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Zr-pembrolizumab imaging as a non-invasive approach to assess clinical
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Background: Programmed cell death protein 1 (PD-1) antibody treatment is standard of care for melanoma and non-
small-cell lung cancer (NSCLC). Accurately predicting which patients will benefit is currently not possible. Tumor uptake
and biodistribution of the PD-1 antibody might play a role. Therefore, we carried out a positron emission tomography
(PET) imaging study with zirconium-89 (89Zr)-labeled pembrolizumab before PD-1 antibody treatment.
Patients and methods: Patients with advanced or metastatic melanoma or NSCLC received 37 MBq (1 mCi) 89Zr-
pembrolizumab (w2.5 mg antibody) intravenously plus 2.5 or 7.5 mg unlabeled pembrolizumab. After that, up to
three PET scans were carried out on days 2, 4, and 7. Next, PD-1 antibody treatment was initiated. 89Zr-
pembrolizumab tumor uptake was calculated as maximum standardized uptake value (SUVmax) and expressed as
geometric mean. Normal organ uptake was calculated as SUVmean and expressed as a mean. Tumor response was
assessed according to (i)RECIST v1.1.
Results: Eighteen patients, 11 with melanoma and 7 with NSCLC, were included. The optimal dose was 5 mg
pembrolizumab, and the optimal time point for PET scanning was day 7. The tumor SUVmax did not differ between
melanoma and NSCLC (4.9 and 6.5, P ¼ 0.49). Tumor 89Zr-pembrolizumab uptake correlated with tumor response
(P trend ¼ 0.014) and progression-free (P ¼ 0.0025) and overall survival (P ¼ 0.026). 89Zr-pembrolizumab uptake at
5 mg was highest in the spleen with a mean SUVmean of 5.8 (standard deviation �1.8). There was also
89Zr-pembrolizumab uptake in Waldeyer’s ring, in normal lymph nodes, and at sites of inflammation.
Conclusion: 89Zr-pembrolizumab uptake in tumor lesions correlated with treatment response and patient survival. 89Zr-
pembrolizumab also showed uptake in lymphoid tissues and at sites of inflammation.
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INTRODUCTION

Immune checkpoint blockade with monoclonal antibodies
targeting programmed cell death protein 1 (PD-1), such as
pembrolizumab, is a standard of care for numerous tumor
types, including melanoma and non-small-cell lung cancer
(NSCLC).1,2 However, only a subset of treated patients
respond to this therapy, while all patients are at risk for
treatment-induced side-effects.3 Immunohistochemical
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programmed death-ligand 1 (PD-L1) expression in the tu-
mor is a predictive biomarker for patients with NSCLC.4

However, not all patients with high tumor PD-L1 expres-
sion respond to PD-1 blockade.5,6 Moreover, patients lack-
ing immunohistochemical tumor PD-L1 expression can still
experience treatment benefit from PD-1 blockade. The Food
and Drug Administration also approved pembrolizumab for
adults and children with tumor mutational burden-high
solid tumors.7 However, again, not all patients with such a
high mutational burden will respond. For melanoma, no
approved companion diagnostic for patient selection is
available.

There are likely multiple factors involved in tumor
response to PD-1 antibodies, including PD-1 expression by
tumor-infiltrating T cells and the amount of PD-1 antibody
reaching its target. Molecular imaging using a radiolabeled
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antibody and positron emission tomography (PET) can
provide insight into these aspects by giving non-invasive
whole-body information.

The impact of PD-1 differs between tumor types. CD8
and PD-1 RNA expression by tumor-infiltrating T cells
appear to be better determinants of response to immune
checkpoint inhibitors in patients with melanoma than in
patients with NSCLC.8 Therefore, it is interesting to explore
whether the uptake of PD-1 antibody varies between tumor
types. Moreover, imaging with a PD-1 antibody will provide
information about its biodistribution and uptake by the
immune system, which is currently unknown.

