumor. (B) PET-CT volume rendered 

images of [64Cu]atezolizumab in 4T1-Luc tumor bearing mice (n = 3), demonstrating high 

accumulation of radioactivity in the tumors (white arrow). (C) Ex vivo biodistribution 

analysis of [64Cu]atezolizumab at 24 and 48 h after injection (n = 4). (D) Flow cytometry 

showing higher PD-L1 expression in tumor-derived cells compared to that in the cell line 
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(black, isotype; blue, cell line; red-tumor-derived cells). (E) Immunohistochemical analysis 

for PD-L1 expression demonstrating positive immunoreactivity in 4T1-Luc tumors.
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