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Introduction
The success of cancer drug therapy depends on a number of fac-
tors within the tumor including drug access, completeness of drug- 
target engagement, and targeting cancer cell heterogeneity. Target 
engagement in particular, which includes timing and extent of the 
drug-target interaction, is poorly understood for the majority of 

anticancer therapeutics (1–3). Existing technologies such as mass 
spectrometry (4), cellular thermal shift assay (5), or fluorescence 
anisotropy imaging (6) assist in the characterization of drug activ-
ity in cells and tissues. However, they have limited application in 
quantifying completeness of drug-target engagement within and 
across multiple lesions simultaneously, and in real time. Such 
real-time measurements are important to capture the dynamic 
changes in tumor target expression, which impacts success as in 
the case of immune checkpoint therapy (7–9). Noninvasive imag-
ing technologies such as positron emission tomography (PET) 
provide a precise means to quantify drug-target engagement in 
all lesions concurrently and can be used to address some of those 
challenges (10). PET is used to quantify target engagement and 
enable dose-finding of some small-molecule therapeutics devel-
oped for central nervous system disorders, but only rarely for 
those developed for oncology and for biologics (11). Specifically, 
PET has not been used to define the drug-target engagement of 
immune checkpoint therapeutics. Given the complex tumor and 
tissue responses associated with immune checkpoint therapy, 
quantification of target expression and completeness of drug- 
target engagement, in principle, could be integrated into treat-
ment protocols to improve efficacy, avoid off-target effects, and 
enable enrollment of patients most likely to respond.

Immune checkpoint therapies have shown tremendous promise in cancer therapy. However, tools to assess their target 
engagement, and hence the ability to predict their efficacy, have been lacking. Here, we show that target engagement 
and tumor-residence kinetics of antibody therapeutics targeting programmed death ligand-1 (PD-L1) can be quantified 
noninvasively. In computational docking studies, we observed that PD-L1–targeted monoclonal antibodies (atezolizumab, 
avelumab, and durvalumab) and a high-affinity PD-L1–binding peptide, WL12, have common interaction sites on PD-L1.  
Using the peptide radiotracer [64Cu]WL12 in vivo, we employed positron emission tomography (PET) imaging and 
biodistribution studies in multiple xenograft models and demonstrated that variable PD-L1 expression and its 
saturation by atezolizumab, avelumab, and durvalumab can be quantified independently of biophysical properties and 
pharmacokinetics of antibodies. Next, we used [64Cu]WL12 to evaluate the impact of time and dose on the unoccupied 
fraction of tumor PD-L1 during treatment. These quantitative measures enabled, by mathematical modeling, prediction 
of antibody doses needed to achieve therapeutically effective occupancy (defined as >90%). Thus, we show that peptide-
based PET is a promising tool for optimizing dose and therapeutic regimens employing PD-L1 checkpoint antibodies, and 
can be used for improving therapeutic efficacy.
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ies can provide information about tumor accumulation at a given 
dose but have not been used to calculate the extent of PD-L1–drug 
engagement in patients, in part due to their prolonged circulation 
time (19). Such findings underscore the need for quantitative mea-
surement of PD-L1 target levels and their engagement by thera-
peutic antibodies at the tumor, accounting for antibody kinetics, 
at all identifiable lesions.

We previously developed a high-affinity PD-L1–specific pep-
tide radiolabeled with 64Cu, [64Cu]WL12, which generates high- 
contrast images within 120 minutes of radiotracer administration 
(20). Herein we evaluate [64Cu]WL12 PET to quantify dynamic 
changes in tumor PD-L1 expression and the potential for target 
engagement of FDA-approved PD-L1 therapeutics. Our results 
demonstrate that [64Cu]WL12 quantified PD-L1 engagement at the 
tumor independently of antibody biophysical characteristics and 
in vivo kinetics. We hypothesize that [64Cu]WL12 peptide-based 
PET will enable measurement of the PD-L1 engagement by any 
therapeutic antibody at the tumor to assist in improving outcomes 
in patients undergoing immunotherapy. These findings establish 
what we believe is a novel approach that can be generalized to study 
other therapeutic antibody interactions with their tumor target.

Results
Structural analysis of PD-L1 interactions with WL12 and PD-L1 
mAbs. WL12 is a 14–amino acid circular peptide that binds PD-L1 
with high affinity and disrupts interactions between PD-L1 and 
programmed death-1 receptor (PD-1) (IC50 20 nM). Our earlier 
molecular modeling analysis indicated an overlap in the interac-
tion surface of PD-L1/WL12 and PD-L1/PD-1 complexes as the 

Nearly 70% of patients receiving immune checkpoint thera-
peutics do not respond (12). To date, most research into immune 
checkpoint resistance has focused on genetic and immunological 
factors such as tumor mutational burden, T cell clonality, pro-
grammed death ligand-1 (PD-L1, also known as B7-H1) expression, 
and CD8-positive cells in the tumors (13–15). However, due to lack 
of suitable technology, the relevance of dose to the degree and 
duration of target engagement within tumors remains unknown for 
immune checkpoint therapeutics. Understanding these dynamic 
properties would contribute to a more complete understanding of 
the targeted intervention and ensure optimum immune response.

PD-L1–targeted therapeutics form the backbone of immune 
checkpoint therapy today, and methods for detecting and quanti-
fying PD-L1 are critical for guiding such therapy (16). Three PD-L1 
therapeutic mAbs (atezolizumab [AtzMab], avelumab [AveMab], 
and durvalumab [DurMab]) have received FDA approval; howev-
er, the extent of PD-L1 engagement by these mAbs at the tumor 
remains unknown. That is because intratumoral concentrations of 
antibodies are influenced by multiple factors including dynamic 
changes in PD-L1 expression, parameters intrinsic to tumors such 
as vascularization and interstitial pressure, and extrinsic param-
eters related to their complex pharmacokinetics influenced by 
drug-target-complex turnover (17). Peripheral T cell–derived tar-
get-engagement data are often used for dose-finding of PD-L1 
therapeutics, but it may not truly reflect target engagement at the 
tumor. For example, for the antibody BMS-936559, a PD-L1 occu-
pancy of 64%–70% has been reported in T cells for doses ranging 
from 0.1 to 10 mg/kg; however, occupancy and accessible PD-L1 
levels in the tumor remain unknown (18). Radiolabeled antibod-

Figure 1. WL12 binding interface on 
PD-L1 overlaps with PD-1 and PD-L1 
therapeutics. (A) WL12 binding mode 
to PD-L1 (green and cyan) overlaps 
those of PD-1 (purple and cyan), 
AtzMab (red and cyan), AveMab 
(orange and cyan), and DurMab (blue 
and cyan). Noninteracting residues are 
shown in gray. The variety of contacts 
encompassing the shared binding 
region (cyan) illustrate the diverse 
binding mechanisms of different ther-
apeutic antibodies.
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face than the other agents, with loops from the AtzMab generating 
molecular contacts with residues on all sides of the shared binding 
interface. Also, AtzMab overlaps with the interaction surfaces of 
PD-1 (cyan and purple), WL12 (cyan and green), AveMab (cyan 
and orange), and DurMab (cyan and blue). On the other hand, 
DurMab and AveMab show less overlap with the PD-1 interaction 
surface on PD-L1, further supporting the hypothesis that a shared 
binding interface pocket must be a core in the functional interac-
tion for all the investigated agents. Those observations provide 
evidence that WL12 could be useful to detect and quantify anti-
body binding to the target.

