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therapy in patients with advanced
non-small cell lung cancer
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ABSTRACT

Background Anti-programmed death-1 (anti-PD-1)
therapy has shown clinical success in patients with
advanced non-small cell lung cancer (NSCLC). However,
it is difficult to evaluate the early response to anti-PD-1
therapy. We determined whether changes in 3’-deoxy-3’-
["®F]-fluorothymidine ('8F-FLT) PET parameters before and
soon after treatment initiation predicted the therapeutic
effect of anti-PD-1 antibody.

Methods Twenty-six patients with advanced NSCLC
treated with anti-PD-1 antibody were enrolled
prospectively and underwent "F-FLT PET before and

at 2 and 6 weeks after treatment initiation. Changes in
maximal standardized uptake value (ASUV__ ), proliferative
tumor volume (APTV) and total lesion proliferation (ATLP)
of the lesions were calculated and evaluated for their
associations with the clinical response to therapy.
Results The disease control rate was 64%. Patients

with non-progressive disease (non-PD) had significantly
decreased TLP at 2 weeks, and decreased SUV__, PTV, and
TLP at 6 weeks, compared with those with PD, while three
of eight (37.5%) patients who responded had increased
TLP from baseline at 2 weeks (ie, pseudoprogression).
Among the parameters that changed between baseline and
2 weeks, APTV0-2 and ATLPO-2 had the highest accuracy
(76.0%) to predict PD. Among the parameters that changed
between baseline and 6 weeks, ASUV__ 0-6, APTV0-6 and
ATLP0-6 had the highest accuracy (90.9%) to predict PD.
ATLPO-2 (>60%, HR 3.41, 95% Cl 1.34-8.65, p=0.010) and
ATLP0-6 (>50%, HR 31.4, 95% Cl 3.55 to 276.7, p=0.0019)
were indicators of shorter progression-free survival.
Conclusions Changes in "®F-FLT PET parameters may
have value as an early predictive biomarker for the
response to anti-PD-1 therapy in patients with NSCLC.
However, it should be noted that pseudoprogression

was observed in "8F-FLT PET imaging at 2 weeks after
treatment initiation.

Trial registration number jRCTs051180147.

INTRODUCTION

3 Tamotsu Ishizuka’

antibody play a central role in the treat-
ment of advanced non-small cell lung cancer
(NSCLC). Although a significant number of
patients with cancer benefit from anti-PD-1
therapy, many fail to have clinical responses.1
To date, the most successful biomarker asso-
ciated with response to anti-PD-1 therapy is
tumor cell expression of programmed death-
ligand 1 (PD-L1).2® However, more than half
of NSCLC patients with high PD-L1 expres-
sion (250%) do not respond to anti-PD-1
therapy, while 9%-17% of those without
PD-L1 expression (<1%) do respond.“_6

The therapeutic response to immuno-
therapy is generally assessed by morpho-
logical changes using CT. However, it is
difficult to assess the response to immuno-
therapy at an early phase using CT because
of two immunotherapy-specific responses.
First, a phenomenon known as pseudopro-
gression has been described in patients with
various tumors who receive immunotherapy
and experience an objective response after
initial tumor progression.”® Second, a para-
doxical acceleration in tumor growth early
after immunotherapy initiation known as
hyperprogression,” which is correlated with
worse prognosis, has been reported. There-
fore, when tumors grow early after anti-PD-1
therapy initiation, it is difficult to deter-
mine whether the growth is true or not. For
these reasons, some radiological criteria for
immunotherapy have been recently devel-
oped to assess tumor responses correctly.'*™'?
According to these criteria, a confirmatory CT
at 4-8 weeks after the first findings of progres-
sion by CT is required to distinguish progres-

e Immune checkpoint inhibitors including sive disease (PD) from pseudoprogression
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response to immunotherapy using CT. Therefore, there
is an urgent need to establish more accurate biomarkers
for the response to immunotherapy, which can help to
curtail ineffective and potentially toxic therapies.