Therefore, we carried out a study with zirconium-89
(89Zr)-pembrolizumab in patients with locally advanced or
metastatic melanoma and NSCLC. The aim was to assess
89Zr-pembrolizumab tumor uptake and whole-body bio-
distribution before treatment with a PD-1 antibody and
explore its relationship with patient outcome.
PATIENTS AND METHODS

Patient population

Patients with histologically or cytologically documented
locally advanced or metastatic melanoma or NSCLC, eligible
for PD-1 antibody treatment, were included. Other inclusion
criteria were age �18 years, Eastern Cooperative Oncology
Group performance status of 0-1, ability to comply with
protocol, life expectancy �12 weeks, and RECIST v1.1
measurable disease.9 The study was approved by the
Medical Ethical Committee of the University Medical Center
Groningen (UMCG) and registered with ClinicalTrials.gov
(NCT02760225). All patients gave written informed con-
sent. All procedures carried out in the study involving hu-
man participants were in accordance with the ethical
standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its
later amendments or comparable ethical standards.
Study design

This two-center study was carried out in the UMCG and the
Netherlands Cancer Institute-Antoni van Leeuwenhoek
Hospital (NKI-AvL). The study contained two parts, parts A
and B. In part A, the optimal tracer protein dose of 89Zr-
pembrolizumab and the optimal time point for PET imaging
were assessed. Patients received w2.5 mg pembrolizumab
labeled with 37 MBq (1 mCi) 89Zr-oxalate intravenously,
combined with 2.5 mg or 7.5 mg unlabeled pembrolizumab,
resulting in a total dose of 5 or 10 mg. These two doses
were based on the pharmacokinetic results of a phase I
study with pembrolizumab.10 89Zr-pembrolizumab PET scans
were carried out on days 2, 4, and 7 after tracer injection.
The unlabeled antibody dose was considered sufficient
when the mean standardized uptake value (SUVmean) in the
blood pool on day 4 was comparable to other 89Zr-mono-
clonal antibodies with well-known kinetics over time.11,12 In
part B, PET imaging was carried out at the optimal
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pembrolizumab dose and day of imaging as determined in
part A.

When feasible, a tumor biopsy was carried out in part B
shortly after the day 7 PET scan. Participation in the 89Zr-
pembrolizumab PET imaging study was followed by PD-1
antibody treatment as per standard of care (pem-
brolizumab or nivolumab � ipilimumab). Tumor response
assessment was carried out every 12 weeks from the start
of treatment, according to RECIST v1.1, and when appli-
cable, iRECIST.9

89Zr-pembrolizumab PET scanning
89Zr-pembrolizumab was produced as described previ-
ously.13 PET scans were combined with a low-dose
computed tomography (CT) scan for attenuation correc-
tion and anatomic reference. In the UMCG, PET scans were
carried out with a Biograph mCT 64-slice PET/CT camera or
a Biograph mCT 40-slice PET/CT camera [both Siemens
(Siemens Healthcare, Erlangen, Germany)] and in the NKI-
AvL with a Philips (Philips Medical Systems, Best, The
Netherlands) GEMINI TF Big Bore, 16-slice PET/CT camera.
PET acquisitions on days 2 and 4 were carried out from
head to upper thigh in up to six bed positions with 5 min/
bed position and the legs in up to nine bed positions with
2 min/bed position. Day 7 post-injection head to upper
thigh was scanned in up to six bed positions with 10 min/
bed position and the legs in up to nine bed positions with
4 min/bed position. All PET images were reconstructed
using the algorithm for multicenter 89Zr-monoclonal anti-
body PET scan trials.14 Image analysis was executed using
the Accurate tool (IDL version 8.4; Harris Geospatial Solu-
tions, Bloomfield, NJ) for volume-of-interest (VOI)-based
background and lesion analysis.15 Firstly, when in the field
of view, the tumor lesions were identified on a contrast-
enhanced baseline CT of the chest and abdomen and
contrast-enhanced CT or magnetic resonance imaging of the
head. Secondly, spherical VOIs, encompassing each whole
tumor lesion, were placed on the 89Zr-pembrolizumab PET/
low-dose CT around all lesions identified on the diagnostic
baseline CT. For normal organ biodistribution measure-
ments, spherical VOIs with fixed sizes per organ were
drawn. Bodyweight-corrected SUVs were calculated using
the amount of injected activity, body weight, and the
amount of radioactivity detected within a VOI. We report
the SUVmax for tumor lesions and the SUVmean for normal
organ 89Zr-pembrolizumab uptake. 89Zr-pembrolizumab
uptake in non-malignant lymph nodes and Waldeyer’s ring
was compared qualitatively to the surrounding tissue up-
take at day 7 post-injection.