In vitro validation of PD-L1 interactions with WL12 and PD-L1 
mAbs. To validate the observations from structural analysis, we 
prepared Cy5-labeled AtzMab, AveMab, and DurMab analogs 
through conjugation of the fluorescent Cy5 N-hydroxysuccinimide 
(NHS) ester to each mAb. Matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometric analyses of 
the purified conjugates showed an average of 1 to 2 Cy5 molecules 
per mAb (Supplemental Figure 2A). All 3 Cy5-mAb conjugates 
detected variable levels of PD-L1 expression in cell lines, with 
minor differences in mean fluorescence intensities (MFIs), and 

reason for the high affinity (20), which led us to hypothesize that 
the WL12 interaction surface on PD-L1 also overlaps with that 
of clinically available antibody therapeutics designed to inhibit 
PD-L1/PD-1 interactions. To test our hypothesis we compared the 
predicted binding conformations of WL12 with those of reported 
PD-L1 antibodies. The overlap of amino acid contacts between 
PD-L1 and PD-L1 antibodies, a PD-L1 nanobody (KN035), as 
well as PD-1 and WL12, revealed a common binding domain 
composed of PD-L1 residues Y56, E58, A113, M115, and Y123. As 
shown in the visualization of the PD-L1 molecular surface (Fig-
ure 1 and Supplemental Figure 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI122216DS1), a 
singular overlapping region (cyan) forms a deep binding pocket, 
and acts as an anchor point for interactions with all of the agents 
investigated. The presence of a shared binding interface (cyan) is 
a strong indication that WL12 (green) competes with both the nat-
ural ligand (PD-1, purple) and antibodies. Further supporting our 
PD-L1/WL12 structural analysis, the shared binding interface has 
been observed with other macrocyclic peptide inhibitors targeted 
at disrupting PD-L1/PD-1 interactions (21). In terms of surface 
area, AtzMab (cyan and red) interacts with more of the PD-L1 sur-

Figure 2. WL12 inhibits interaction between PD-1 and PD-L1 
therapeutics in vitro. (A) Schematic representation of the assay. 
(B) WL12 inhibits Cy5-conjugated AtzMab, AveMab, and DurMab 
binding to PD-L1, as demonstrated through competitive inhibition 
and corresponding IC50 values. Mean fluorescence intensities (MFIs) 
were determined by flow cytometry. (C) Schematic representation of 
the assay. (D) [64Cu]WL12 binding to PD-L1–positive HCC827, H226, 
hPD-L1, and MDAMB231 cells is inhibited in the presence of 60 nM 
AtzMab, AveMab, and DurMab, compared with PBS control. [64Cu]
WL12 binding in PD-L1–negative CHO and SUM149 cells is also shown. 
****P < 0.0001; NS, not significant, by 1-way ANOVA and Dunnett’s 
multiple comparisons test in D.
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with variable endogenous expression (20). According-
ly, we selected multiple cell lines with high endogenous 
PD-L1 expression (HCC827, H226, MDAMB231, and 
hPD-L1). Cells were incubated with [64Cu]WL12 at 4°C 
for 30 minutes, washed, and cell-bound activity was mea-
sured. We observed high expression-dependent uptake of 
[64Cu]WL12 in those cells and uptake in PD-L1–positive 
cells reflected variable levels of surface PD-L1 expression 
observed by flow cytometry (Supplemental Figure 2B) in 
the order hPD-L1 > MDAMB231 > HCC827 > H226. PD-L1 
specificity of [64Cu]WL12 uptake was low in PD-L1–nega-
tive cells (SUM149 and CHO, P < 0.0001). We observed 
significant blockade of [64Cu]WL12 uptake in all PD-L1–
positive cells treated with 60 nM mAb compared with 

PBS-treated controls (P < 0.0001), indicating binding specificity 
of the radiotracer (Figure 2, C and D). The in vitro results suggest 
that [64Cu]WL12 could be used to quantify PD-L1/antibody inter-
actions and unoccupied–PD-L1 levels in tumors.

In vivo quantification of tumor PD-L1 engagement by AtzMab. 
NSCLC xenograft models were used to evaluate in vivo PD-L1 
engagement by the therapeutic mAbs in a noninvasive manner. 
We selected those models because nearly 50% of NSCLCs are 
PD-L1 positive and PD-L1 IHC is used as a predictive biomarker in 
patients with NSCLC undergoing immune checkpoint therapy (23).

We used NOD SCID γ (NSG) mice bearing H226 and HCC827 
cell–derived xenografts that exhibit low and moderate PD-L1 
expression, respectively, and treated them with a single dose of 
AtzMab (20 mg/kg) administered intravenously as a bolus, 24 
hours before [64Cu]WL12 injection. PET images acquired 2 hours 
after [64Cu]WL12 injection and relatively 26 hours after AtzMab 
injection showed higher accumulation of [64Cu]WL12 in HCC827 
tumors compared with H226. There was a clear reduction in the 
accumulation of radioactivity in tumors of AtzMab-treated mice, 
indicating reduced levels of available PD-L1 interaction sites com-
pared with saline-treated controls (Figure 3, A and B). The PET 
imaging results were further confirmed by ex vivo measurements 
of biodistribution (Figure 3, D and E, and Supplemental Figure 
3, A and B), which showed significant reductions in [64Cu]WL12 
accumulation (as percentage of injected dose per gram of tissue 
[%ID/g]) in AtzMab-treated mice compared with saline con-
trols: 34% (P < 0.0001) in H226 and 47% (P < 0.001) in HCC827 
xenografts. Radiotracer uptake was corroborated by high PD-L1 
staining intensity observed in HCC827 xenografts compared with 
H227 tumors (Figure 3, C and F). The results demonstrate that 
[64Cu]WL12 can be used to assess, qualitatively and quantitatively, 
in vivo targeting of PD-L1 at the tumor by AtzMab.

Expression of PD-L1 varies highly between and across lesions 
in a given patient and tumor type such that different drug con-
centrations may be needed to establish a similar extent of target 
engagement and to reduce immune-related toxicities. To mea-
sure the effect of a single dose of AtzMab on targeting different 
PD-L1 levels in tumors, we performed PET and biodistribution 
studies in tumors derived from the hPD-L1 cells, which have 
4- to 10-fold higher PD-L1 expression than HCC827 and H226 
cells (Supplemental Figure 2B). The mice bearing contralater-
al hPD-L1 and CHO tumors (hPD-L1/CHO) were treated with 
AtzMab (20 mg/kg for 24 hours) and changes in tumor uptake 

consistent with routinely used commercial PD-L1 detection anti-
bodies (Supplemental Figure 2B). To assess the specificity of WL12 
for inhibiting binding of antibodies to PD-L1, we performed com-
petitive inhibition assays in CHO cells constitutively expressing 
PD-L1 (hPD-L1) and in MDAMB231 triple-negative breast cancer 
(TNBC) cells, which naturally express PD-L1 (22). We observed 
that WL12 dose-dependently inhibits Cy5-mAb binding to PD-L1, 
with IC50 values of 2 to 5 nM (Figure 2, A and B, and Table 1). We 
also validated those observations in HCC827 and H226 non–small 
cell lung cancer (NSCLC) cells, each of which naturally expresses 
moderate levels of PD-L1. HCC827 and H226 cells were incubat-
ed with Cy5-AtzMab, -AveMab, and -DurMab in the presence of a 
single concentration of WL12 (5 nM) and analyzed by flow cytom-
etry for unoccupied–PD-L1 levels. Indeed, a significant reduc-
tion (P < 0.001) in Cy5-mAb binding indicating low unoccupied–
PD-L1 levels was detected in the presence of WL12. We obtained 
further confirmation of the specificity of the WL12/PD-L1 inter-
action through the absence of a change in bound fluorescence 
when MDX1338, a CXCR4-specific (control) antibody, was used. 
Data in multiple cell lines with variable PD-L1 expression levels 
established the capacity of WL12 to disrupt antibody-PD-L1 inter-
actions (Supplemental Figure 2, C and D). We next performed a 
bioluminescence-based functional assay to demonstrate the abil-
ity and potency of WL12 peptide to inhibit PD-1/PD-L1 interac-
tions compared to PD-L1 antibodies (Supplemental Figure 2E). An 
in vitro functional assay showed that WL12 peptide is 10-fold less 
potent than AtzMab in inhibiting PD-1/PD-L1 interactions and 
therefore unlikely to interfere with an ongoing antibody therapy.

Mutation in PD-L1 could impact binding of PD-L1 imaging 
agents and therapeutics. Analysis of cBioportal and CCLE data-
bases indicated mutations in PD-L1 in a small percentage of 
tumors and cell lines (Supplemental Figure 2, F–H). Uptake stud-
ies of [64Cu]WL12 in HCC1569 cells with an M115T mutation that 
is at the interface of PD-L1/WL12 showed significant increase in 
[64Cu]WL12 uptake in IFN-γ–treated cells compared with untreat-
ed cells (Supplemental Figure 2I). These observations warrant 
further investigation into PD-L1 variants and their relevance to 
binding of PD-L1 inhibitors.