['F ]-Fluoro-2-deoxy-D-glucose ("*F-FDG) positron
emission tomography (PET) has recently been applied
to assess the response to chemotherapy in various tumor
types.'> One important problem in the use of "*F-FDG PET
to evaluate the response to immunotherapy is "“F-FDG
accumulation in activated glucose-consuming inflamma-
tory cells in and around tumors during immunotherapy.
In fact, it has recently been reported that resected lung
cancer lesions with major pathological responses to
anti-PD-1 neoadjuvant therapy show increased CD8+
T cell and macrophage infiltration into the tumor."* As a
result, in our previous study, 33.3% of responders showed
an increase in ""F-FDG uptake 2 weeks after anti-PD-1
therapy.'” Thus, there is an increasing clinical need to use
other PET tracers to avoid this disadvantage.

3’-Deoxy-3"-['°F ]-fluorothymidine ("*F-FLT) PET has
been proposed as an imaging method that can evaluate
cell proliferation indirectly,' since a significant correla-
tion has been found between '*F-FLT uptake and Ki-67 in
various tumors.'” "F-FLT PET has been described as supe-
rior to "*F-FDG PET for the quantitative assessment of
tumor cell proliferation.'® Recently, ""F-FLT PET imaging
has been shown to be useful in predicting treatment
response to chemotherapy, chemoradiotherapy, and
molecularly targeted drugs." *” However, to date, there is
no report applying "*F-FLT PET imaging to evaluate early
responses to immunotherapy for NSCLC. The aim of
this study was to evaluate whether changes in tumor '°F-
FLT accumulation before and after the initiation of anti-
PD-1 therapy could accurately predict tumor response as
assessed by immune-related Response Evaluation Criteria
in Solid Tumor (irRECIST) criteria® and patient survival.

MATERIALS AND METHODS
Study design and patient selection
This study protocol was performed in accordance with the
Declaration of Helsinki and the guidelines for Good Clin-
ical Practice. The clinical trial was registered at https://
jrctniph.go.jp/. This study was conducted prospectively
in patients with advanced NSCLC who were treated at the
University of Fukui Hospital from June 2017 to July 2019,
and the protocol-defined final analysis was performed
on January 26, 2020. Eligibility criteria included histo-
logically/ cytologically confirmed advanced or recurrent
NSCLC measurable by irRECIST, candidates for anti-PD-1
antibody (nivolumab or pembrolizumab) therapy, and an
Eastern Cooperative Oncology Group performance status
(ECOG-PS) of 0-2. Exclusion criteria included a metallic
device in the body, claustrophobia, and pregnant woman.
For the evaluation of tumor expression of PD-L1, immu-
nohistochemical staining using 22C3 pharmDx assay
(Agilent, Santa Clara, California, USA) and a Dako Auto-
stainer Link 48 platform (Dako, Carpenteria, California,

USA) was performed by LSI Medience Corporation
(Tokyo, Japan) as previously described.'” The PD-L1
tumor proportion score (TPS) was assessed by two trained
tissue technicians and one trained pathologist hired by a
vendor (LSI Medience Corporation).

Patients were treated with nivolumab or pembrolizumab
at the discretion of each attending physician. Pembroli-
zumab was given as an intravenous 200mg fixed dose
every 3 weeks, and nivolumab was given as an intravenous
either 3mg/kg body weight or 240 mg fixed dose every 2
weeks because of the change of dosage and administra-
tion of nivolumab during the study period. Treatment was
administrated until disease progression or unacceptable
toxicity. Baseline '""F-FLT PET and CT were performed
prior to treatment initiation (within 7days), and the
subsequent PET and CT evaluations were performed at
2 weeks (+3days) and 6 weeks (+bdays) after treatment
initiation. Tumor response was assessed using irRECIST
at weeks 2 and 6 and at least every 8 weeks thereafter.”
Based on the best overall response as assessed by irRE-
CIST, the patients were dichotomized into those with PD
and non-PD (complete response (CR), partial response
(PR), or stable disease (SD)) to evaluate the association
between changes in "*F-FLT uptake and tumor response.

