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Macromolecules such as monoclonal antibodies (mAbs) are likely
to experience poor tumor penetration because of their large size,
and thus low drug exposure of target cells within a tumor could
contribute to suboptimal responses. Given the challenge of inade-
quate quantitative tools to assess mAb activity within tumors, we
hypothesized that measurement of accessible target levels in tumors
could elucidate the pharmacologic activity of a mAb and could be
used to compare the activity of different mAbs. Using positron
emission tomography (PET), we measured the pharmacodynamics of
immune checkpoint protein programmed-death ligand 1 (PD-L1) to
evaluate pharmacologic effects of mAbs targeting PD-L1 and its re-
ceptor programmed cell death protein 1 (PD-1). For PD-L1 quantifica-
tion, we first developed a small peptide-based fluorine-18–labeled
PET imaging agent, [18F]DK222, which provided high-contrast images
in preclinical models. We then quantified accessible PD-L1 levels in the
tumor bed during treatment with anti–PD-1 and anti–PD-L1 mAbs. Ap-
plying mixed-effects models to these data, we found subtle differences
in the pharmacodynamic effects of two anti–PD-1 mAbs (nivolumab
and pembrolizumab). In contrast, we observed starkly divergent target
engagement with anti–PD-L1 mAbs (atezolizumab, avelumab, and dur-
valumab) that were administered at equivalent doses, correlating with
differential effects on tumor growth. Thus, we show that measuring
PD-L1 pharmacodynamics informs mechanistic understanding of thera-
peutic mAbs targeting PD-L1 and PD-1. These findings demonstrate the
value of quantifying target pharmacodynamics to elucidate the
pharmacologic activity of mAbs, independent of mAb biophysical
properties and inclusive of all physiological variables, which are
highly heterogeneous within and across tumors and patients.

immune checkpoint therapy | pharmacodynamics | pharmacokinetics |
drug disposition | PET

Solid tumors present passive and active barriers to drug pen-
etration that lead to drug resistance, poor low response rates,

and poor overall survival. In particular, little is known about the
pharmacokinetics (PK) and pharmacodynamics (PD) of mono-
clonal antibodies (mAbs) in the tumor bed, a class of drugs which
has emerged as a highly successful class of anticancer therapeutics
(1). Studying the PK and PD parameters of mAbs in situ and in
real time is essential for optimizing dosing, and for designing and
developing more effective therapeutics. Macromolecular drugs
such as mAbs show especially poor solid tumor penetration, per-
haps explaining why a significant percentage of patients receiving
mAb therapeutics do not respond (2). The lack of accurate tumor
drug penetration measurements of mAbs limits our ability to op-
timize therapies (3).
Unfortunately, tissue- and cell-based methods used for quantifying

drug concentrations, such as mass spectrometry, microscopy, and

thermal shift assays, cannot be implemented directly in patients
(4–6). Notably, mAb distribution in the tumor following systemic
administration is heterogeneous and influenced by biophysical
properties of the mAb, tumor type, and location (7). Additionally,
the extent and duration of target engagement of mAbs in the
tumor can be significantly shorter than those measured by in vitro
PD assays that fail to capture the impact of the local tumor mi-
croenvironment (TME) on mAb target engagement and PK (8).
While mAbs labeled with radionuclides are routinely used to gain
insights into mAb PK and disease site concentrations and thus to
infer biologic activity (9), development of radiolabeled analogs for
every therapeutic mAb created against every target presents a
formidable challenge in the rapidly growing market of mAbs and
their biosimilars. More importantly, this approach is costly, clinical

Significance

Success with immune checkpoint therapy has led to a proliferation
of antibody therapeutics with distinct biophysical and pharma-
cological properties. Antibodies experience poor penetration in
solid tumors because of their size, and blood-basedmeasurements
fail to reflect their activity at the tumor. While of fundamental
importance to establish dose–exposure–response relationships,
pharmacologic activity of antibodies within tumors is technically
challenging to study in real time because of the lack of quanti-
tative tools. Here, we show that target pharmacodynamics can
yield insights into pharmacologic activity of antibodies in tumors
and elucidate therapeutic response. Our approach of using small-
molecule probes for rapid quantification of target pharmacody-
namics to interrogate the pharmacologic activity of antibodies has
broad implications for drug development and guiding therapy.

Author contributions: D.K., A.M., R.K., S.S., P.D., S.G., D.V., J.B.S., and S.N. designed re-
search; D.K., A.M., A.L., R.K., S.S., D.P., R.S., M.D., R.A.D.S., R.C.M., P.D., S.G., E.G., J.B.S.,
and S.N. performed research; D.K., A.M., R.K., S.S., P.D., E.G., J.B.S., and S.N. contributed
new reagents/analytic tools; D.K., A.M., A.L., R.K., S.S., D.P., P.D., S.G., E.G., D.V., J.B.S., and
S.N. analyzed data; and D.K., A.M., R.K., S.S., D.P., R.A.D.S., R.C.M., P.M.F., E.M.J., P.D.,
S.G., E.G., D.V., J.B.S., and S.N. wrote the paper.

Competing interest statement: D.K. and S.N. are coinventors on a pending US patent
covering [18F]DK222 and as such are entitled to a portion of any licensing fees and roy-
alties generated by this technology. This arrangement has been reviewed and approved
by the Johns Hopkins University in accordance with its conflict-of-interest policies. S.N. is a
consultant for and receives funding from Precision Molecular, Inc.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: snimmag1@jhmi.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2107982118/-/DCSupplemental.

Published September 10, 2021.

PNAS 2021 Vol. 118 No. 37 e2107982118 https://doi.org/10.1073/pnas.2107982118 | 1 of 12

M
ED

IC
A
L
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

http://orcid.org/0000-0002-0990-2540
http://orcid.org/0000-0003-4395-0754
http://orcid.org/0000-0002-7164-1601
http://orcid.org/0000-0002-6413-7191
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2107982118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:snimmag1@jhmi.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107982118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2107982118/-/DCSupplemental
https://doi.org/10.1073/pnas.2107982118
https://doi.org/10.1073/pnas.2107982118


www.manaraa.com

implementation is unrealistic, and the approach cannot be per-
sonalized. Consequently, there is an ongoing need for a method-
ology that 1) provides a quantitative measure of mAb activity at
the tumor in real time; 2) is agnostic to the biophysical properties
of the mAb; and 3) accounts for both intrinsic and extrinsic pe-
culiarities of tumor type and location. Measuring drug concen-
trations and their effects at the site of action in vivo and in real
time is a challenge and a missing piece in delivering the promise of
personalized medicine (10). Addressing this challenge by con-
ventional means would require repetitive sampling at the disease
site, which poses significant practical and technical limitations for
widespread diseases like cancer.
Here we propose a noninvasive approach using positron

emission tomography (PET) that is based on quantifying the PD
changes (accessible target levels) in the tumor bed to gain in-
sights into in situ PK and PD of mAb therapeutics (Fig. 1).
PET is a powerful noninvasive tool that can be used to quantify

target levels anywhere in the body using molecularly targeted im-
aging agents administered at tracer doses (10). Although PET is
routinely used to quantify PD effects of central nervous system–