Next we sought to characterize the potential of the WL12 pep-
tide–derived radiotracer to measure target engagement by PD-L1 
antibodies. Previously, we showed that [64Cu]WL12 bound PD-L1 
with high selectivity in vitro in hPD-L1 and CHO cells. However, 
such selectivity has not been validated in human cancer cell lines 

Table 1. WL12 inhibits Cy5-conjugated AtzMab, AveMab, and DurMab 
binding to PD-L1

PD-L1 antibody IC50 [nM] 95% CI
hPDL1 AtzMab 5.758 4.373 to 7.583

AveMab 5.155 4.349 to 6.11
DurMab 3.453 2.974 to 4.008

MDAMB231 AtzMab 2.934 2.555 to 3.369
AveMab 1.726 1.44 to 2.068
DurMab 4.025 3.398 to 4.766
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vivo studies demonstrate that [64Cu]WL12 PET can detect graded 
levels of PD-L1 expression in tumors, and can be used to quantify 
a wide range of PD-L1 engagement by a single 20 mg/kg dose of 
AtzMab in the tumors.

Quantifying dynamic changes in PD-L1 expression. PD-L1 is 
upregulated in response to various cytokines, importantly IFN-γ, 
which contributes to dynamic and spatiotemporal heterogeneity 
in PD-L1 expression (24, 25). However, those rapid changes have 
not been quantified in vivo in real time. We sought to evaluate 
[64Cu]WL12 for its ability to quantify inducible PD-L1 expression 
within tumors in vivo (Figure 4), and to determine whether the 
blockade of such upregulated PD-L1 by AtzMab treatment could 
be monitored by [64Cu]WL12 PET.

We first generated an A549 NSCLC cell line with doxy-
cycline-inducible PD-L1 expression (A549-iPDL1). A549 is a 
KRASG12S human lung adenocarcinoma cell line that expresses low 
PD-L1 at baseline. It has been transduced with PD-L1 in the all-
in-one lentivirus pINDUCER20 vector (26), selected with G418, 

of [64Cu]WL12 were evaluated by PET. We observed high uptake 
of [64Cu]WL12 in hPD-L1 tumors (Figure 3G, right flank) com-
pared with CHO tumors (left flank). Confirming AtzMab specific 
PD-L1 blockade, a significant reduction in [64Cu]WL12 uptake was 
observed in hPD-L1 tumors in AtzMab-treated mice, compared 
with saline-treated controls (Figure 3G). Validating PET imag-
ing data and revealing significant tumor PD-L1 engagement by 
AtzMab, biodistribution studies showed a 77% reduction in [64Cu]
WL12 uptake in the AtzMab-treated hPD-L1 tumors compared 
with saline controls (Figure 3H and Supplemental Figure 3C) (P < 
0.0001). In contrast, we observed only a low level of [64Cu]WL12 
uptake in PD-L1–negative control CHO tumors. Also, [64Cu]WL12 
uptake in hPD-L1 tumors treated with AtzMab was not significant-
ly different from that of CHO tumors, suggesting that treatment 
with a single 20 mg/kg dose of AtzMab led to near saturation of 
PD-L1 in those tumors. Those observations were confirmed by 
strong and weak immunoreactivity observed in hPD-L1 and CHO 
tumors, respectively (Figure 3I). Taken together, results from in 

Figure 3. PD-L1 engagement by anti–PD-L1 mAbs is quantified at the tumor using [64Cu]WL12 in xenografts with variable PD-L1 expression. (A–H) 
Reduced uptake of [64Cu]WL12 in H226 (A and B), HCC827 (C and D), and contralateral hPD-L1 and PD-L1–negative CHO (hPD-L1/CHO) (G and H) xenografts 
in mice treated with 20 mg/kg AtzMab 24 hours prior to radiotracer injection, compared with saline-treated controls. Whole-body, volume-rendered [64Cu]
WL12 PET-CT images (A, D, and G) and ex vivo biodistribution (B, E, and H) at 2 hours after [64Cu]WL12 injection (n = 8–12/group). (C, F, and I) IHC staining 
for PD-L1 is shown from the corresponding tumor. Scale bars: 100 μm. Box-and-whisker graphs showing minimum to maximum and all data points, with 
the horizontal line representing the median. ****P < 0.0001; ***P < 0.001; NS, not significant, by unpaired Student’s t test in B, E, and H.
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confirmed for PD-L1 induction by flow cytometry (Figure 4A), and 
used for in vitro and in vivo studies. Validating the PD-L1 speci-
ficity of WL12, binding of Cy5–PD-L1 mAbs to doxycycline-treat-
ed A549-iPDL1 cells was blocked in the presence of WL12 (Fig-
ure 4B). Next, A549-iPDL1 cells were treated with doxycycline 
for 72 hours, incubated with radiotracer for 30 minutes, and 
cell-associated radioactivity was measured. Doxycycline-treated 
A549-iPDL1 cells showed increased surface PD-L1 expression, 
and exhibited a 5.5-fold higher uptake of [64Cu]WL12, compared 
with untreated cells (P < 0.0001). We observed no significant dif-
ferences in uptake between untreated A549-iPDL1 and parental 
A549 cells, confirming that [64Cu]WL12 binding was specific to 
induced PD-L1 expression. Furthermore, [64Cu]WL12 binding 
to doxycycline-treated A549-iPDL1 cells significantly decreased 

(65%, P < 0.0001) in the presence of 60 nM AtzMab, AveMab, and 
DurMab or nonradioactive WL12 (Figure 4C).

We next sought to validate those in vitro observations in vivo. 
NSG mice bearing A549-iPDL1 (Figure 4D, red circles) and A549 
tumors (black circles) and treated with doxycycline for 72 hours 
were used. [64Cu]WL12 PET images and biodistribution studies 
of those mice showed high radioactivity uptake in A549-iPDL1 
tumors. [64Cu]WL12 in A549-iPDL1 tumors was 65% higher than 
in the A549 control tumors (P > 0.0001). Following AtzMab treat-
ment, [64Cu]WL12 uptake in A549-iPDL1 tumors was decreased 
more than 75%, with %ID/g values similar to control A549 tumors 
(Figure 4, D and E, and Supplemental Figure 4). IHC analysis of 
the tumors demonstrated an intense PD-L1 signal in A549-iPDL1 
but not in A549 tumors, confirming imaging and biodistribution 

Figure 4. Dynamic changes in tumor PD-L1 expression and its engagement by AtzMab detected using [64Cu]WL12. (A) Flow cytometry histogram showing 
increased PD-L1 cell surface expression in A549-iPDL1 cells treated with doxycycline for 6 hours and 72 hours. (B) WL12 inhibits (5 nM) binding of Cy5- 
conjugated AtzMab, AveMab, and DurMab (2 nM) to A549-iPDL1 cells treated with doxycycline for 72 hours. (C) [64Cu]WL12 binding to A549-iPDL1 cells (72-
hour doxycycline) is significantly reduced in the presence of 60 nM AtzMab, compared with controls. (D and E) [64Cu]WL12 uptake in A549-iPDL1 xenografts 
is significantly lower in mice receiving intravenous AtzMab 24 hours prior to radiotracer injection, compared with saline controls and similar to parent A549 
xenografts. Volume-rendered whole-body PET-CT images (D), and ex vivo quantification (E) at 2 hours after [64Cu]WL12 injection (n = 10/group). (F) IHC 
staining for PD-L1 of the corresponding tumors. Scale bars: 100 μm. Box-and-whisker graphs showing minimum to maximum and all data points, with the 
horizontal line representing the median. ****P < 0.0001; NS, not significant, by 1-way ANOVA and Sidak’s multiple comparisons test in C and E.
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results (Figure 4F). Overall, the results demonstrate the potential 
of [64Cu]WL12 to detect dynamic changes in PD-L1 expression lev-
els, and its blockade by AtzMab.

Quantifying target engagement in the tumors by different PD-L1 
antibodies. We (22) and others (27–31) developed radiolabeled 
anti–PD-L1 antibodies and demonstrated their potential to assess 
PD-L1 expression in human tumor xenografts and syngeneic 
murine tumor models noninvasively. Observations made using 
radiolabeled antibodies, however, are highly specific to the anti-
body under investigation. In addition to the 3 FDA-approved 
PD-L1 mAbs, several others are in clinical development (32). A 
new approach is needed that (a) accounts for target engagement 
of PD-L1 antibodies, which (b) takes into account the properties 
of antibodies, and (c) is applicable to all PD-L1–targeted anti-
bodies. Based on our in silico observations, we hypothesized that 
[64Cu]WL12 PET could be used to detect target engagement of any 
PD-L1 antibody that inhibits PD-L1/PD-1 interactions.