'8F_FLT PET image acquisition

In this study, "*F-FLT was radiosynthesized in a TRACERIab
MX-FDG (GE Healthcare) using an FLT kit (ABX GmbH)
as previously described.” No-carrier-added '*F-fluoride
was produced via the "O(p,n)'*F reaction from >98%
enriched 'O-water (Cambridge Isotope Laboratories)
on an RDS eclipse RD/HP medical cyclotron (Siemens
Healthcare). The radiochemical purity of the final
product was >99%.

All patients were scanned on a whole-body simultaneous
3.0T PET/MR scanner (Signa PET/MR, GE Healthcare,
Waukesha, Wisconsin, USA) as previously described.'” *
PET scans were obtained at 50 min after the intravenous
injection of 185 MBq of '"F-FLT. Anatomic coverage was
from the thorax to the pelvis. PET data were acquired
with a 10min/bed position (89 slices/bed) in three beds
with a 24-slice overlap. For MR-based attenuation correc-
tion to recognize body tissues as soft tissue, fat, and air, a
two-point Dixon 3D volumetric interpolated T1-weighted
fast SPGR sequence (repetition time/echo time (TE)1/
TE2: 4.0/1.1/2.2 ms; field of view: 50x87.5 cm; matrix:
256x128; slice thickness/overlap: 5.2/2.6 mm; 120 image/
slab; imaging time: 18s) was acquired.

PET images were reconstructed with ordered subset
expectation maximization algorithm selecting three iter-
ations and 32 subsets. For the semiquantitative analysis,
the reconstructed PET images were converted to stan-
dardized uptake value (SUV) images corrected by the
injection dose of "*F-FLT and subject’s body weight.

PET image analysis
The ""F-FLT PET images were reviewed using a specific
software package (RAVAT; Nihon Medi-Physics, Tokyo,
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Japan). We referred to the methodology of a prior study
for quantification of "F-FLT using PET/CT.** For the
semiquantitative analysis, three-dimensional volumes
of interest were placed on the primary and metastatic
tumors, with the exception of bone and liver metastases
due to the high background of "F-FLT uptake in the
bone marrow and liver. After having examined various
SUV thresholds in increments of 0.5, we adopted an SUV
of 2.0 as the threshold to define the tumor contour. Since
the tumor uptake of E_FLT is lower than that of 18F—FDG,
a threshold higher than 2.0 would underestimate the
tumor volume, while a threshold lower than 2.0 would
include normal soft tissues such as the mediastinum.
Therefore, we adopted 2.0 as the most suitable threshold
for the volumetric analysis of '"*F-FLT PET in patients with
NSCLC. The maximal SUV (SUV ) and the average
SUV (SUV, ) within the extracted tumor area were
calculated, and the extracted tumor volume was defined
as the proliferative tumor volume (PTV). Then, the total
lesion proliferation (TLP) was calculated according to the
formula: TLP=SUV _~x PTV. In patients with multiple
tumors, the hlghest SUV, _among lesions was selected
for the patient SUV,__ . To assess tumor burden, the sum
of PTV and TLP for all measurable lesions was calculated.

For response assessment, the changes of three extracted
parameters (SUV ., sum of PTV, and sum of TLP)
between baseline and at 2 and 6 weeks were calculated as
the percentage change (ASUV  0-2, APTV0-2, ATLP0-2,
ASUV,_ 0-6, APTV0-6, and ATLP0-6).

Statistical analysis

The primary endpoint was the predictive value of serial
"F-FLT PET findings, including SUV, , PTV, and TLP,
for tumor response to anti-PD-1 therapy. The secondary
endpoints were the predictive value of those parameters
for progression-free survival (PFS) and overall survival
(OS), defined as the time from initial anti-PD-1 therapy
to disease progression or death.