Other study assessments

Available archival tumor tissues, obtained within 50 weeks
before 89Zr-pembrolizumab administration, were collected.
Fresh tumor biopsies obtained after the last PET scan were
formalin-fixed and paraffin-embedded. Tumor tissue sec-
tions of 4 mM were stained with hematoxylineeosin and
immunohistochemically for PD-1, PD-L1, and CD8.
https://doi.org/10.1016/j.annonc.2021.10.213 81
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PD-1 expression was determined with the anti-PD-1
antibody ERP4877(2) (Abcam) as described previously,13

with a few modifications to increase signal-to-background
ratio. PD-L1 expression was assessed with the anti-PD-L1
SP263 clone (Ventana Medical Systems) and CD8 with the
mouse CD8 monoclonal antibody C4/144B (DAKO/Agilent),
all according to the manufacturer’s protocols. Human tonsil
sections served as a positive control for PD-1 and PD-L1
expression. For PD-L1, the percentage of tumor cells with
PD-L1-positive membrane staining, at any intensity, was
estimated and classified as 0%, <1%, 1%-49%, �50%. PD-1
was scored as present or absent in the tumor area. CD8 was
scored as negative 0, sporadic 1þ, average 2þ, abundant
3þ within tumor cell areas, and separately in the stroma
directly surrounding the tumor.

89Zr-pembrolizumab binding kinetics was determined by
studying the accumulation and dissociation of PD-1-bound
89Zr-pembrolizumab in peripheral blood mononuclear cells
(PBMCs) with a radioactive binding assay (Supplementary
Methods, available at https://doi.org/10.1016/j.annonc.
2021.10.213). The PBMCs were pre-stimulated with
phytohemagglutinin and interleukin-2 to increase PD-1
expression (Supplementary Figure S1, available at https://
doi.org/10.1016/j.annonc.2021.10.213). Internalization of
pembrolizumab, chelator-conjugated (pembrolizumab-N-
succinyl desferal; pembrolizumab-N-sucDf), pem-
brolizumab-N-sucDf, and the anti-PD-1-antibody nivolumab
was assessed in PD-1-expressing PBMC flow cytometrically
(Supplementary Methods, available at https://doi.org/10.
1016/j.annonc.2021.10.213).
Table 1. Patient characteristics

Total number of patients 18

Median age, years (range) 55.3 (24.9-72.7)
Sex, n (%)
Male 10 (56)
Female 8 (44)

Primary tumor, n (%)
NSCLC 7 (39)
Melanoma 11 (61)

ECOG performance status, n (%)
0 11 (61)
1 7 (39)

Number of lines of therapy, n (%)
0 15 (83)
1 3 (17)

ECOG, Eastern Cooperative Oncology Group; NSCLC, non-small-cell lung cancer.
Statistical analyses

We used standard descriptive statistics to report patient
characteristics. PET analyses were primarily carried out for
all tumor lesions and after excluding small lesions (defined
as tumor lesions with a long axis <1 cm and malignant
lymph nodes with a short axis <1 cm) to take partial vol-
ume effects into account.16 Previously irradiated lesions
were excluded. To study 89Zr-pembrolizumab tumor uptake
in relation to time post-injection, primary tumor type,
metastatic site, immunohistochemistry (PD-1, PD-L1 CD8),
and best tumor response at a patient level, we used linear
mixed-effect models with the natural logarithm of SUVmax