To test our hypothesis, we investigated the ability of [64Cu]
WL12 PET to quantify PD-L1 engagement at the tumor by each of 
the 3 FDA-approved anti–PD-L1 mAbs. Moreover, those 3 mAbs 
exhibit distinct pharmacokinetics: AtzMab (isotype, IgG1κ; KD, 
0.4 nM; t1/2, 27 days), AveMab (IgG1λ, 0.7 nM, 6.1 days), and Dur-
Mab (IgG1κ, 0.022 nM, 18 days) (33). MDAMB231 tumor–bearing 
NSG mice were treated with a single dose of AtzMab (20 mg/kg), 
or AveMab (10 mg/kg), or DurMab (10 mg/kg) for 24 hours, and 
received [64Cu]WL12 for PET and biodistribution studies (Figure 
5, A–D). [64Cu]WL12 uptake was low in the tumors in all mAb-treat-

ed mice, compared with saline controls, confirming low levels of 
unoccupied PD-L1 in the tumors due to PD-L1 engagement by the 
mAbs and radiotracer blockade. Ex vivo quantification of tumors 
validated those observations and demonstrated approximate-
ly 60% less uptake of [64Cu]WL12 in the tumors of mAb-treated 
mice (P < 0.0001) compared with saline controls (Figure 5E and 
Supplemental Figure 5). We have not observed significant differ-
ences in tumor PD-L1 blockade by different mAbs at the investi-
gated dose and time, suggesting that all the mAbs demonstrate 
robust PD-L1 blockade at the tumor at early time points. IHC of 
saline controls demonstrated moderate to high PD-L1 intensity, 
placing these xenografts between highly PD-L1–positive hPD-L1 
and weakly positive HCC827 and H226 tumors (Figure 5F). PD-L1 
antibody treatment resulted in increased PD-L1 expression as an 
adaptive immune response to therapy in responders (34). Treat-
ment of cell lines with PD-L1 mAbs had no effect on PD-L1 protein 
expression in the cell lines tested (Supplemental Figure 5B). The 
results demonstrate that tumor PD-L1 engagement by PD-L1 anti-
bodies can be quantified by [64Cu]WL12 PET and independently 
of the plasma and tissue kinetics exhibited by a given PD-L1 anti-
body. Importantly, this approach could provide a method to eval-
uate biosimilar antibodies as they are developed to facilitate the 
time to approval and reduce clinical testing expense.

Effect of dose and time on PD-L1 occupancy at the tumor. Anti-
body kinetics at the tumor are complex and governed by both 
tumor-intrinsic and -extrinsic parameters (17). We (22) and oth-
ers (29) recently discovered that factors other than PD-L1 expres-

Figure 5. Tumor PD-L1 engagement by 3 distinct PD-L1 therapeutic antibodies quantified using [64Cu]WL12. (A–E) [64Cu]WL12 uptake in MDAMB231 
xenografts is significantly reduced in mice receiving AtzMab (20 mg/kg), AveMab (10 mg/kg), or DurMab (10 mg/kg), 24 hours prior to radiotracer injection. 
Whole-body volume-rendered [64Cu]WL12 PET-CT images of saline- (A), AtzMab- (B), AveMab- (C), and DurMab-treated (D) mice, and ex vivo biodistribu-
tion (E) at 2 hours after [64Cu]WL12 injection (n = 6–9/group). (F) IHC staining for PD-L1 in the corresponding tumor. Scale bars: 100 μm. Box-and-whisker 
graphs showing minimum to maximum and all data points, with the horizontal line representing the median. ****P < 0.0001; NS, not significant, by 1-way 
ANOVA and Dunnett’s multiple comparisons test in E.
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received 0.06 mg/kg showed high [64Cu]WL12 uptake, indicating 
low PD-L1 occupancy by AtzMab at the tumor (Figure 6, A and B). 
At the higher doses (0.6 and 3.6 mg/kg), there was a proportional 
decrease in [64Cu]WL12 uptake in the tumors, indicating propor-
tionally higher target engagement at the tumor by AtzMab. Cor-
responding biodistribution studies also demonstrated reduced 
unoccupied–PD-L1 levels in the tumors with increased dose, con-
firming that antibody dose–related changes in PD-L1 occupancy 
could be measured using [64Cu]WL12.

Next, we sought to investigate the temporal changes in PD-L1 
occupancy for a given AtzMab dose. Membrane-associated anti-
gens such as PD-L1 can enhance antibody clearance through 
target-mediated endocytosis. Additionally, development of 
anti-therapeutic antibodies could significantly impact antibody 
serum and tumor kinetics (38). In support of those factors at play, 
earlier studies showed that AtzMab followed nonlinear kinet-
ics below 0.6–1 mg/kg and linear kinetics above 1 mg/kg, and a 
tendency toward reduced serum concentration in patients that 
developed anti-therapeutic antibodies (39). All of those factors 
will influence unoccupied–PD-L1 levels and tumor exposure and 
response to therapy. The tools to measure the effect of those fac-
tors on the tumor exposure to the anti–PD-L1 therapeutics in real 
time have not been described.

To investigate the ability of [64Cu]WL12 PET to detect tem-
poral changes in antibody kinetics at the tumor, MDAMB231 

sion can reduce accumulation of the PD-L1–targeted therapeutic 
AtzMab and its mouse chimera (PRO304397) within NSCLC, 
TNBC, and colon tumors. Furthermore, experiments in mice 
showed that at doses less than 1 mg/kg, the radioactivity mea-
sured from the systemically injected, radiolabeled PRO304397 
was primarily associated with tumor vasculature, and showed 
minimal diffusion into tumor parenchyma in PD-L1–expressing 
tumor models (29). Those findings may be attributable to fac-
tors such as elevated intratumoral interstitial pressure, which 
impedes accumulation of antibodies in tumors, and estimated to 
be approximately 10%–30% of plasma levels (35–37). Such effects 
might also impede the access of large PD-L1–directed agents to 
targeted tumor cells and immune infiltrates. Occupancy measure-
ments of PD-L1 therapeutics have been restricted to assessments 
made using peripheral blood mononuclear cells (PBMCs), in order 
to determine the dissociation constants of the drugs. However, 
PD-L1 occupancy measurements at the tumor have not yet been 
reported, and could provide a direct readout of therapeutic activ-
ity in the tumor.

To evaluate the effect of anti–PD-L1 therapeutic dose on 
tumor PD-L1 occupancy at the tumor, mice bearing MDAMB231 
tumors were treated with single doses of AtzMab (0.06, 0.6, and 
3.6 mg/kg body weight). Imaging and biodistribution studies were 
performed 2 hours after the injection of [64Cu]WL12 and relatively 
26 hours after AtzMab administration. PET images of mice that 

Figure 6. Effect of dose and time on the unoccupied fraction of tumor PD-L1 following treatment with 
AtzMab quantified using [64Cu]WL12. (A and B) Dose-exposure relationship depicting the decrease in 
unoccupied PD-L1, in MDAMB231 tumors in mice, with increase in AtzMab dose (mg/kg). (A) Whole-
body [64Cu]WL12 PET-CT images of MDAMB231 tumor–bearing mice receiving 0.06, 0.6, and 3.2 mg/
kg AtzMab. (B) Ex vivo quantification of [64Cu]WL12 uptake in tumors of mice treated with escalating 
doses of AtzMab (0.06, 0.6, and 10 mg/kg). AtzMab was injected 24 hours prior to radiotracer injection. 
(C and D) AtzMab dose effect on tumor PD-L1 occupancy over time depicting an increase in unoccupied 
PD-L1 with 0.6 or 1 mg/kg dose of AtzMab, but not with 10 or 20 mg/kg AtzMab dose, recapitulating the 
nonlinear kinetics of mAb. Whole-body volume-rendered [64Cu]WL12 PET-CT images (C) and ex vivo bio-
distribution (D) at 2 hours after [64Cu]WL12 injection (n = 6–9/group). Box-and-whisker graphs showing 
minimum to maximum and all data points, with the horizontal line representing the median. *P < 0.05, 
****P < 0.0001; NS, not significant, by unpaired Student’s t test in D.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 2 4 jci.org   Volume 129   Number 2   February 2019