targeting therapeutics (11), its quantitative power has not been
similarly applied to define the activity of mAb therapeutics. Thus,
we hypothesized that accessible target levels in tumors, measured
using PET, could elucidate the pharmacologic activity of mAb
treatment, and could function as a common denominator to com-
pare the activity of different mAbs. In developing this approach, we
rationalized that custom-designed peptide (or small molecule or
protein) -derived PET radiotracers, which bind a target of interest
with a weaker affinity than the parent mAb and are designed to be
rapidly eliminated from the body, could be used to quantify the
accessible target levels at the disease site. Such an approach would
provide a repetitive, noninvasive, real-time, personalized measure of
mAb exposure and activity in situ and within a time frame that fits
the standard clinical workflow. To test the hypothesis, we selected
mAbs targeting immune checkpoint proteins that have been trans-
formative in treating multiple cancer types.
We also recognized that durable responses observed with im-

mune checkpoint therapeutics have led to the development of
multiple mAb conjugates targeting the same antigen and various
therapy combinations to further improve efficacy (12). To date,
there has been no common denominator or proximal biomarkers
to assess the PD effects resulting from therapeutic activity of those
mAbs in the tumor bed (13). Patient selection for these clinical
trials is often guided by analysis of tumor mutation burden,
microsatellite instability status, or determination of programmed
death-ligand 1 (PD-L1) levels by immunohistochemistry (IHC)
(14). PD-L1 IHC has emerged as an important predictive and
prognostic biomarker to guide PD-(L)1 therapies (14). However,
understanding the dynamics of PD-L1 during therapy is key to
elucidating the PK and PD of therapeutics targeting programmed
cell death protein 1 (PD-1) and PD-L1 and improving their effi-
cacy. To this end, we developed a peptide-based fluorine-
18–labeled PET imaging agent that provides high-contrast PD-
L1–specific images and quantifies PD-L1 levels within 60 min of
injection. Because PD-L1 expression in the TME is indicative of
adaptive immune responses unleashed by therapeutics targeting
PD-1, we investigated the effect of different anti–PD-1 (aPD-1)
therapeutics (nivolumab and pembrolizumab) on PD-L1 levels in
the TME and their relevance to PET measures. Also, the manner
in which different PD-L1 therapeutics engage the target at the
tumor remains poorly understood. To address this, we evaluated
the effect of mAb dose and time on PD-L1 dynamics in the tumor
for three anti–PD-L1 (aPD-L1) mAbs (atezolizumab, avelumab,
and durvalumab). Our studies uncover insights into the PK and
PD of different aPD-1 and aPD-L1 therapeutics at the tumor and
reveal how such measurements can inform tumor response to
therapy. Moreover, our data support the use of noninvasive PD
measurements for optimizing immune checkpoint therapy and

have important implications for therapeutic mAb dose finding,
therapy response assessment, and drug development.

Results
Synthesis and In Vitro Evaluation of a Hydrophilic PD-L1–specific PET
Imaging Agent. PD-L1 detection using IHC is a guiding tool for
PD-1/PD-L1 therapy (15); however, tools to quantify total PD-L1
levels in all lesions noninvasively have emerged only recently and
are in early clinical evaluation (16, 17). Quantifying PD-L1 dy-
namics presents a different challenge, however, due to the need for
PET imaging agents that provide high-contrast images within the
standard clinical workflow. To address this need, we previously de-
veloped a PD-L1–specific peptide-based imaging agent, [64Cu]WL12,
that detects tumor PD-L1 levels (18). However, [64Cu]WL12 shows
high nonspecific accumulation in several tissues (18, 19). To improve
the imaging properties, we identified a hydrophilic peptide and
generated a radiofluorinated analog using the aluminum fluoride
(AlF) method to facilitate clinical translation.
DK221 is a 14–amino acid human PD-L1–specific cyclic peptide

with three carboxylate groups and a free lysine amine (20). To modify
DK221 for radiolabeling, a bifunctional chelator, NCS-MP-NODA
(2,2′-(7-(4-isothiocyanatobenzyl)-1,4,7-triazonane-1,4-diyl)diacetic
acid), was conjugated to the free lysine amine to generate DK222.
The NODA chelator was used for radiofluorination to produce
[18F]DK222 as well as a nonradioactive analog, [19F]DK222 (Fig. 2A
and SI Appendix, Fig. S1). To characterize the binding affinity of the
peptide analogs to PD-L1, we performed a competitive PD-1:PD-L1
inhibition assay. We observed that peptide analogs inhibit PD-L1
binding to PD-1 in a dose-dependent fashion with half-maximal in-
hibitory concentration (IC50) values of 24.5, 28.2, and 25.4 nM for
DK221, DK222, and [19F]DK222, respectively (Fig. 2B). [18F]
Fluoride radiolabeling of peptides using the AlF method retains
the hydrophilicity of the binding moiety (21). Thus, we synthesized
the radiolabeled analog [18F]DK222 by the AlF method and ob-
served robust radiochemical yields (34.85 ± 1.7%, n = 62) and
moderate specific activity of 284 ± 56 mCi/μmol (10.51 ± 2.07
GBq/μmol, n = 25), and found it to be stable in vitro for 4 h (SI
Appendix, Fig. S2).
To assess the specificity of [18F]DK222 to PD-L1, we performed

cell-binding assays. We selected CHO cells with constitutive human
PD-L1 (hPD-L1) expression (denoted CHO-hPD-L1) and multiple
cancer cell lines of triple-negative breast cancer (TNBC) (MDAMB231
and SUM149) and melanoma (LOX-IMVI, MeWo, and A375) origin.
Radioactivity uptake in cells incubated with [18F]DK222 reflected
the variable levels of surface PD-L1 expression observed by
flow cytometry (Fig. 2 C and D) in the order CHO-hPD-L1 >
LOX-IMVI > MDAMB231 > SUM149. A375, CHO, and MeWo
cells, which expressed low PD-L1 levels, exhibited the least
[18F]DK222 binding. Also, binding studies performed in the pres-
ence of a 1 μM excess of the nonradioactive parent DK221 peptide
showed >90% reduction in radioactivity uptake in PD-L1–positive
cells, validating specificity (P < 0.0001; Fig. 2D). Taken together,
these in vitro results provided evidence that [18F]DK222 specifically
binds PD-L1 and competes with PD-1:PD-L1 interaction.

Evaluation of [18F]DK222 Biodistribution in Mouse Models of TNBC. To
gain insight into the PK and biodistribution of [18F]DK222, we
performed PET imaging studies in immunocompromised NSG
(nonobese, diabetic, severe-combined immunodeficient gamma)
mice harboring PD-L1–positive MDAMB231 xenografts. PET
images acquired at 15, 60, and 120 min after [18F]DK222 injec-
tion showed high radiotracer accumulation in tumors as early as
15 min and provided high-contrast images at 60 to 120 min
(Fig. 3A). Kidneys also showed a high uptake of radioactivity at
all time points investigated. Dramatically reduced uptake of ra-
diotracer was observed in MDAMB231 tumors of mice that re-
ceived a blocking dose of DK221, and in SUM149 tumors, which
express low PD-L1 levels.
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To validate imaging studies and to quantify [18F]DK222 bio-
distribution in normal tissues, we conducted ex vivo measurements
at 5, 30, 60, 120, 240, and 360 min after radiotracer injection (SI
Appendix, Table S1). [18F]DK222 uptake remained consistently

high in tumors for 4 h after injection (Fig. 3B). Time–activity
curves plotted from the biodistribution data (expressed as the
percentage of injected dose per gram of tissue; %ID/g) showed
high accumulation and retention of [18F]DK222 in MDAMB231