For analysis of individual group differences, we used
Mann-Whitney U test. Receiver operating characteristic
(ROC) analysis was used to compare the diagnostic capa-
bility among serial BEFLT PET parameters and their
optimal thresholds. PFS and OS were evaluated using
the Kaplan-Meier method with a log-rank test. Univariate
Cox regression analyses were used to determine factors
affecting the PFS and OS. All analyses were performed
using SPSS Statistics V.22.0 (IBM, Armonk, New York,
USA). P values less than 0.05 were considered statistically
significant.

RESULTS

Patient characteristics

Twenty-six consecutive patients with advanced NSCLC
were prospectively enrolled in this study (figure 1). Of
these, one patient did not undergo 2-week "*F-FLT PET/
MRI because of discontinuance of pembrolizumab treat-
ment due to drug-induced pneumonia, and three patients

| Enrolled subjects, N = 26 |

Did not undergo 2-week "F-FLT
PET/MRI because of adverse
event, N = 1

Baseline and 2-week PET
analysis, N = 25

Did not undergo 6-week "8F-FLT
PET/MRI because of early
di progression, N = 3

Baseline and 6-week PET
analysis, N = 22

Figure 1 Flow diagram. ®F-FLT, 3’-Deoxy-3'-['®F
]-fluorothymidine; PET, positron emission tomography.

did not undergo 6-week BEFLT PET/MRI because of
early disease progression. Therefore, 25 patients were
analyzed at baseline and at 2-week BEFLT PET, and 22
patients were analyzed at baseline and at 6-week 18R
FLT PET. No adverse events by '"F-FLT PET/MRI were
observed. Patient characteristics are summarized in
table 1. The median age was 70.4 years (range 54-82).
The histology of the patients was as follows: 11 (44%) with
squamous cell carcinoma, 9 (36%) with adenocarcinoma,
3 (12%) with NSCLC not otherwise specified, 1 (4%) with
large cell carcinoma, and 1 (4%) with pleomorphic carci-
noma. Twelve (48%) had tumor PD-L1 expression of at
least 50%, whereas 10 (40%) had a TPS of <1%.

'8F-FLT PET imaging parameters and response assessment
The objective response rate and disease control rate after
anti-PD-1 therapy were 32% and 64%, respectively (CR:
n=1, PR: n=7, SD: n=8, and PD: n=9) (table 1).

Changes in '""F-FLT PET parameters between baseline
and 2 and 6 weeks after anti-PD-1 therapy are shown
in figure 2 and table 2. Patients with non-PD (CR, PR,
and SD) had significantly lower ATLP0-2, ASUV _0-6,
APTVO0-6, and ATLPO-6 than patients with PD, whereas
there were no significant differences between these
groups in ASUV__ 0-2 and APTV0-2. One of eight patients
who were responders had increased SUV__ from base-
line to 6 weeks (ASUV__0-6 17.3%, figure QD) while all
patients who were responders showed decreased PTV and
TLP from baseline to 6 weeks (figure 2E,F).

ROC curves were constructed to determine the appro-
priate cut-off values for dichotomization of patients
according to parameters of PET imaging (online supple-
mental figure 1). According to the ROC curves, the
appropriate cut-off values for ASUV 0-2, APTVO0-2,
ATLPO-2, ASUVmaXO -6, APTV0-6, and ATLPO 6 were 10%,
45%, 60%, 5%, 50%, and 50%, respectively. Table 3
presents the predictive value of these parameters for
distinguishing PD and non-PD based on the Adiameter
according to irRECIST (cut-off 20%), ASUV,__ according
to Positron Emission Tomography Response Criteria in
Solid Tumors (PERCIST) (cut-off 30%)% and the ROC-
determined cut-off values. Among the parameters of the
changes between baseline and week 2, APTV0-2 (cut-off
45%), and ATLPO-2 (cut-off 60%) had the highest accu-
racy (76.0%). Six of 22 patients who underwent 6-week
E.FLT PET scans experiend PD. Among the parameters
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Table 1 Patient characteristics (n=25)