tumors were injected with escalating doses of AtzMab from 0.009 
to 24 mg/kg body weight. Twenty-four hours after AtzMab injec-
tions, biodistribution studies were performed 2 hours after the 
injection of [64Cu]WL12. Because of the large number of groups 
involved, we relied on ex vivo biodistribution studies. A developed 
inhibitory sigmoidal Emax model appropriately fitted and described 
the relationship between the dose of the AtzMab used in our exper-
iment and the decrease in unoccupied PD-L1 at the tumor (Figure 
7, A and B, and Supplemental Figure 6), detected using [64Cu]WL12 
and expressed as %ID/g. The dose of the AtzMab responsible for 
50% of the maximum PD-L1 engagement in the tumor (ID50) was 
estimated to be 0.43 mg/kg (Table 2). The ID90 and ID96, respon-
sible for 90% and 96% of the maximum fractional decrease in 
unoccupied PD-L1 from baseline (Imax), corresponded to 0.87 mg/
kg and 1.19 mg/kg, respectively. These dose levels are comparable 
to the dose of 1 mg/kg reported by Deng et al. for the chimeric 
anti–PD-L1 antibody PRO304397 and responsible for maximum 
PD-L1 saturation over 24 hours in BALB/c mice (29). Assuming a 
similar average volume of distribution at steady state (Vss) of 50 
ml/kg for the anti–PD-L1 and the chimeric anti–PD-L1 antibody 
PRO304397 (29), the expected average plasma concentrations 
resulting from ID50, ID90, and ID96 were tentatively estimated to be 
59 nM (8.6 μg/ml), 120 nM (17.4 μg/ml), and 164 nM (23.8 μg/ml), 
respectively. These results indicate the potential of using mea-
surements made at the tumor, which reflect true target occupancy, 
for dose selection and optimization of future PD-L1 therapeutics.

Discussion
We have demonstrated the ability to measure PD-L1 occupancy 
using peptide-based PET according to a method that is agnostic 
to the choice of antibody. We were able to noninvasively quantify 
target engagement and pharmacokinetics of the PD-L1 mAbs at 
the tumor. The real-time measurements described encapsulate (a) 
the complex serum and tumor kinetics (or fate) of antibodies at 
the tumor site, (b) tumor-intrinsic parameters such as high inter-
stitial pressure and poor vascularity that impede antibody accu-
mulation, and (c) genetic and epigenetic mechanisms that regu-
late PD-L1 expression levels and turnover (Figure 7C). We further 
demonstrated the translational utility of our approach, by combin-
ing our experimentally derived, unoccupied–PD-L1 levels in the 
tumors with reported preclinical pharmacokinetics of AtzMab, to 
find a dose to achieve minimum efficacious occupancy levels at 
the tumor, as previously suggested (29).

Biologics such as antibodies pose unique challenges in pre-
dicting in vivo target engagement based on in vitro binding affin-
ity (17). For small molecules, in vitro binding affinity measure-
ments and target occupancy studies are routinely used for dose 
selection in central nervous system diseases and are predictive 
of pharmacological response (41). However, properties intrinsic 
to antibodies, such as valence, shape, size, and isoelectric point, 
make the pharmacokinetics of antibodies more complex and dif-
ficult to predict. Also, several parameters intrinsic to the tumor, 
such as antigen density and turnover, tumor burden, and tumor 
perfusion, limit intratumoral penetration of antibodies. Tumor 
and plasma concentrations of antibodies are further influenced 
by factors extrinsic to tumors such as dose, patient variability, 
cachexia, and development of anti-therapeutic antibodies (42). 

tumor–bearing NSG mice were injected with AtzMab doses that 
were described to be associated with nonlinear (0.6 and 1 mg/
kg) and linear kinetics (10 and 20 mg/kg), and PET imaging and 
biodistribution studies were performed at 24 and 120 hours. At 24 
hours, there was a significant reduction in [64Cu]WL12 uptake, also 
reflected in tumor %ID/g values, in all 4 dose groups, compared 
with saline-treated controls (Figure 6, C and D). At 120 hours, there 
was a significant increase in [64Cu]WL12 uptake in the 0.6 and 1 
mg/kg dose groups compared with 24 hours. At 120 hours, [64Cu]
WL12 uptake in the tumor was similar in 0.6 mg/kg–treated and 
saline control groups, suggesting the more rapid elimination of the 
drug from the tumor at the lowest dose. At the higher doses, how-
ever, [64Cu]WL12 uptake was significantly different from the saline 
control group, suggesting a slower elimination of the drug from the 
tumor, due to the saturable elimination or nonlinear pharmacoki-
netics of the drug at the higher doses. The temporal difference in 
[64Cu]WL12 uptake was not significant in the 10 or 20 mg/kg treat-
ment groups, reflecting the linear pharmacokinetics or constant 
clearance of AtzMab at those doses. Collectively, the results show 
that in a mouse model both dose- and time-dependent changes in 
PD-L1 engagement can be quantitatively evaluated at the tumor.

Modeling dose-receptor occupancy of PD-L1 antibodies at the 
tumor. Pharmacokinetic-pharmacodynamic (PK/PD) modeling 
and simulation, linking the PK of the mAb to its receptor occupan-
cy and tumor response, are routinely used as a modern approach 
for guiding starting dose selection from preclinical data, for first-
in-human clinical trials, and for dose-range selection, in the later 
efficacy/safety clinical trials. Linking the receptor occupancy to 
the PK/PD model provides a mechanistic understanding of the 
antibody dose/concentration and tumor response relationship, 
and is valuable for efficient drug development and optimal dose 
selection (17, 40). PD-L1 expression in the tumors can be consti-
tutive or induced, and its cell-surface stability could be modulat-
ed by oncogenic signaling and increased expression of positive 
regulators (7–9) that are difficult to account for based solely on 
in vitro assays. Those PK/PD mathematical models could be fur-
ther refined using measurements of PD-L1 occupancy made at the 
tumor that encapsulate all the factors regulating PD-L1 levels and 
account for complex PD-L1 antibody kinetics.

To demonstrate the use of receptor occupancy measurements 
made at the tumor to define target-engagement characteristics 
and for dose finding, we measured unoccupied–PD-L1 levels in the 
tumors following AtzMab treatment. Mice bearing MDAMB231 

Table 2. Pharmacodynamic model parameters describing the 
relationship between anti–PD-L1 antibody dose and the decrease 
in unoccupied PD-L1 measured at the tumor site

Pharmacodynamic model parameters, 
units

Mean parameter value  
(% relative standard error)

Baselineunoccupied PD-L1, %ID/g 5.91 (1%)

Imax 0.57 (3%)

ID50, mg/kg 0.43 (10%)

Hill coefficient 3.12 (19%)

Residual error, %ID/g 0.44 (14%)
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Figure 7. Effect of dose and time on tumor PD-L1 occupancy by AtzMab quantified using [64Cu]WL12. (A and B) Dose-exposure relationship depicting 
the decrease in unoccupied PD-L1, in MDAMB231 tumors in mice, with increase in AtzMab dose (mg/kg). Ex vivo quantification of [64Cu]WL12 uptake at 2 
hours in tumors of mice treated with escalating doses of AtzMab (0.0009 to 24 mg/kg) (n = 3–9/group). AtzMab was injected 24 hours prior to radiotracer 
injection (A). Percentage of unoccupied PD-L1 was calculated relative to the median unoccupied PD-L1 measured at 0 mg/kg (B). Blue open dots: measured 
unoccupied PD-L1 for each dose level in mice. Red dashed line: mean model-predicted dose-response relationship. (C) Schematic of PD-L1 PET for PD-L1 
therapeutic development and evaluation. sPD-L1, soluble PD-L1; TMDD, target-mediated drug disposition.
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25% of all immune checkpoint therapy clinical trials target PD-L1, 
and nearly 70% of involved patients do not respond to treatment 
(12). What is unknown is whether the drug fully engages the tar-
get in vivo successfully, or whether the tumor is immunologically 
resistant. Another question is to what extent does tumor microen-
vironment (stroma and extracellular matrix [ECM]) contribute to 
immunological resistance by hindering therapeutic accumulation 
in some lesions. Tumors display an abnormal microenvironment 
and ECM that are shaped by the tumor location, and influence drug 
accumulation. Analysis of tissue from multiple disease sites from 
a patient with melanoma showed an upregulation of genes that 
define the ECM in nonresponding lesions (52). The role of the ECM 
in tumor resistance to antibody transport has been demonstrated 
previously, but has not been established in the context of immune 
checkpoint therapeutics (53). We have used subcutaneous lung can-
cer xenografts, which do not fully capture the microenvironment 
of the orthotopic tumors and could potentially influence antibody 
accumulation. Nevertheless, our PET imaging approach will enable 
measurements of total PD-L1 and its saturation by the antibodies 
at every identifiable tumor while accounting for changes in ECM, 
facilitating therapy optimization across multiple tumor types.