Fig. 1. PD measures as a means to understand the pharmacologic behavior of antibodies within the tumor bed. (A) Distinct radiolabeled mAbs binding the
same antigen could exhibit differential drug exposure in different lesions, as they are subjected to heterogeneity in tumor intrinsic and extrinsic factors that
influence mAb PK. Also, it is not practical to assess the effects of drug penetration following a therapeutic dose of a mAb due to the long half-life of mAbs. (B)
Low–molecular-mass imaging agents provide an assessment of baseline target expression in all lesions and often demonstrate better permeability than mAbs.
These agents can be selected for high affinity and tractable PK to fit within the constraints of clinical practice. (C) Low–molecular-mass imaging agents can be
used to gain insights into inter- and intratumoral levels of an accessible target following a therapeutic dose of mAb. Those measurements account for the
effects of tumor intrinsic and extrinsic factors on drug penetration and target occupancy without any interruption to therapy. Created with BioRender.com.
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tumors (Fig. 3C). A steady decrease in radioactivity with time was
observed in blood, muscle, and all other tissues that contributed to
high image contrast (SI Appendix, Table S1). Consistent with PET,
uptake of [18F]DK222 was consistently higher in tumors and
kidneys. The tumor-to-blood and tumor-to-muscle ratios at 60 min
were 4.5 ± 0.2 and 30.0 ± 1.3, respectively. [18F]DK222 uptake in
SUM149 tumors was 88% (P < 0.0001) less than that seen with
MDAMB231 tumors at 60 min. Also, mice receiving a blocking
dose of DK221 showed a 79% reduction in [18F]DK222 uptake
(P < 0.0001; SI Appendix, Table S1). Furthermore, administration
of a range of competing nonradioactive doses of DK221 reduced
uptake in MDAMB231 tumors in a dose-dependent manner, but
not in SUM149 tumors or other tissues (SI Appendix, Fig. S3),
further illustrating the specificity of the interaction. These obser-
vations were confirmed by IHC, which showed strong and weak
PD-L1 expression in MDAMB231 and SUM149 tumors, respec-
tively (Fig. 3D). Based on the high tumor uptake and contrast
observed, we conducted all imaging and biodistribution studies
discussed hereafter at 60 min.

In Vivo Validation of [18F]DK222 Specificity in Melanoma Xenograft
Models. We next sought to validate the PD-L1 specificity of
[18F]DK222 in melanoma models. NSG mice with high–PD-

L1–expressing LOX-IMVI or low–PD-L1–expressing MeWo mela-
noma xenografts were injected with [18F]DK222. High accumulation
of radioactivity was observed in LOX-IMVI tumors in imaging and
biodistribution studies, but not in MeWo tumors or in mice that
received a blocking dose of DK221 (P < 0.0001) (Fig. 4 A and B
and SI Appendix, Fig. S4). Histological analysis further corrob-
orated the PET findings (Fig. 4C).
Overall, in vivo and ex vivo measurements in four different

tumor models validated the specificity of [18F]DK222 for PD-L1,
and demonstrated its potential to quantify variable PD-L1 levels
across different tumor types.

Human Radiation Dosimetry Estimates.Biodistribution data collected
from MDAMB231 tumor-bearing mice were decay-corrected and
used to calculate residence times of human organs. The source
organ time-integrated activity coefficients (residence times), hu-
man organ absorbed doses, human organ absorbed dose per unit
accumulated activity (mGy/MBq), and PK parameters for the
urinary bladder are listed in SI Appendix, Fig. S4 B–D. These
residence times were used as input in OLINDA/EXM to obtain
the absorbed organ dose for 18F and adult reference human female
phantom. The predicted human organ absorbed doses calculated
by this approach are listed in SI Appendix, Table S2. The organs

A B C

D

Fig. 2. Synthesis and in vitro characterization of [18F]DK222. (A) Structure and schema for the preparation of [18F]DK222. (B) Ability of DK221, DK222, and
the nonradioactive [19F]DK222 to inhibit PD-1:PD-L1 interaction was assessed in a protein-based fluorescence resonance energy transfer assay. The IC50 values
are shown in parentheses. Error bars indicate SD (n = 3). (C) Flow cytometry analysis of PD-L1 levels in various cell lines. CHO-hPD-L1 refers to CHO cells stably
transduced with human PD-L1. (D) [18F]DK222 binding to cells with variable PD-L1 expression. Cells were incubated with 1 μCi [18F]DK222 for 30 min at 4 °C in
the presence or absence of 1 μM unmodified peptide (blocking dose) and washed thoroughly, and cell-bound activity was measured. Error bars indicate SD
(n = 3). Significance was determined by unpaired t test.
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receiving the highest dose are the kidneys (3.74E-01 rem/mCi),
followed by the liver (4.91E-02 rem/mCi), adrenals (3.83E-02 rem/mCi),
and lungs (3.80E-02 rem/mCi). Based on a single-dose guideline of
5 rem, 13.4 mCi [18F]DK222 may be safely administered to obtain
PET images.

Quantifying PD Effects of aPD-1 mAbs at the Tumor with [18F]DK222.
The PD-1/PD-L1 pathway represents a cornerstone for combi-
nation immune checkpoint blockade regimens (22). Many such
combination therapies converge on the production of interferon
γ (IFNγ), which is inextricably linked to PD-L1 levels (23). PD-L1
in the TME is indicative of robust cytolytic activity that is
unleashed by the therapeutics targeting PD-1 (23). Reinvigoration
of exhausted T cells can be detected in blood as early as 3 wk in
patients receiving aPD-1 therapeutics. In contrast, the activity of
immune checkpoint blockade therapies at the tumor remains poorly

understood (24), and involves cytolytic activity of immune cells,
IFNγ secretion, and induction of PD-L1 levels in the tumor bed
(25). Thus, we surmised that tumor PD-L1 levels would serve as a
proximal biomarker to measure the PD effects of aPD-1 thera-
peutics. We therefore sought to quantify the changes in tumor PD-
L1 levels induced by different aPD-1 therapeutics using PD-L1 PET,
and to correlate those measures with immunological responses.
First, we assessed the effect of the adaptive immune response

in melanoma cells by assessing changes in PD-L1 levels induced
by IFNγ treatment. LOX-IMVI, A375, and MeWo melanoma cells
treated with IFNγ showed a two- and fourfold increase in cell-
surface PD-L1 levels in LOX-IMVI and A375 cells, respectively,
whereas no differences were observed in MeWo cells (SI Appendix,
Fig. S5A). To quantify the differences in tumor PD-L1 levels as a
measure of adaptive immune response to treatment with different
aPD-1 mAbs, we employed a humanized mouse model known as