as dependent variable to account for its right-skewed dis-
tribution and using random intercepts to account for
within-patient clustering of data (and, if applicable, within-
tumor clustering). From these models, we report geometric
mean SUVmax values and corresponding 95% confidence
intervals (CIs) and Wald P values, after back transformation
of the estimated mean ln(SUVmax), using Satterthwaite’s
degrees of freedom approximation and restricted maximum
likelihood. Likelihood ratio P values were obtained under
maximum likelihood.We used Akaike’s information criterion
to select the best fitting time post-injection versus tumor
uptake curve from a linear, log-linear, or quadratic fit. We
similarly assessed tumor-to-background uptake ratios and
the biodistribution in normal tissues using SUVmean as the
82 https://doi.org/10.1016/j.annonc.2021.10.213
dependent variable (the latter without natural logarithmic
transformation due to its approximate normal distribution).
These timeeactivity curves were assessed in cohort A,
adjusted for the tracer dose, and projected at the 5-mg dose
level. All other analyses were carried out in cohorts A and B
combined.

Finally, to explore the relationship between per-patient
geometric mean pre-treatment 89Zr-pembrolizumab tumor
uptake and progression-free survival (PFS) and overall sur-
vival (OS), we used Cox regression with Firth’s bias correc-
tion for small samples. For this, we analyzed per-patient
geometric mean tumor SUVmax continuously, assuming
linearity and binning patients in above and below median
uptake groups.

All reported P values are two-sided, and we used R
version 3.2.1 (www.r-project.org) for macOS for analyses,
particularly using packages lme4 (1.1-11), lmerTest (2.0-20),
and coxphf (1.11).
RESULTS

Eighteen patients were enrolled between October 2016
and January 2019, 6 patients in part A, 12 in part B, 11
with metastatic melanoma, and 7 with metastatic NSCLC.
Patient characteristics are shown in Table 1. With data cut-
off set at 27 January 2021, their median follow-up was 22
months (range: 4-50þ months). No tracer-related adverse
events were observed following 89Zr-pembrolizumab
administration.
Dose finding and imaging time point for
89Zr-pembrolizumab PET

In part A, the first two patients received 2.5 mg 89Zr-pem-
brolizumab plus 7.5 mg unlabeled pembrolizumab. This
resulted in an SUVmean in the blood pool of 6.7 and 8.4 on
day 2, 5.6 and 7.8 on day 4, and 4.0 and 5.3 on day 7 post-
injection. The next four patients in cohort A received 2.5 mg
89Zr-pembrolizumab plus 2.5 mg unlabeled pembrolizumab,
resulting in a median SUVmean in the blood pool of 8.7
(range: 8.1-9.6), 6.4 (5.4-7.0), and 4.5 (4.2-7.5) on days 2, 4,
and 7 post-injection, respectively.
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The six patients in part A had 35 tumor lesions, of which
5 were previously irradiated bone metastases. In the 30
non-irradiated lesions, the geometric mean SUVmax

increased from day 2 to 7, from 5.1 (95% CI 3.0-8.6) to 6.7
(95% CI 3.9-11.3) (Figure 1A; adjusted for dose and pro-
jected at 5 mg). The two most frequent metastatic sites
were lung (n ¼ 16 lesions, five patients) and bone (n ¼ 5
lesions, three patients). The increasing tumor-to-blood ratio
from day 2 to 7 for all 30 lesions and lung and bone
metastasis separately is shown in Figure 1B. Altogether, the
5-mg protein dose for 89Zr-pembrolizumab in part B was
determined to be superior to the 10-mg dose. The optimal
time point, given the highest tumor-to-blood ratio, for PET
imaging was day 7.

89Zr-pembrolizumab biodistribution
89Zr-pembrolizumab uptake measured over time, as carried
out in cohort A, was low in the brain, lung, bone cortex,
subcutaneous tissue, and the abdominal cavity (Figure 1C
and D). The 16 patients receiving 5 mg pembrolizumab
showed high spleen and bone marrow uptake with a mean
SUVmean of 5.8 � 1.8 and 2.4 � 0.9 on day 7, respectively.
There was also 89Zr-pembrolizumab uptake in the liver and
kidneys (Supplementary Table S1, available at https://doi.
org/10.1016/j.annonc.2021.10.213).
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Figure 1. 89Zr-pembrolizumab positron emission tomography (PET) biodistribution
(A) 89Zr-pembrolizumab tumor uptake [geometric mean maximum standardized uptake
(n ¼ 6 patients, 30 lesions) adjusted for pre-dose and projected to 5 mg total protein
background SUVmean ratio of lung metastases (purple, n ¼ 16; five patients), bone m
patients), adjusted for dose and projected to 5 mg total protein dose according to tim
bands. (C and D) Two graphs showing 89Zr-pembrolizumab tracer uptake [mean SUV
patients. Two patients received 10 mg tracer and four patients 5 mg tracer. Tracer upta
protein dose level.