Radiolabeled antibodies such as AtzMab, supported by periph-
eral pharmacodynamics assessments and PK/PD modeling, are 
routinely used to predict the antibody dosing levels required to 
achieve the desired PD-L1 occupancy at the tumor (29). Those 
measurements of radiolabeled-antibody concentrations in the 
plasma and tumor, as well as the subsequent occupancy predic-
tions derived through mathematical modeling, are often specific 
to a given antibody, limiting generalization of such observations 
to other PD-L1 antibodies (54). The absence of an effective, wide-
ly applicable method that accounts for complex antibody kinetics 
and provides real-time PD-L1 saturation/occupancy data impedes 
optimized dose selection and therapeutic development. Our in sil-
ico, in vitro, and in vivo data using [64Cu]WL12 PET demonstrate 
that PD-L1 saturation/occupancy can be noninvasively quantified 
at the tumor, a concept that can address this unmet need.

We provide a tool that can be used to assess antibody kinet-
ics and target engagement potential for an ever-expanding array 
of PD-L1 therapeutic antibodies (32). Our data demonstrate that 
dynamic changes in PD-L1 expression in tumors, and PD-L1 satu-
ration/occupancy by therapeutic antibodies, can be noninvasively 
measured independently of antibody selection. Imaging mark-
ers that directly reflect the levels and occupancy of PD-L1 have 
the potential to be more predictive, and form a bridge between 
dose, PD-L1 levels in the tumors, and therapeutic response. To the 
best of our knowledge our method provides the first noninvasive 
and translational tool to measure antibody target engagement 
at PD-L1, which is the necessary initial step toward finding safe, 
effective, and personalized doses for immunotherapy based on 
checkpoint inhibition. Importantly, this tool can be used to rapidly 
develop other tumor-targeted antibodies, significantly reducing 
time to approval and cost of development.

Methods
Study design. The goal of this study was to develop a noninvasive meth-
od to quantify the unoccupied fraction of PD-L1 and PD-L1 engage-
ment by therapeutic antibodies. We performed a structural analysis 

All of these factors affect tissue exposure of antibodies and ulti-
mately efficacy. For example, pidilizumab, developed with invest-
ments of over $200 million, was later discovered not to bind PD-1, 
its intended target (43). Our approach accounts for target engage-
ment of PD-L1 antibodies at the site of action and is applicable to 
all PD-L1 antibodies that inhibit PD-L1/PD-1 interactions.

The methods described here can be extended to evaluate the 
changes in unoccupied PD-L1 in all lesions in a patient concurrent-
ly, and used to further guide therapeutic decisions. Although IHC-
based clinical tests are used to assess PD-L1 expression in tumors 
(34, 44, 45), PD-L1 IHC takes into account only a small fraction 
(0.1%) of a single lesion. Such an approach has significant limita-
tions, because PD-L1 expression in the tumor microenvironment 
is spatially and temporally heterogeneous (46, 47). Also, tissue 
samples acquired by biopsy for testing are typically very limited, 
and may be needed for molecular profiling to identify targetable 
oncogenic mutations in other pathways that confer sensitivity or 
resistance to existing therapies (48). As a result of that heteroge-
neity, the sensitivity of a single small tissue sample can be low for 
detecting PD-L1 expression at scoring thresholds commonly used 
in clinical practice (49). Furthermore, immune therapy responses 
are delayed, complex, and abscopal in nature and it is impractical 
to perform multiple biopsies in multiple lesions for reliable repre-
sentation of PD-L1 expression (50). Those issues are compounded 
in patients with metastatic disease, a population in which immune 
checkpoint therapeutics are extensively investigated.

New regulators of PD-L1 are emerging that control cell surface 
PD-L1 levels. The CKLF-like MARVEL transmembrane domain–
containing proteins 4 and 6 (CMTM 4/6) (7, 8) and oncogenic 
proteins such as mutant RAS have been shown to increase cell sur-
face PD-L1 protein lifetime or PD-L1 expression (9). Such PD-L1 
dynamics are difficult to capture by IHC-based assessments and 
contribute to our limited success in advancing immunothera-
pies. Our studies with [64Cu]WL12 demonstrate that variable and 
dynamic changes in PD-L1 expression could be quantified during 
therapy and within the standard clinical work flow, yielding 
important clinical implications for patient selection and monitor-
ing therapy. [64Cu]WL12 uptake in the tumors is highest at 60 min-
utes (14.9 %ID/g) and reduced by 15 to 12.6 %ID/g at 120 minutes 
(20). The image contrast is high at 120 minutes due to clearance 
from normal tissues. The fast clearance of the peptide suggests a 
washout from the tumor within 24 hours. Also, WL12 has lower 
binding affinity for PD-L1 than antibodies. Therefore, we do not 
expect [64Cu]WL12 to interfere with therapeutic efficacy of anti–
PD-L1 antibodies, as it is given as a tracer dose (below μg/kg). Our 
[64Cu]WL12 PET measurements provide relative changes in target 
expression rather than true expression and such measurements 
acquired using PET are routinely used in the clinic (51). Other 
methods such as flow cytometry or autoradiography allow quanti-
fication of true expression; however, PET facilitates quantification 
of unoccupied–PD-L1 levels in real time and the measurements 
take all the PK/PD-induced changes in antibody concentration at 
the tumor into account that are difficult to capture using in vitro or 
ex vivo studies.

Until now, the tools to establish the relevance of dose to drug 
accumulation and target saturation, which is relevant to efficacy, 
have been unavailable for immune checkpoint therapeutics. Nearly 
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mAbs, carried out using a Nanodrop 2000 UV-Vis spectrophotometer 
(Thermo Fisher Scientific), indicated a 1:2 mAb/Cy5 molar ratio.

MALDI-TOF analysis of antibodies. MALDI-TOF spectra of Cy5- 
conjugated and parent mAbs (AtzMab, AveMab, and DurMab) were 
obtained on a Voyager DE-STR MALDI-TOF available at the Johns 
Hopkins University Mass Spectrometry core facility. Briefly, mAb sam-
ples were equilibrated in water with 0.1% TFA using Amicon Ultra-15 
centrifugal filter units (catalog UFC901008). Samples were mixed (1:2 
dilution) with 10 mg/ml sinapinic acid (3,5-dimethoxy-4-hydroxy-
cinnamic acid) matrix dissolved in 40% acetonitrile and 0.1% TFA. 
One microliter of sample was spotted in quadruplet on a MALDI plate 
(Applied Biosystems) and allowed to air dry, followed by spectra acqui-
sition using optimized instrument settings. Data were analyzed using 
Applied Biosystems Data Explorer software version 4.8.

Cell culture. The A549, H226, HCC827, MDAMB231, and CHO 
cells were purchased from  the American Type Culture Collection 
(ATCC). The CHO cells constitutively expressing PD-L1 (hPD-L1) 
were generated in our laboratory, and cultured as previously described 
(22). The SUM149 cells were obtained from Stephen Ethier (now at 
Medical University of South Carolina, Charleston, South Carolina, 
USA). All the cell lines were authenticated by STR profiling at the 
Johns Hopkins Genetic Resources Core Facility. The SUM149 cells 
were maintained in Ham’s F-12 medium with 5% FBS, 1% penicillin/
streptomycin, 5 μg/ml insulin, and 0.5 μg/ml hydrocortisone. All other 
cell lines were cultured in ATCC-recommended media, in an incuba-
tor at 37°C in an atmosphere containing 5% CO2.