A

B C D

Fig. 3. In vivo kinetics of [18F]DK222 in mice bearing TNBC xenografts. NSG mice with human tumor xenografts were injected with 200 μCi (7.4 MBq)
[18F]DK222, and PET-CT images were acquired at different time points. Blocking-dose mice received 50 mg/kg of DK221 30 min prior to radiotracer injection.
(A) PET-CT images of mice acquired at 15, 60, and 120 min. Significant uptake of [18F]DK222 can be seen in high–PD-L1–expressing MDAMB231 tumors but not
in mice receiving a blocking dose or low–PD-L1–expressing SUM149 tumors (n = 3 or 4). (B) Uptake of [18F]DK222 in MDAMB231 and SUM149 tumors from
biodistribution studies (n = 4 or 5). ns, not significant. (C) Time–activity curves derived from biodistribution data (SI Appendix, Table S1). Error bars indicate SD
(n = 4 or 5). (D) IHC staining for PD-L1 in MDAMB231 and SUM149 tumors. Significance was determined by unpaired t test.
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huPBMC, wherein NSG mice are humanized with peripheral blood
mononuclear cells (PBMCs). huPBMC mice bearing A375 mela-
noma xenografts were treated with a single dose of aPD-1 mAbs
(12 mg/kg). One week later, tumor PD-L1 levels were measured by
[18F]DK222 PET and ex vivo counting (SI Appendix, Fig. S5A).
Tumor-bearing huPBMC mice treated with saline and NSG mice
treated with both pembrolizumab and nivolumab served as con-
trols. When assessed for possible differences in PD-L1 levels,
A375 tumors in huPBMC mice showed elevated [18F]DK222 up-
take compared with NSG mice, indicating immune cell–mediated
PD-L1 up-regulation (%ID/g 8.5 vs. 3.9; P = 0.0002; SI Appendix,
Fig. S5B). We also observed increased [18F]DK222 uptake in the
kidneys and spleen of huPBMC mice compared with those of
NSG mice (SI Appendix, Fig. S5C). In contrast, no significant
differences in [18F]DK222 uptake were observed in other tissues.
These results established the potential for [18F]DK222 to distin-
guish tumors with high vs. low PD-L1 levels, and perhaps also
identify tumors that exclude immune cells.
Next, we sought to assess the PD effects of different aPD-1

therapeutics at the tumor site. First, we assessed differences in
tumor PD-L1 levels between treatment groups in huPBMC mice.
Notably, three of six huPBMC mice treated with saline showed
high [18F]DK222 uptake. In contrast, a substantial number of mice
treated with aPD-1 mAbs showed high [18F]DK222 uptake, with
some variability in the tumors (Fig. 5B). Biodistribution studies
showed a 148, 85, and 76% increase in median [18F]DK222 uptake
in mice treated with nivolumab, pembrolizumab, or saline, re-
spectively, compared with NSG mice (Fig. 5C), validating PET
data and revealing differences in therapy-induced PD-L1 levels in
the TME. Analysis of tumor sections from aPD-1 mAb-treated
mice showed increased presence of PD-L1 and CD3, consistent
with the observed increase in [18F]DK222 uptake (Fig. 5D and SI
Appendix, Fig. S5D). Taken together, these results indicate that
different PD-1 therapeutics exert differing PD effects at the tumor,
which can be measured based on changes in tumor PD-L1 levels.
To validate that the observed [18F]DK222 uptake is indeed

PD-L1–specific, we extracted tumors from mice and performed
flow cytometry analysis to quantify PD-L1 levels. We observed
increased [18F]DK222 uptake and total PD-L1 levels in aPD-1
treatment groups, which is supported by increased accumulation
of CD45+CD8+ immune cells in tumors (Fig. 5 E–G and SI

Appendix, Fig. S5 E and F). We noted a strong correlation be-
tween [18F]DK222 uptake and both total PD-L1 levels in the
tumors (R2 = 0.80; P < 0.0001; Fig. 5H) and tumor cell–specific
PD-L1 levels (R2 = 0.71; P < 0.0001; SI Appendix, Fig. S5G). In
contrast, correlation between [18F]DK222 uptake and immune
cell–specific PD-L1 levels was lower, perhaps due to the small
contribution from immune cell PD-L1 levels to the total PD-L1
levels in the TME in this model (R2 = 0.57; P < 0.0001; SI Ap-
pendix, Fig. S5H). [18F]DK222 uptake in the spleen did not
correlate with PD-L1 levels (SI Appendix, Fig. S5I). These data
establish that [18F]DK222 PET can be used to quantify PD-L1
dynamics induced by aPD-1 treatments.
Next, to test the hypothesis that [18F]DK222 uptake can be

used to quantify differential effects of aPD-1 mAbs in the tumor
bed, we used the fixed-effects statistical analysis model to quantify
heterogeneity in induced PD-L1 levels in the tumor bed. In the
fixed-effects model, both fixed aPD-1 mAbs are treated as specific
choices to be compared against one another. Thus, we set out to
answer the following question: Does nivolumab or pembrolizumab
treatment induce PD-L1 more effectively over time at a given dose?
Each aPD-1 mAb was compared against saline, and the results are
tabulated in SI Appendix, Fig. S5J. We observed subtle but not
statistically significant differences in induced PD-L1 levels between
nivolumab and pembrolizumab when these agents were adminis-
tered at same dose, with nivolumab treatment resulting in greater
PD-L1 expression in this model system. Taken together, our data
demonstrate that [18F]DK222 measurements in the tumor bed can
be used to compare the PD effects of different aPD-1 mAbs early
on in the course of treatment.

Quantifying Accessible Tumor PD-L1 Levels During aPD-L1 Treatment.
To quantify accessible PD-L1 levels using [18F]DK222, first, we
studied the interaction of the peptide analogs and aPD-L1 mAbs
with recombinant PD-L1 using biolayer interferometry. We found
that the PD-L1–peptide affinity, while stronger than the PD-
1:PD-L1 affinity, is at least 100-fold weaker than PD-L1–aPD-L1
mAb affinity for all three anti–PD-L1 mAbs (Fig. 6A and SI Ap-
pendix, Fig. S6 A and B). This suggests that [18F]DK222 will not
interfere with anti–PD-L1 therapy at the tracer concentrations
used (low nanomolar). Indeed, MDAMB231 and LOX-IMVI cells
incubated with 1 μCi [18F]DK222 in the presence or absence of

A B C

Fig. 4. [18F]DK222 PET in mice with human melanoma xenografts shows high-contrast images at 60 min. NSG mice with human melanoma xenografts were
injected with ∼200 μCi (7.4 MBq) [18F]DK222 for PET imaging studies or 50 μCi (1.85 MBq) [18F]DK222 for biodistribution studies. Analyses were conducted at
60 min after injection. (A) Whole-body volume rendered PET-CT images show high and specific uptake of [18F]DK222 in LOX-IMVI tumors that express high
PD-L1 but not in mice receiving a blocking dose or bearing low–PD-L1–expressing MeWo tumors (n = 3 or 4). (B) Tumor uptake of [18F]DK222 at 60 min, as
measured by ex vivo biodistribution studies (n = 5). Error bars indicate SD (n = 4 or 5). Significance was determined by unpaired t test. (C) IHC staining for PD-
L1 in LOX-IMVI and MeWo tumors. P values were determined by unpaired t test.
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60 nM PD-L1 mAb exhibited a >65% reduction in uptake (P <
0.0001), indicating that cell-membrane PD-L1 levels were occupied
by mAbs (Fig. 6B). These data demonstrate that [18F]DK222 has
the potential to quantify accessible PD-L1 levels in vivo, enabling
real-time measurement of PD-L1 occupancy during treatment.
To confirm these in vitro observations in vivo, NSG mice with