Volume 33 - Issue 1 - 2022
Uptake in the spleen increased from day 2 to 7, while
uptake in the blood pool decreased, indicating specific 89Zr-
pembrolizumab uptake (Figure 1C and D). In 12 patients,
there was clear uptake in Waldeyer’s ring, and in 6 patients
in normal lymph nodes (Supplementary Figure S2, available
at https://doi.org/10.1016/j.annonc.2021.10.213). More-
over, 89Zr-pembrolizumab uptake was visually present at
sites of inflammation, due to autoimmune disease, prior
surgery, and infection (Supplementary Figure S3, available
at https://doi.org/10.1016/j.annonc.2021.10.213). No clear
tracer uptake was seen in the tissues where four patients
later experienced an immune-related adverse event to anti-
PD-1 antibody therapy.
89Zr-pembrolizumab tumor uptake

Combining data from cohorts A and B, a total of 103 non-
irradiated tumor lesions in 18 patients were analyzed.
Tracer uptake in tumor lesions ranged from 0.08 to 34.5
SUVmax. Uptake in tumor lesions varied between and
sometimes also within patients (Figure 2). 89Zr-pem-
brolizumab uptake did not differ between patients with
NSCLC and melanoma (geometric mean SUVmax of 6.5, 95%
CI 3.4-12.5, n ¼ 45 lesions versus 4.9, 95% CI 2.8-8.4, n¼ 58
lesions; P ¼ 0.49; Figure 3B).
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89Zr-pembrolizumab tumor uptake was strongly related
to the lesion site (P ¼ 0.000019), with lymph node me-
tastases showing the highest uptake with a geometric
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Figure 3. 89Zr-pembrolizumab tumor uptake on day 7.
(A) Maximum intensity projection of 89Zr-pembrolizumab positron emission tomograp
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89Zr-pembrolizumab tumor uptake on PET are shown in
Supplementary Figure S4, available at https://doi.org/10.
1016/j.annonc.2021.10.213.

Exclusion of small lesions (n ¼ 30) yielded overall higher
geometric mean SUVmax estimates but did not substantially
change the relationship between uptake and tumor type or
metastatic site described above (data not shown).

89Zr-pembrolizumab PET uptake and response to therapy

Fourteen patients received pembrolizumab 2 mg/kg in a 3-
weekly schedule and two patients received nivolumab 240
mg every 2 weeks. One patient with NSCLC received three
cycles of pembrolizumab, followed by nivolumab. One pa-
tient with melanoma received ipilimumab 3 mg/kg and
nivolumab 1 mg/kg every 3 weeks until cycle 4, followed by
nivolumab monotherapy, 240 mg every 2 weeks. The three
patients with brain metastases received radiotherapy shortly
after the initiation of immunotherapy. Median treatment
duration was 177 days (range: 21-717 days) overall, 185 days
(range: 21-589 days) in patients with melanoma, and 119
days (range: 87-717 days) in patients with NSCLC. At the end
of follow-up, all patients were off treatment. Eight patients
were alive, of whom three were without evidence of disease.
Treatment response and reasons for termination of immu-
notherapy are shown in Table 2.Themedian follow-up timeof
the eight patients alive at data cut-off was 34 months (range:
22-50þ months).