Inducible PD-L1 expression vector. To generate a doxycycline- 
inducible PD-L1 (B7-H1, CD274) lentiviral expression vector, we 
Gateway cloned the full-length cDNA from pENTR223-CD274 
(ORFeome Collaboration clone ccsbBroadEn_03086; DNASU Plas-
mid Repository clone HsCD00508899) into pINDUCER20, a gift 
from Stephen Elledge (Harvard Medical School, Boston, Massa-
chusetts, USA) (Addgene plasmid 44012), by LR reaction (26, 64). 
The reaction mixture was transformed into Stbl3 cells and selected 
on LB agar plates supplemented with 100 μg/ml carbenicillin. The 
purified recombinant plasmid (pINDUCER20-CD274) was analyzed 
via BsrGI restriction enzyme digestion, and the sequence confirmed  
by Sanger sequencing.

Lentiviral production. The day before transfection, 3.4 × 106 HEK-
293T cells were plated in a 75-cm2 flask. The next day, the cells were 
transfected with lentiviral plasmids by polyethylinimine transfec-
tion, in a 3:2:1 ratio of pINDUCER20-CD274/psPAX2/pMD2.G. The 
lentiviral packaging plasmids pMD2.G (Addgene plasmid 12259) 
and psPAX2 (Addgene plasmid 12260) were gifts from Didier Trono 
(EPFL, Lausanne, Switzerland). At 24 hours after transfection, the 
media were changed to complete media. Seventy-two hours after 
transfection, the lentivirus was harvested, filtered through a 0.45-μm 
syringe filter, and stored at –80°C.

Lentiviral transduction. On day one, 1.5 × 105 A549 cells were plat-
ed in a 25-cm2 flask. On day 2, the cells were infected with 75 μl of 
lentiviral supernatant in 5 ml of complete media supplemented with 
8 μg/ml polybrene. Twelve hours following lentiviral transduction, 
the media were removed and replaced with fresh complete media. To 
select for transduced cells, the media were replaced the following day 
with media containing G418 sulfate (Thermo Fisher Scientific, BP673) 
at a final concentration of 400 μg/ml. The PD-L1 expression in stable 
clones was analyzed by flow cytometry.

of PD-L1, PD-1, and PD-L1 binding peptide ([64Cu]WL12) interac-
tions and observed that [64Cu]WL12 could be used to evaluate the 
unoccupied fraction of PD-L1. We validated [64Cu]WL12 to quantify 
unoccupied–PD-L1 levels in vitro and in vivo using multiple cell lines 
and xenografts with graded levels of PD-L1 expression using 3 FDA- 
approved PD-L1 mAbs: AtzMab, AveMab, and DurMab. We then 
showed that [64Cu]WL12 can be used to evaluate the effect of dose of 
antibody and time on the unoccupied fraction of tumor PD-L1 follow-
ing treatment, and used that data for the prediction of the dose of anti-
body needed to achieve therapeutically effective occupancy (defined 
as >90%) at the tumor by mathematical modeling.

Chemicals. WL12 was custom synthesized by CPC Scientif-
ic with greater than 95% purity. 2,2′,2′′-(10-(2,6-Dioxotetrahydro- 
2H-pyran-3-yl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic 
acid (DOTAGA anhydride) was purchased from CheMatech Macro-
cycle Design Technologies (catalog C109). All other chemicals were 
purchased from Sigma-Aldrich or Thermo Fisher Scientific. We synthe-
sized WL12-DOTAGA as previously described by us (20). [64Cu]CuCl2 
was purchased from the University of Wisconsin (Madison, Wisconsin, 
USA) and Washington University (St. Louis, Missouri, USA).

Cell culture reagents and antibodies. All cell culture reagents were 
purchased from Invitrogen. The anti–human PD-L1 mAb AtzMab and 
anti-CXCR4 mAb ulocuplumab (55) were generated as described pre-
viously (56), and AveMab and DurMab were purchased from the Johns 
Hopkins Hospital pharmacy.

Docking studies. The structure files for PD-L1 bound to PD-1 
(57), AveMab (58), AtzMab (59), DurMab (59), BMS936559 (60), 
and KN035 (61) were obtained from the Protein Data Bank (62), 
and compared to the predicted binding conformation of the cyclical 
peptide WL12 (20). The bound antibody and peptide structures were 
first aligned around the core of the PD-L1 interaction interface (resi-
dues 53–69), and the contact between the molecular surface of each 
antibody with PD-L1 was then identified using the Visual Molecular 
Dynamics software package (63).

Radiopharmaceutical preparation. 64CuCl2 was buffered with 100 
mM sodium acetate solution (pH 5.5) and converted to 64Cu(OAc)2. For 
radiolabeling, approximately 20 μg of WL12-DOTAGA peptide conju-
gate (4.27 nmol), in 100 μl sodium acetate, was mixed with 3–5 mCi of 
64Cu(OAc)2 and incubated at 65°C for 30 minutes. The resulting radio-
tracer was purified on a C-18 column (Luna, 5 μm, 10 × 250 mm; Phe-
nomenex) using an elution gradient of 60% methanol (0.1% trifluoro-
acetic acid [TFA]) reaching 10% (with H2O, 0.1% TFA), over 30 minutes 
at a flow rate of 5 ml/min. HPLC was performed on a Varian ProStar 
system equipped with a radioactive single-channel radiation detector 
(model 105S; Bioscan) and a Varian ProStar UV absorbance detector 
set to 280 nm. [64Cu]WL12 was collected at 14.5 minutes, evaporated, 
formulated with saline containing 5% DMSO and 1 drop of Tween 20, 
and used for in vitro and in vivo evaluation. [64Cu]WL12 was obtained in 
62.58% ± 1.9% yield, with a specific activity of 1.9 ± 0.11 mCi/μg.

Fluorescent labeling of AtzMab, AveMab, and DurMab. To conjugate 
the fluorophore to the therapeutic mAbs, we used Cy5 NHS ester (exci-
tation/emission of 650/669). Briefly, 1 mg of mAb (6.5 nmol) in 400 
μl of PBS was mixed with 4 μl of DMSO containing 40 μg of Cy5 NHS 
ester (65 nmol, GE, catalog 45-001-190). The reaction mixture was 
gently stirred for 2 hours at room temperature, followed by purification 
using Zeba spin desalting columns, 7K MWCO, 0.5 ml (Thermo Fisher 
Scientific, catalog 89882) pre-equilibrated in PBS. Analysis of the Cy5-
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and 20 mg/kg), and then imaging (n = 3) and biodistribution studies 
(n = 5–8) were conducted at 24 and 120 hours after AtzMab treatment. 
The PET imaging studies were performed in 0.06 mg/kg dose cohorts.

PET-CT imaging of mouse xenografts. Mice treated for 24 hours 
with therapeutic mAbs, or saline formulation as a control, were inject-
ed with 200 μCi of [64Cu]WL12 in 200 μl of formulation intravenously, 
and PET images were acquired 2 hours after the injection of the radio-
tracer. For imaging, anesthesia was induced with 3% isoflurane, and 
maintained with 1% isoflurane. Images were acquired in 2 bed posi-
tions at 7 min/bed in an ARGUS small-animal PET/CT scanner (Sede-
cal). A CT scan (512 projections) was performed at the end of each PET 
scan for anatomical coregistration. The PET data were reconstructed 
using the 2-dimensional ordered subsets-expectation maximization 
algorithm (2D-OSEM), and corrected for dead time and radioactive 
decay. The %ID per cc values were calculated based on a calibration 
factor obtained from a known radioactive quantity. Image fusion, visu-
alization, and 3D rendering were accomplished using Amira 6.1 (FEI).

Ex vivo biodistribution. Mice harboring tumors and treated with 
therapeutic mAbs, or saline as a control (n = 5–8), were injected intra-
venously with 20 μCi of [64Cu]WL12. At 2 hours after [64Cu]WL12 
injection, blood, tumors, and selected tissues (heart, lungs, liver, 
spleen, kidney, muscle) were harvested, weighed, and counted in an 
automated gamma counter (PerkinElmer, 2480 Wizard2 automatic 
gamma counter). 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; measurements were made 
in triplicate. The biodistribution data shown are presented as mean ± 
the standard error of the mean (SEM).