LOX-IMVI tumors were treated for 24 h with a single dose of 0.3
or 20 mg/kg of atezolizumab or saline as control. [18F]DK222
PET images showed a high accumulation of radioactivity in the
tumors of saline-treated control mice. In contrast, signal intensity
in tumors was drastically reduced in mice receiving 20 mg/kg of
mAb (Fig. 6 C and D). Importantly, there was also a modest
reduction in signal intensity in the 0.3 mg/kg dose group. Ex vivo
analyses showed 89 (P < 0.0001) and 32% (P < 0.01) reduction in
[18F]DK222 uptake in tumors in mice treated with 20 and 0.3 mg/kg

of atezolizumab, respectively, compared with saline-treated mice,
suggestive of differences in accessible PD-L1 levels in the tumors
across treatment groups (Fig. 6E and SI Appendix, Fig. S6C).
To further establish the sensitivity of [18F]DK222 PET to

quantify therapy-induced changes in accessible PD-L1 levels in
the TME, we studied the effects of collagenase treatment on PD-L1
target engagement by atezolizumab. Intratumoral or intravenous
preadministration of collagenase has been shown to increase the
distribution of macromolecules and viral vectors within tumors
(26, 27). Mice bearing LOX-IMVI tumors that received collagenase
(0.1%, 100 μL) + atezolizumab (3 mg/kg) showed significantly
decreased tumor uptake of [18F]DK222 (P = 0.0237) compared
with mice that received saline + atezolizumab (Fig. 6D). Minimal
differences were observed in other tissues for mice treated with
atezolizumab in the absence or presence of collagenase (SI Appendix,
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Fig. 5. [18F]DK222 uptake correlates with total PD-L1 levels in tumors induced by different aPD-1 therapeutics. (A) Experimental schematic. huPBMC mice
with A375 melanoma tumors were treated with a single dose of 12 mg/kg of nivolumab, pembrolizumab, or saline for 7 d. On day 8, mice underwent imaging
studies at 60 min after [18F]DK222 injection. The next day, biodistribution studies were carried out and the collected tumors were used to characterize
immune responses. Data are pooled from two experiments. (B) PET-CT images of nivolumab- or pembrolizumab-treated mice show increased [18F]DK222
uptake in the tumors (n = 4). (C) [18F]DK222 uptake in tumors quantified by biodistribution studies (n = 8 to 13). Significance was determined by one-way
ANOVA using Tukey’s multiple-comparisons test. (D) IHC analysis of tumor sections from imaging mice shows increased immunoreactivity for PD-L1 and CD3 in
nivolumab- and pembrolizumab-treated mice compared with saline-treated controls and NSG mice. H&E, hematoxylin and eosin. (E) Flow cytometry plots
showing CD45+ cells and total PD-L1 levels in representative mice (n = 4 to 8). (F and G) Flow cytometry analysis of the percentage of PD-L1+ cells (tumor and
immune cells) (F) and percentage of CD45+ cells (G) (n = 4 to 7). (H) Correlation between [18F]DK222 uptake from bioactivity assays and PD-L1+ cell percentage
from flow cytometry analysis. Simple linear regression and Pearson coefficient are used. Additional statistical analyses are provided in SI Appendix, Fig. S5J.
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Fig. S6 E and F). These data indicate an enhanced PD-L1 engage-
ment by atezolizumab when given in combination with collagenase.
Taken together, these in vitro and in vivo results demonstrate

the potential of [18F]DK222 PET to measure accessible tumor
PD-L1 levels in real time and determine the extent to which le-
sions are saturated by drug treatment under various administration
conditions.

Accessible Tumor PD-L1 Levels Provide Insights into PK and PD Effects
of aPD-L1 mAbs within the Tumor Bed. The effectiveness of different
mAbs targeting PD-L1 in the TME may be heterogeneous be-
cause of differing PK and PD properties, which remain unchar-
acterized. [18F]DK222 can bind accessible PD-L1, and thus [18F]
DK222 PET signal shows the extent to which PD-L1 remains
unoccupied; the lower the signal, the better the PD-L1 mAb tar-
geting efficiency. Insights gained into PK and PD of mAbs during
a trial round of immunotherapy could further guide the choice of
mAb for treatment.
We therefore sought to evaluate the potential of [18F]DK222

to detect the heterogeneity in binding of different mAbs, and
thus establish whether it can be used to guide the choice between
the multiple mAbs available for treatment. For this experiment,
we compared three aPD-L1 mAbs, atezolizumab, avelumab, and
durvalumab (12), and nivolumab was used as an a priori negative
control. Separate groups of animals were injected with a single
1 mg/kg dose of mAb and, after either 24 or 96 h, each group was
injected with [18F]DK222 for PET or ex vivo analysis of acces-
sible PD-L1 (Fig. 7A). The experiment was performed in two
different tumor models, LOX-IMVI and MDAMB231.
PET images of LOX-IMVI tumor-bearing mice at the 24-h

time point showed a significant reduction in tumor uptake of

[18F]DK222 in all groups treated with aPD-L1 mAbs, indicative
of successful PD-L1 blockade. In contrast, [18F]DK222 uptake in
nivolumab-treated control animals was similar to that of saline-
treated mice. A significant rebound in tumor uptake of [18F]DK222
was observed at 96 h in mice treated with avelumab and to a lesser
extent atezolizumab, but not in mice treated with durvalumab
(Fig. 7B). No differences in tumor uptake of [18F]DK222 at 24 vs.
96 h were observed for nivolumab-treated mice, suggesting that
[18F]DK222 uptake is dependent on changes in aPD-L1 mAb
occupancy.
To test the hypothesis that [18F]DK222 uptake can be used to

quantify the PD and PK properties of aPD-L1 mAbs in the tu-
mor bed, we used two different statistical analysis strategies to
quantify the heterogeneity of therapeutic mAb binding. First, in
the random-effects model, the three mAbs were considered a
random sampling of the various mAbs available. This analysis was
designed to answer the following question: How much of the
variance in the [18F]DK222 signal can be explained by 1) the fact
that different mAbs are being used, or 2) the possibility that these
mAbs may each have different kinetics between 24 and 96 h? To
answer this question, the three aPD-L1 mAbs were selected as
random effects, and aPD-L1 mAbs vs. inactive mAb (nivolumab),
time points, and the overall difference of active treatments be-
tween time points were selected as the fixed effects. The random
and fixed effects are jointly estimated in a mixed linear regression
model and the measure of heterogeneity is defined by the intra-
class correlation coefficient (ICC). The ICC can range between
0 and 1, wherein 1 represents the greatest possible variation of PK
and PD among the aPD-L1 mAbs. The ICC of the random PD-only
effect model in LOX-IMVI tumors is 0.23 (vs. no random effects,
P = 8.9 × 10−5), indicating that 23% of variance in [18F]DK222
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min, followed by a single dose of atezolizumab for 24 h (3 mg/kg). Ex vivo biodistribution studies were carried out at 60 min after [18F]DK222 injection (n = 11 or
12), revealing that collagenase treatment induced a significant reduction in [18F]DK222 uptake. Significance was determined by unpaired t test.
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signal (%ID/g) comes from differences in PD-L1 occupancy. The
ICC of the random PK–PD effect model is 0.36 (vs. no random
effects, P = 3 × 10−6; vs. random PD model, P = 0.0014), indi-
cating that 36% of the variance in the [18F]DK222 %ID/g comes
from the divergent PK and PD properties of different mAbs in
the tumor bed. Similarly, in the MDAMB231 tumor model, the
ICC of the random PD-only effect model is 0.54 (vs. no random
effects, P = 0). The ICC of the random PK–PD effect model is
0.77 (vs. no random effects, P = 0; vs. random PD model, P = 0),
indicating that 77% of the variance in the MDAMB231 %ID/g
comes from the divergent PK and PD properties of different
mAbs in the tumor bed.
The second model employed was the fixed-effects model,

wherein each of the three fixed aPD-L1 mAbs was thought of as
a specific choice to be compared against each other. We set out
to answer the following question: Which of atezolizumab, ave-
lumab, and durvalumab specifically engages PD-L1 more effec-
tively over time? To answer this question, each aPD-L1 mAb