The geometric mean SUVmax of the 103 tumor lesions
was positively associated with tumor response (P for
trend ¼ 0.014; Figure 4A) and target lesion size change
(Figure 4B). Patients with a high geometric mean 89Zr-
pembrolizumab uptake (above the median of 5.8) showed a
longer PFS and OS than patients with low uptake (P ¼
0.0025 and P ¼ 0.026, respectively; Figure 4C and D). One
of the two patients with high 89Zr-pembrolizumab uptake
who died during follow-up experienced a partial response.
However, this patient died 21 months after starting pem-
brolizumab treatment due to pembrolizumab-induced
antiphospholipid syndrome, with intestinal ischemia and
respiratory failure due to pneumonitis. When analyzed
continuously, the hazard ratio for PFS for each unit decrease
in geometric mean SUVmax per patient was 1.22 (95% CI
1.05-1.48; P ¼ 0.0097), and 1.13 (95% CI 0.97-1.34; P ¼
Table 2. Achieved tumor response and reason for stopping PD-1 antibody

Patients with melanoma, n (%)
Complete response 3 (27)
Partial response 3 (27)
Stable disease 2 (18)
Progressive disease 3 (27)

Patients with NSCLC, n (%)
Complete response 0 (0)
Partial response 3 (43)
Stable disease 1 (14)
Progressive disease 3 (43)

Reason for termination of treatment, n (%)
Progressive disease 9 (50)
Completed treatment 5 (28)
Immune-related toxicity 4 (22)

NSCLC, non-small-cell lung cancer; PD-1, programmed cell death protein 1.

Volume 33 - Issue 1 - 2022
0.13) for OS. The exclusion of small lesions did not sub-
stantially change the above-described relationship between
uptake and patient outcome (data not shown).
Other study assessments

Tumor samples of 13 patients were analyzed immunohis-
tochemically, 10 were archival tissues, and 3 fresh tumor
biopsies were taken after the last 89Zr-pembrolizumab PET
scan. PD-1 expression was found in five samples. In these
PD-1-positive samples, CD8 expression was also observed.
Results are shown in Supplementary Table S2, available at
https://doi.org/10.1016/j.annonc.2021.10.213. Three of the
PD-1-positive tumor tissues expressed PD-L1. PD-1 expres-
sion assessed immunohistochemically did not correlate with
the geometric mean SUVmax

89Zr-pembrolizumab uptake of
that patient (Supplementary Figure S5, available at https://
doi.org/10.1016/j.annonc.2021.10.213). Of the three fresh
tumor biopsy samples, two contained enough tissue
to assess PD-1 expression. Both lesions showed high uptake
on the 89Zr-pembrolizumab PET scan (SUVmax 17.0 and
21.0), but were negative for PD-1 expression measured
immunohistochemically.

Small amounts of 89Zr-pembrolizumab accumulated in PD-
1-expressing PBMCs; hence dissociation of PD-1-bound tracer
occurred (Supplementary Figure S1, available at https://doi.
org/10.1016/j.annonc.2021.10.213). Pembrolizumab showed
modest internalization in pre-stimulated, PD-1-expressing
PBMCs with 13.6% (�10.7%) after 2-h incubation
(Supplementary Figure S1, available at https://doi.org/10.
1016/j.annonc.2021.10.213). Pembrolizumab internalization
was not affected by antibody conjugation. Internalization
rates for pembrolizumab and nivolumab, which target
distinct epitopes of PD-1, with different affinities, were
comparable.17

DISCUSSION

In this study, we demonstrate that 89Zr-pembrolizumab PET
imaging is a safe and non-invasive imaging modality for
whole-body visualization of PD-1 and pembrolizumab bio-
distribution. Tumor 89Zr-pembrolizumab uptake correlated
with tumor response, PFS, and OS. 89Zr-pembrolizumab
uptake was also seen in lymphoid tissues reflecting the
presence of PD-1 in normal tissues and at sites of inflam-
mation. These findings illustrate that all major sites for T
cells are visualized with 89Zr-pembrolizumab PET imaging.