Relationship between PD-L1 mAb dose and PD-L1 engagement. To 
study the relationship between the AtzMab dose and unoccupied PD-L1 
in the tumor, 13 dose levels were tested (0, 0.0009, 0.002, 0.006, 
0.019, 0.06, 0.19, 0.6, 1.2, 3.6, 6, 12, and 24 mg/kg) in MDAMB231 
tumor–bearing mice. The numbers of mice tested were the following: 
9 mice for anti–PD-L1 doses of 0 mg/kg and 1.2 mg/kg (pooled from 
2 repeats), 5 mice for 0.0009 mg/kg to 0.6 mg/kg, and 4 mice for 3.6 
to 24 mg/kg. Each mouse first received a single dose of AtzMab and 24 
hours later was injected with [64Cu]WL12. The radioactivity, measured 
2 hours after the radiotracer injection, represented the unoccupied 
PD-L1 remaining in the tumor site, and is expressed as %ID/g.

An inhibitory sigmoidal Emax model was used to describe the 
effect of AtzMab dose on the unoccupied PD-L1 measured at the 
tumor site. The decline in unoccupied PD-L1 in the presence of 
AtzMab was modeled as a proportional decrease from the base-
line of unoccupied PD-L1 measured in the tumor in the absence 
of drug, as follows: Baselineunoccupied PD-L1 is the baseline-measured 
unoccupied PD-L1 (in %ID/g) in the absence of AtzMab (0 mg/
kg dose); Imax is the maximum inhibitory effect, i.e., the maximum 
fractional decrease in unoccupied PD-L1 from Baselineunoccupied PD-L1  
(0 < Imax ≤ 1); ID50 is the AtzMab dose responsible for 50% of the maxi-
mum inhibitory effect (Imax/2); and Hill is the Hill coefficient describing 
the slope or steepness of the relationship between the AtzMab dose and 
the unoccupied PD-L1.

The use of a proportional inhibitory Emax model, to describe the 
relationship between AtzMab dose and unoccupied PD-L1 in the 
tumor, was considered more physiological than a conventional simple 
additive inhibitory Emax model, where the inhibitory effect of a drug is 
constant and assumed independent of the extent of expression of the 

Detection of PD-L1 expression by flow cytometry and competitive 
inhibition assays. Cells were evaluated for PD-L1 surface expression 
by direct staining of 2 × 105 cells in 100 μl PBS with Cy5-conjugated 
PD-L1 mAbs, for 30 minutes at 4°C. Cells were then washed and ana-
lyzed for MFI by flow cytometry. Adherent cells were detached using 
enzyme-free cell dissociation buffer (Thermo Fisher Scientific).

Competitive inhibition assays were performed in 100 μl total vol-
ume in FACS buffer (1× PBS with 2 mM EDTA and 0.5% FBS). The 
WL12 peptide was dissolved in DMSO to generate a 412 μM stock to 
make 4× and 10× intermediate concentrations. WL12 was tested at 10 
concentrations (0.1, 0.2, 0.3, 0.9, 2.7, 8.1, 15, 30, 60, and 100 nM). The 
WL12 stock (10 μl) was added to 2 × 105 hPD-L1 or MDAMB231 cells 
in 80 μl and incubated on ice for 30 minutes. Then, 10 μl of Cy5-con-
jugated mAb was added to the cells, to reach a final concentration of 
2 nM for AtzMab, AveMab, and ulocuplumab, and 1 nM for DurMab, 
and incubated for 30 minutes at 4°C. Cells were then washed and 
analyzed for MFI by flow cytometry. The IC50 values were calculated 
based on normalized MFI values using GraphPad Prism 6 software. 
Data were acquired on an Accuri flow cytometer (Becton Dickinson) 
and at least 20,000 events were recorded.

In vitro binding assays with [64Cu]WL12. In vitro binding of [64Cu]
WL12 to H226, HCC827, hPD-L1, CHO, MDAMB231, SUM149, A549, 
and A549-iPDL1 cells was determined by incubating 1 × 106 cells with 
approximately 0.1 μCi of [64Cu]WL12 in the presence or absence of 60 
nM mAb for 30 minutes at 4°C. After incubation, cells were washed 3 
times with ice-cold PBS containing 0.1% Tween 20, and counted on 
an automated gamma counter (1282 Compugamma CS, Pharmacia/
LKBNuclear, Inc.). To demonstrate PD-L1–specific binding of [64Cu]
WL12, blocking was performed with 1 μM nonradioactive WL12. All 
the cell radioactivity uptake studies were performed in quadruplicate 
for each cell line, and repeated 3 times.

In vivo studies. To establish xenografts, we used 5- to 6-week-old, 
male or female, nonobese, diabetic, severe-combined immunodefi-
cient gamma (NSG) mice, obtained from the Johns Hopkins University 
Animal Resources Core.

Xenograft models. Mice were implanted with H226 (5 × 106, s.c.), 
HCC827 (5 × 106, s.c.), hPD-L1 (10 × 106, s.c.), CHO (10 × 106, s.c.), 
MDAMB231 (2 × 106, orthotopic), A549 (5 × 106, s.c.), or A549-iPDL (5 
× 106, s.c.) cells in their upper flanks. If 2 cell lines were used, cells were 
inoculated in the opposite flanks. For treatment, imaging, or biodistribu-
tion experiments, mice with tumor volumes of 100–300 mm3 were used.

To induce PD-L1 expression in A549-iPDL1 tumors, mice were 
given doxycycline ad libitum (10 mg/ml doxycycline plus 1% sucrose) 
in drinking water 72 hours prior to [64Cu]WL12 injection.

For occupancy determination of AtzMab, AveMab, and DurMab 
at the tumor, xenograft-bearing mice (n = 9–12) were treated with a 
single intravenous bolus dose of either 20 mg/kg AtzMab, 10 mg/kg 
AveMab, or 10 mg/kg DurMab. Mice were used for imaging (n = 3–4) 
and biodistribution studies (n = 6–8) 24 hours after mAb treatment.

For determining dose effect on the unoccupied fraction of PD-L1 
in the tumor, MDAMB231 tumor–bearing mice were treated with a 
single intravenous bolus escalating dose of AtzMab, and 24 hours later 
mice were used for imaging (n = 3–4) and biodistribution (n = 6–8) stud-
ies. The PET imaging studies were performed in 0.06, 0.6, and 3.2 mg/
kg dose cohorts. To evaluate time effect on the unoccupied fraction of 
PD-L1 in the tumor after treatment, MDAMB231 tumor–bearing mice 
were treated with a single intravenous bolus dose of AtzMab (0.06, 1, 
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engagement modeling was conducted using the nonlinear mixed- 
effects modeling program NONMEM (ICON Development Solutions).

Study approval. All mouse studies were conducted through Johns 
Hopkins University IACUC-approved protocols.
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target or ligand at baseline. A naive-pooled approach was used to fit the 
data with the proportional inhibitory sigmoidal Emax model described 
above. All observations were treated as being measured from a single 
mouse, with repeated measurement at each dose level, because of the 
small range and variability in body weight of the studied mice, and that 
each mouse contributed only one unoccupied–PD-L1 measurement.

The statistical model used to describe the residual error variabili-
ty in unoccupied–PD-L1 measurements (pharmacodynamic response) 
was an additive error model of the following form: Observed unoccupied 
PD-L1 is the measured radioactivity or pharmacodynamic response; 
Predicted unoccupied PD-L1 is the model-predicted pharmacodynamic 
response; and epsilon is the residual error term, assumed to follow a nor-
mal distribution with a mean zero and variance σ2.

The developed model was used to determine ID50 of the AtzMab 
used in this study, and to derive the ID90 and ID96, responsible for 
90% and 96% of Imax, respectively. The expected approximate aver-
age plasma concentrations corresponding to each of the ID50, ID90, 
and ID96 doses were also tentatively derived by dividing each dose by 
the steady-state volume of distribution (Vss) of the anti–PD-L1 mAb in 
mice. Although the actual Vss of the studied AtzMab was unknown (no 
pharmacokinetic study was conducted), it was assumed to be close to 
the reported Vss of 42.6 to 57.5 ml/kg, estimated in BALB/c mice for the 
chimeric anti–PD-L1 antibody PRO304397 (mouse IgG2a antibody 
containing the binding region of atezolizumab).

Statistics. Statistical analyses were performed using GraphPad 
Prism 6 software. Unpaired 2-tailed Student’s t test, 1-way ANOVA, 
and 2-way ANOVA were utilized for column, multiple-column, and 
grouped analyses, respectively. Data represent mean ± SEM. P values < 
0.05 were considered statistically significant. AtzMab dose and PD-L1 
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