(specific saturation PD), each time point (overall PK, 24 and 96 h),
and each mAb*time combination (mAb-specific PK) was consid-
ered as a fixed effect, and were estimated together in an ordinary
linear regression model. The results of this analysis are given as 1)
the difference in accessible PD-L1 levels (%ID/g) for each of the
PD-L1 mAbs at 24 h vs. nivolumab, and 2) the difference in ac-
cessible PD-L1 levels at 96 vs. 24 h for mice treated with an aPD-
L1 mAb as compared with 96- vs. 24-h accessible PD-L1–level
differences in mice treated with nivolumab.
[18F]DK222 uptake in LOX-IMVI tumors and tissues of mice

treated with different mAbs and at 24 and 96 h is shown in Fig. 7C,
and mean tumor %ID/g of different mAbs at both time points is
tabulated in SI Appendix, Fig. S7A. The mean LOX-IMVI tumor
[18F]DK222 %ID/g for nivolumab-treated control mice was simi-
lar to that of saline control–treated mice, and uptake changed very
little between 24 and 96 h. In contrast, all PD-L1 mAbs showed
significantly lower mean tumor%ID/g and accessible PD-L1 levels
than nivolumab at the 24-h time point. The accessible PD-L1
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Fig. 7. Pharmacologic activity of different aPD-L1 therapeutics quantified at the tumor using [18F]DK222 PET. (A) Experimental schematic. NSG mice were
treated with atezolizumab, avelumab, or durvalumab (1 mg/kg) for 24 and 96 h prior to [18F]DK222 injection. Nivolumab (1 mg/kg) and saline were used as
controls. Imaging and biodistribution studies were carried out at 60 min after [18F]DK222 injection. Data are pooled from two independent experiments. (B)
PET-CT images of [18F]DK222 uptake in LOX-IMVI tumors in mice treated with 1 mg/kg of mAbs for 24 and 96 h capturing differing PD-L1 occupancy and PK at
the tumor site (n = 3). (C and D) [18F]DK222 uptake in tumors quantified by biodistribution in LOX-IMVI (C; n = 8 to 19) and MDAMB231 (D; n = 7 to 18) tumor-
bearing mice. (E) Median PD-L1 occupancy in LOX-IMVI and MDAMB231 tumors treated with aPD-L1 mAbs relative to mice treated with nivolumab for 24 h.
(F) Biophysical, molecular, and PK properties of aPD-L1 mAbs. pI and charge values are from ref. 44. (G and H) Tumor growth curves of MC38-hPD-L1 tumors
from mice administered a single dose of atezolizumab or avelumab treatment (10 mg/kg, n = 5 to 8) 5 d after tumor inoculation. Tumor volumes are
normalized to pretreatment volume (V0) and median growth curves are shown as thick lines. Vt/V0 measurements on day 15 are provided (H). Statistical
significance was determined by one-way ANOVA using uncorrected Fisher’s least significant difference test.
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levels at 96-h posttreatment were 60 and 80% higher in the
atezolizumab and avelumab groups, respectively, compared
with those observed at 24 h posttreatment (P < 0.001). However,
accessible PD-L1 levels for durvalumab were reduced by 70% or
more, and were similar at 96 vs. 24 h, suggesting a longer-term
blockade of PD-L1 by durvalumab. These observations were cor-
roborated in an MDAMB231 xenograft model (Fig. 7D). Tables
comparing median PD-L1 occupancy levels and mean tumor%ID/g
of different mAbs at the 24- and 96-h time points are shown in
Fig. 7E and SI Appendix, Fig. S7B, respectively. These results motivate
the use of our approach to elucidate nuances of the kinetics and
temporal behavior of mAbs in the tumor bed.
In sum, the random- and fixed-effects statistical analyses re-

veal that aPD-L1 mAbs have differential PK and PD in the tu-
mor bed, and that these differences influence accessible PD-L1
levels over time. Furthermore, these results clearly demonstrate
the potential of PET to quantify accessible target levels in order
to gain real-time insights into the pharmacological activity of
mAbs at the tumor site.
Having elucidated the differential in PK and PD properties of

various aPD-L1 mAbs within the TME, we sought to define the
factors contributing to these observed differences. Many factors
contribute to the complex plasma and intratumoral PK/PD of mAbs,
including nonspecific neonatal Fc receptor (FcRn)–dependent
clearance mechanisms, target-mediated clearance mechanisms
(target-mediated drug disposition; TMDD), mAb affinity and PK,
and high tumor interstitial pressure (2, 7). Biophysical and struc-
tural features of aPD-L1 mAbs (summarized in Fig. 7F) indicate
that, despite both having ablated Fcγ receptor (FcγR) binding and
possessing similar half-lives, atezolizumab and durvalumab exhibit
different PK and PD properties in the tumor bed (Fig. 7 B–D).
This observation suggests that differences in FcγR binding (and
consequent differences in antibody-dependent cellular cytotoxicity
and antibody-dependent cellular phagocytosis) do not account for
discrepancies in PK and PD parameters at the tumor site. mAb
interaction with FcRn is known to prolong the serum half-life of
mAbs (28). All three mAbs bind FcRn (29). However, whereas
atezolizumab and durvalumab exhibit long half-lives (27 and 18 d,
respectively) (30), avelumab exhibits a short half-life (∼6 d) (30),
indicating that differential FcRn interactions are not responsible
for differences in serum persistence. Instead, the short half-life of
avelumab has been attributed to its high isoelectric point (pI) (31).
Taken together, this existing evidence suggests that FcRn inter-
actions are not the primary cause for the observed differences in
PK and PD.
Interestingly, mAbs with high pI are anticipated to have in-

creased clearance, as well as increased tissue and tumor distri-
bution (32). Although its high pI explains the short half-life of
avelumab, high levels of accessible PD-L1 (and with high vari-
ance) in the tumors of avelumab-treated mice indicate that ei-
ther avelumab penetrates poorly or clears from the tumor rapidly
compared with atezolizumab and durvalumab (Fig. 7 C–E). In
fact, treatment with the mAb that has the lowest pI, durvalumab,
resulted in the lowest levels of accessible PD-L1 levels by 96 h
and with the least variance, demonstrating stronger target en-
gagement. These observations suggest that differences in charge
and pI of mAbs impact intratumoral target engagement of
mAbs; however, these differences do not by themselves fully
explain the divergent PK and PD properties observed for the
three aPD-L1 mAbs.
TMDD, a phenomenon mediated by antigen–mAb interac-