89Zr-labeled anti-PD-1 antibody nivolumab was studied in
13 patients with NSCLC.18 They report higher 89Zr-nivolu-
mab uptake in tumor lesions responding to nivolumab
treatment. However, they only report response for individ-
ual tumor lesions and not for the patient as a whole.
Recently, another study using 89Zr-pembrolizumab was
published performing PET scans in 12 patients with NSCLC
before pembrolizumab monotherapy.19 This study imple-
mented a different dosing strategy by administering a
labeled dose of 2 mg without adding any unlabeled pem-
brolizumab. Fourteen days later, 2 mg labeled 89Zr-pem-
brolizumab was administered on the same day as the first
https://doi.org/10.1016/j.annonc.2021.10.213 85
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Figure 4. 89Zr-pembrolizumab tumor uptake and clinical outcome measures.
(A) 89Zr-pembrolizumab tumor uptake as geometric mean maximum standardized uptake value (SUVmax) on day 7 and best tumor response (n ¼ 18 patients). Gray violin
plot areas show the distribution of SUVmax at the tumor level per best response category, with bottom and top 1% values truncated [1st, 50th, and 99th SUVmax

percentile: 0.1, 4.4, 14.5 for progressive disease (PD); 1.6, 4.2, 9.5 for stable disease (SD); 1.6, 9.9, 30.2 for partial response (PR); 4.2, 7.9, 15.4 for complete response
(CR)]; points show geometric mean uptake per patient, with colors indicating tumor type [red, melanoma; dark blue, non-small-cell lung cancer (NSCLC)]; black vertical
lines are 95% confidence intervals (CIs) of geometric mean SUVmax, and white dots within black lines and values below the violin plot are the actual geometric means;
with two-sided Wald P values, supplemented with a two-sided likelihood ratio P for trend; PD ¼ 27 lesions in six patients, SD ¼ 29 in three patients, PR ¼ 41 in six
patients, CR ¼ 6 in three patients. (B) Waterfall plots depicting percentage change in sum of longest diameters of the target lesions (SLD) from baseline [measured on
computed tomography (CT)], with color scale indicating geometric mean SUVmax of the tumor lesions per patient; aindicates patient with PD, however no SLD change
data are available. (C) Progression-free survival according to geometric mean tumor SUVmax per patient (red depicts the group above and dark blue the group below the
median geometric mean uptake of an SUVmax of 5.8). (D) Overall survival of the patients binned and represented as in panel C (red depicts the group above and dark
blue the group below the median geometric mean uptake of an SUVmax of 5.8).
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full therapeutic dose of 200 mg pembrolizumab. The 2-mg
labeled dose alone suffers from fast clearance and early
trapping in sink organs, whereas the 200-mg unlabeled
pembrolizumab pre-dose resulted in low uptake in tumor
lesions likely due to saturation. This study observed a trend
between tracer uptake in tumor lesions and response to
therapy. However, this was not statistically significant. We
demonstrate that 89Zr-pembrolizumab uptake in tumor le-
sions correlates not only with response to therapy, but also
with PFS and OS. Interestingly, for 89Zr-atezolizumab tar-
geting PD-L1, we also observed a relationship between tu-
mor 89Zr-atezolizumab uptake and response PFS, and OS.12

Therefore, this is our second study that demonstrates that
PET imaging using PD-1 and PD-L1 radiolabeled antibodies
may predict response to therapy and survival. Both studies
showing these correlations are of modest size. Therefore,
whole-body tumor uptake of radiolabeled anti-PD-1 or anti-
PD-L1 antibodies deserves to be studied in a larger patient
population.

In melanoma, CD8 and PD-1 messenger RNA expression
are better determinants of response than in NSCLC.8 In our
relatively small number of patients with melanoma and
86 https://doi.org/10.1016/j.annonc.2021.10.213
NSCLC, we found similar 89Zr-pembrolizumab tumor uptake.
We were unable to study the relationship between uptake
and patient outcome within primary tumor subtypes due to
the limited sample size. The antitumor efficacy of immune
checkpoint inhibitors depends on multiple factors. Hence, a
future study might also include immune checkpoint inhibi-
tor tumor uptake as a key treatment response factor.