tion, is known to play an important role in mAb clearance. All
three aPD-L1 mAbs studied are known to exhibit TMDD (29).
Multiple factors including binding affinity, mAb dosing, PD-L1
density, and PD-L1 turnover and internalization rates affect the
extent and depth of TMDD (7). Among these factors, binding
affinities of the mAbs are distinctive, whereas mAb dosing, PD-L1
density, and PD-L1 turnover and internalization rates are fixed,

suggesting that affinity properties partially govern the intratumoral
PK and PD behavior of mAbs (SI Appendix, Fig. S7 C and D).
Collectively, these data indicate that charge, pI, affinity, and PK

properties are major determinants of the observed intratumoral
PK and PD differences for the three aPD-L1 mAbs investigated in
this study.
To test whether differences in PK and PD within the tumor bed

correlate with the efficacy of treatment, C57BL/6 mice bearing
syngeneic MC38 colon tumors stably expressing human PD-L1
(MC38-hPD-L1) were treated with saline control or with a sin-
gle dose of either atezolizumab or avelumab and tumor growth
was monitored (SI Appendix, Fig. S7F). Cross-reactivity of atezo-
lizumab and avelumab with human and murine PD-L1 allowed for
their use in this model (33, 34). Note that [18F]DK222 selectively
binds human PD-L1. [18F]DK222 PET images of those mice ac-
quired at 120 h following mAb treatment showed higher accessible
hPD-L1 levels in avelumab-treated mice (2/2) compared with
atezolizumab-treated (1/2) mice (SI Appendix, Fig. S7G). Both the
atezolizumab and avelumab treatment groups exhibited delayed
tumor growth and a reduction in tumor volume compared with the
saline control group. Although not statistically significant at the
tested dose, median tumor growth curves showed greater tumor
inhibition in the atezolizumab compared with the avelumab
treatment group (Fig. 7 G and H), consistent with the superior
PD-L1 blockade in the tumor bed for atezolizumab vs. avelu-
mab. Taken together, these data reveal that differential mAb
PK–PD properties within tumors have implications for efficacy
of the treatment.

Discussion
Here, using PET, we demonstrate that measurements of acces-
sible target levels in tumors can provide insights into PK and PD
of mAbs directly within the tumor bed. To make those mea-
surements, we first developed a highly specific 18F-labeled
PET imaging agent for PD-L1, [18F]DK222, and evaluated its
specificity, biodistribution, and human radiation dose estimates.
[18F]DK222 enabled quantification of the dynamic changes in
PD-L1 levels in the tumor bed, and also allowed in vivo assessment
and comparison of the PD effects of different aPD-1 mAbs at the
tumor. In addition, our approach allowed us to delineate the dif-
ferential effects of various aPD-L1 mAbs on PD-L1 occupancy
within tumors, and to relate target engagement to efficacy of treat-
ment. With a growing number of immunooncology clinical trials and
a shrinking number of patients per clinical trial, such noninvasive PD
measures could form a bridge between preclinical experiments and
clinical studies, and assist in drug development, effective dose de-
termination, and therapy optimization. Our approach captured and
quantified the contributions of mAb properties, peculiarities of
tissue and tumor characteristics, and other individual variables
into a single noninvasive quantitative parameter measured as the
accessible target level. Since these PD measures are agnostic to
disease type, location, and treatment, they enable the application
of this approach in a broad range of cancers. Moreover, our ver-
satile strategy is generalizable to any aPD-1/aPD-L1 mAb, and our
work provides a roadmap for developing similar reagents to
characterize other targeted molecular therapeutics.
Parameters that are often used to define drug behavior, such

as volume of distribution, half-life, and clearance, provide important
information on the in vivo drug disposition and for devising logical
therapeutic regimens (30); however, these parameters fail to inform
drug accessibility for targeted tumor cells. Tumor penetration of
large therapeutics such as mAbs is complex, slow, and passive, and it
hinges on their ability to navigate the tumor interstitium (35). mAbs
conjugated with radionuclides are routinely used to gain insights
into their biodistribution and target expression, and nearly 26 such
agents are currently in clinical trials (9). For example, recent studies
with Zr-89–labeled atezolizumab have highlighted the potential of
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PET to quantify intra- and intertumoral heterogeneity in PD-L1
expression (16).
Despite these advances, there remains a need for imaging

agents that provide high-contrast images and also are compati-
ble with a standard clinical workflow. Here we show that the
[18F]DK222 peptide exhibits PK and biodistribution features that
are distinct from those of reported PD-L1 imaging agents (16, 33, 34,
36–39). Moreover, [18F]DK222 possesses all the salient features re-
quired for routine clinical use, including high affinity and specificity
for PD-L1 levels, and high image contrast at 60 min.
Radiolabeled mAb accumulation in tumors could be indicative

of tumor response to therapy. In a previously reported study,
[89Zr]atezolizumab signal in the tumors acquired after multiple days
of radiotracer injection was found to be a better predictor of
tumor response to atezolizumab therapy than IHC and RNA
sequencing–based predictive biomarkers (16). While these results
provide important evidence to support the use of a radiolabeled
mAb to monitor mAb distribution, [89Zr]mAb imaging is im-
practical for head-to-head comparisons between mAb therapeu-
tics, or to gain deeper insights into their distribution and activity at
the tumor (12). As we show here, radiopharmaceuticals with high
affinity and faster PK, such as [18F]DK222, can be useful beyond
baseline PD-L1–level quantification and for therapy guidance. Such
measurements have the potential to evaluate in situ pharmacologic
activity of different aPD-L1 mAbs, as shown by the prolonged target
engagement that we observed for durvalumab compared with other
aPD-L1 mAbs in our preclinical models.
Importantly, these PD measures, as captured by mixed-effects

statistical analyses, encapsulate multiple factors that influence
mAb concentrations, including PD-L1 surface expression levels
and turnover, complex serum and tumor kinetics (or fate) of mAbs
at the tumor, and tumor-intrinsic parameters such as high interstitial
pressure and poor vascularity, which impede mAb penetration and
accumulation. Our method proved capable of measuring distinct
PK characteristics of three mAbs (atezolizumab, avelumab, and
durvalumab) and the tumor residence kinetics of these mAbs do
not mirror circulating half-life profiles but reflect a combination
of factors including mAb charge, pI, and affinity for PD-L1 (40).
Moreover, implementation of our approach in the absence or
presence of collagenase illustrated the sensitivity of our technique,
and revealed its capacity to report on changes in drug penetration
and distribution.
The approach and findings of the current study have significant

implications for accelerating drug development and evaluation
and improving treatments. Predictive computational models are
routinely used in clinical development for optimizing mAb dosing
and selecting appropriate therapies (41), but personalized cancer
treatment based on preclinical mechanistic models can often be
misleading due to lack of translatability to humans. The nonin-
vasive measurements shown here, if applied to patients, could help
bridge the gap between predictive models and human therapy.
Additionally, the rapid emergence of next-generation mAb ther-
apeutics, such as probodies that are specifically activated in the
TME (42) and multispecific mAb conjugates that enable higher-
avidity binding by allowing simultaneous binding to multiple tar-
gets (43), introduces a multitude of compounds that are likely to
exhibit PK properties that diverge from traditional in silico mod-
els. These novel therapeutics will thus require new approaches
such as in situ measurement of PD effects, which take into account
their pharmacological activity at the site of the tumor.
Our “target-centric” rather than “drug-centric” approach is

particularly effective for evaluating cumulative effects of drug
penetration and target-specific retention of mAbs in tumors, in-
dependent of their biophysical characteristics. We have shown that
quantitative PD of the target can be used as a common denominator
for the evaluation of pharmacologic activity of various mAbs targeting
different proteins (PD-L1 and PD-1), which is a key step toward
integrating experimental PD data into mathematical models. One

could enhance the predictive power of in silico models by inte-
grating tumor PD data, prior drug information, and data from pa-
tients to optimize the mAb dose needed to maximize therapeutic
response. As development and use of mAbs and biosimilars grow,
applying our target-centric approach could facilitate selection of
drugs with the desired tumor penetration and targeting proper-
ties, and their optimized dosing to reduce therapeutic resistance.
Furthermore, use of our tools for quantification of PK and PD
features at the tumor site could advance the design of person-
alized therapies tailored to the unique properties of each patient.
Overall, our approach empowers the molecular understanding of
drug activity at the site of disease, which can transform cancer
therapeutic development.