A tracer dose of 5 mg protein in total was found to be
sufficient with adequate activity in the blood pool at day 4
post-injection, based on experience with other radiolabeled
antibodies.11 In normal tissues, there was a clear 89Zr-
pembrolizumab uptake in the spleen and bone marrow, and
in most patients, uptake in Waldeyer’s ring and part of the
normal lymph nodes. Information about PD-1 antibody
uptake in the lymphoid system was, until now, only avail-
able from preclinical studies. In humanized NOG mice
engrafted with human CD34þ hematopoietic stem cells and
xenografted with human A375M melanoma cells, the
highest 89Zr-pembrolizumab uptake occurred in the spleen,
mesenteric lymph nodes, bone marrow, thymus, and tu-
mor.13 In healthy Cynomolgus monkeys, a similar bio-
distribution pattern was found with preferential uptake in
Volume 33 - Issue 1 - 2022
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lymph nodes, spleen, and tonsils.20 Tracer uptake in ma-
lignant lymph nodes was highest of all tumor localizations.
Therefore, it might be interesting to evaluate whether 89Zr-
pembrolizumab PET can distinguish benign from malignant
lymph nodes. Our current study was not sufficiently large
enough nor designed to address this question, but this may
be relevant to assess in a future study.

Other PD-1 PET imaging studies report uptake in the
spleen and bone marrow as a readout for the lymphoid
system.18,19 The 89Zr-pembrolizumab study also observed
uptake in non-malignant lymph nodes. The SUVs found in
the spleen and in the bone marrow were nearly identical
and in line with the results of our study.18,19 In the 89Zr-
atezolizumab PET imaging study, tracer uptake was higher in
the spleen and bone marrow than 89Zr-pembrolizumab with
an SUVmean of 14.9 and 3.1, respectively, at day 7 post-in-
jection.12 This is likely because PD-L1 is next to lympho-
cytes, also expressed by macrophages, dendritic cells, and
endothelial littoral cells in the spleen.

Interestingly, we also show 89Zr-pembrolizumab uptake at
sites of chronic inflammation, a phenomenon we also found
using 89Zr-atezolizumab.12 This is likely the result of the fact
that PD-1 and PD-L1 are modulators of the immune
response at sites of chronic inflammation.21,22

89Zr-pembrolizumab and 89Zr-nivolumab seem to
demonstrate similar uptake in tumor lesions, spleen, and
bone marrow.18 This occurred despite major differences in
their affinity for the PD-1 receptor. Pembrolizumab binds
the CD loop of the PD-1 receptor with KD ¼ 29 pM, while
nivolumab targets the N-loop epitope with w100-fold
lower binding affinity. Moreover, after the PD-1-bound
antibody internalization, 89Zr is trapped in the cell. PET
imaging at 7 days may, therefore, in part reflect residualized
89Zr. We found limited PD-1 expression in unstimulated
PBMCs, which moderately increased after stimulation.
Pembrolizumab and nivolumab showed comparable binding
and internalization in these PD-1-expressing PBMCs. This
further supports the result that PET imaging using these
immune checkpoint inhibitors is not affected by their
different affinities for PD-1.

In the current study, we observed no correlation between
lymphocytic markers, such as PD-1 and CD8 expression, and
89Zr-pembrolizumab tumor uptake. Interestingly, in other
PET imaging studies of immune checkpoint molecules,
similar results are found.12,18,19 These discordant results
between PET imaging and immunohistochemistry are likely
due to the heterogeneity of PD-1 expression within and
between tumor lesions. A biopsy specimen might not
accurately reflect expression levels in all tumor lesions. The
heterogeneity of tracer uptake in tumor lesions, as depicted
in Figure 2, illustrates this problem. Several studies have
found different expression levels of immune checkpoint
molecules in different tumor lesions within the same pa-
tient.23-26 This further illustrates the possible additive value
of whole-body PET scanning versus a tumor biopsy of a
part of a single lesion. Limitations of this study are the
number of patients included and the limited availability of
tumor tissue for immunohistochemical analysis. A larger
Volume 33 - Issue 1 - 2022
and more homogeneous study is required to validate these
results. The collection of tumor tissue to correlate PET im-
aging findings with immunohistochemistry and autoradi-
ography results will aid further validation of this approach.

In summary, this study shows that 89Zr-pembrolizumab
tumor uptake with PET imaging correlates with response to
PD-1 antibody treatment, including PFS and OS. These
findings require validation in larger studies to prove their
impact on patient selection for PD-1 blockade.
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