Materials and Methods
Chemicals. DK221 was custom-synthesized by CPC Scientific with >95% purity.
NCS-MP-NODA was purchased from CheMatech Macrocycle Design Technol-
ogies (C110). All other chemicals were purchased from Sigma-Aldrich or Fisher
Scientific.

Cell-Culture Reagents and Antibodies. All cell-culture reagents were purchased
from Invitrogen. The aPD-L1 mAbs (atezolizumab, avelumab, and durvalumab)
and aPD-1 mAbs (nivolumab and pembrolizumab) were purchased from the
Johns Hopkins School of Medicine Pharmacy.

Synthesis of DK222. DK221 is a 14–amino acid cyclic peptide with the sequence
cyclo-(-Ac-Tyr-NMeAla-Asn-Pro-His-Glu-Hyp-Trp-Ser-Trp(carboxymethyl)-NMeNle-
NMeNle-Lys-Cys-)-Gly-NH2. It was previously reported as peptide 6297 (20). The
NODA-conjugated analog of DK221 (cyclo-(-Ac-Tyr-NMeAla-Asn-Pro-His-
Glu-Hyp-Trp-Ser-Trp(carboxymethyl)-NMeNle-NMeNle-Lys(NODA_NCS[18F]AlF)-
Cys-)-Gly-NH2) was prepared as described in SI Appendix,Methods and referred
to as DK222. The purified DK222 was characterized by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Calculated [M+H]+:
2349.68; observed: 2349.06 (SI Appendix, Figs. S1 and S2).

[18F]DK222 Radiopharmaceutical Preparation. The [18F]fluoride (noncarrier
added) received from the Johns Hopkins University PET Center cyclotron was
trapped on a preconditioned Chromafix 30-PS-HCO3 cartridge. The cartridge
was subsequently washed with metal-free water (5 mL). 18F was eluted from
the cartridge with 100 μL of 0.4 M KHCO3. The pH of the solution was ad-
justed to ∼4.0 with 10 μL of metal-free glacial acetic acid, followed by the
addition of 20 μL of 2 mM AlCl3.6H2O in 0.1 M sodium acetate buffer (pH 4).
The resulting solution was incubated at room temperature for 2 to 4 min to
form an Al18F complex. The precursor DK222 (∼100 μg, 42 nmol) was dissolved
in 300 μL of a 2:1 solution of acetonitrile and NaOAc (0.1 M, pH 4.0) and then
added to the vial containing Al18F. The resulting reaction mixture was heated
at 110 °C for 15 min. Then, the reaction vial was cooled to room temperature
and diluted with 400 μL deionized water. The obtained aqueous solution
containing the radiolabeled product was purified on a reversed-phase high-
performance liquid chromatography (RP-HPLC) system (Varian ProStar) with
a 1260 Infinity photodiode array detector (Agilent Technologies). A semi-
preparative C-18 Luna column (5 mm, 10 × 250 mm; Phenomenex) was used
with a gradient elution starting with 50% methanol (0.1% trifluoroacetic
acid; TFA) and reaching 90% methanol in 30 min at a flow rate of 5 mL/min
with water (0.1% TFA) as cosolvent. The radiolabeled product, [18F]DK222,
eluting at a retention time of ∼16.2 min, was collected, evaporated under
high vacuum, formulated with saline containing 10% EtOH, sterile-filtered,
and used for in vitro and in vivo evaluation. The radiochemical purity,
chemical identity, and in vitro stability HPLC chromatograms are shown in
SI Appendix, Fig. S2.

Cell Culture. Seven cell lines were used for in vitro and in vivo evaluation:
MDAMB231 and SUM149 (TNBC), LOX-IMVI, MeWo, and A375 (melanoma),
CHO, and CHO cells constitutively expressing PD-L1 (hPD-L1).

Cell lines and cell-culture conditions, PD-L1 protein expression, binding
studies using biolayer interferometry, detection of PD-L1 expression by flow
cytometry, and in vitro binding assays with [18F]DK222 are described in
SI Appendix, Methods.

In Vivo Studies. All mouse studies were conducted under Johns Hopkins Uni-
versity Animal Care and Use Committee–approved protocols. Xenografts were
established in 5- to 6-wk-old, male or female, NSG mice obtained from the Johns
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Hopkins University Immune Compromised Animal Core. huPBMC mice were
purchased from The Jackson Laboratory and used for experiments as is.

Xenograft Models. Mice were implanted in the rostral end with MDAMB231
(2 × 106, orthotopic), SUM149 (5 × 106, orthotopic), LOX-IMVI (5 × 106, in-
tradermal), MeWo (5 × 106, intradermal), or A375 (2 × 106, intradermal) cells.
Cells were inoculated in opposite flanks if two cell lines were used, with the
cell line expressing high PD-L1 on the right side of the mouse. Mice with
tumor volumes of 200 to 400 mm3 were used for treatment, imaging, or
biodistribution experiments.

PET–Computed Tomography Imaging of Mouse Xenografts. To determine the
in vivo distribution and pharmacokinetics of [18F]DK222, we acquired PET
images at multiple time points. Mice with MDAMB231 tumors were injected
with ∼200 μCi (7.4 MBq) of [18F]DK222 in 200 μL of saline intravenously (n = 3)
and anesthetized under 3% isoflurane prior to being placed on the scanner. PET
images were acquired at 15, 60, and 120 min or at 60 min only after radiotracer
injection in two bed positions at 5 min per bed in an ARGUS small-animal PET-CT
(computed tomography) scanner (Sedecal) as described. A CT scan (512 projec-
tions) was performed at the end of each PET scan for anatomical coregistration.

PET imaging, ex vivo biodistribution, and flow cytometry analysis of tumor
component details are described in SI Appendix, Methods.

aPD-1 and aPD-L1 mAb Dosing Studies. See SI Appendix, Supplementary
Methods.

Data Analysis. Statistical analyses were performed using Prism 8 software
(GraphPad Software). Unpaired Student’s t test and one- or two-way ANOVA
were utilized for column, multiple-column, and grouped analyses, respectively. P
values < 0.05 were considered statistically significant. Statistical methods for
analyzing mAb activity in the tumor bed are described in SI Appendix, Methods.

Data Availability. All study data are included in the article and/or SI Appendix.
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