N (%)

70.4 (54-82)
23/2 (92/8)

Age, median (range)
Sex, male/female

Smoking history

Current smoker 6 (24)
Former smoker 18 (72)
Never smoked 14)
ECOG-PS
0 8(32)
1 14 (56)
2 3(12)
Histology
Adenocarcinoma 9 (36)
Squamous cell carcinoma 11 (44)
Large cell carcinoma 3(12)
Pleomorphic carcinoma 1(4)
Not otherwise specified 1)
Stage
n 11 (44)
\% 12 (48)
Recurrence 2(8)
Driver mutation
EGFR 1(4)
ALK 0(0)
None 24 (96)
Number of previous regimens
0 7 (28)
1 11 (44)
2 4 (16)
>3 3(12)
PD-L1 expression, tumor proportion score
<1% 10 (40)
1%-49% 3(12)
>50% 12 (48)
Regimen, nivolumab/pembrolizumab 10/15 (40/60)
Confirmed response
CR 1(4)
PR 7 (28)
SD 8 (32)
PD 9 (36)

ALK, anaplastic lymphoma kinase; CR, complete response; ECOG-
PS, Eastern Cooperative Oncology Group performance status; EGFR,
epidermal growth factor receptor; PD, progressive disease; PR, partial
response; SD, stable disease.

of the changes between baseline and week 6, ASUV = 0-6
(cut-off 20%), APTV0-6 (cut-off 50%), and ATLP0-6 (cut-
off 50%) had the highest accuracy (90.9%) to predict PD.
The median time to progression of the nine PD patients

as assessed by irRECIST was 41 days (range 12-99 days).

Association between changes in '8F-FLT PET parameters and
PFS and prognosis

The median follow-up period of PFS for censored cases
was 10.5 months (range 6.1-27.8 months). Twenty-two
patients showed disease progression, and 11 died from
lung cancer during the study period. The median PFS
of all patients was 3.2 months. Kaplan-Meier curves for
PES stratified by the imaging cut-off values are shown in
figure 3. Significant differences in PFS were observed
between the groups stratified by APTV0-2, ATLP0-2,
ASUV _ 0-6, APTV0-6, and ATLP0-2. In contrast, no
significant difference was found between changes in 1
FLT PET parameters and overall survival in this study
(data not shown).

A univariate Cox model was used to evaluate predictors
of PFS and OS (table 4). We found that ATLP0-2 (260, HR
3.41,95% CI 1.34 to 8.65, p=0.010) and ATLP0-6 (=50%,
HR 31.4, 95% CI 3.55 to 276.7, p=0.0019) were indicators
of shorter PFS, whereas age, ECOG-PS, histology, and
TPS were not significant.

Response patterns of '®F-FLT accumulation to immunotherapy
Figure 4 shows representative clinical images before and
after anti-PD-1 therapy. Among eight responders (CR
or PR), three patterns of "FFLT change were observed.
First, an early proliferative response (ATLP0-2 <-30%) was
observed in four (50%) of eight responders by "*F-FLT PET
at 2 weeks after treatment initiation (figure 4A and online
supplemental figure 2). The second pattern was a ‘prolifera-
tive pseudoprogression’ (figure 4B and online supplemental
figure 3). Three of eight patients who were responders had
increased TLP from baseline to 2 weeks (ATLP0-2 157.2%,
57.1%, and 37.4%, respectively; figure 2C), while all patients
who responded showed decreased TLP from baseline to 6
weeks (figure 2F). All three patients were misdiagnosed
as having progressive metabolic disease (PMD) using a
ATLPO0-2 cut-off value of 30% according to PERCIST.* The
third pattern was an ‘early proliferative relapse’. One patient
who was a responder showed a rapid decrease of “FFLT
accumulation at 2 weeks after treatment initiation followed
by a relapsed finding on 6-week ""F-FLT PET, and there was a
recurrence at 12 weeks after treatment initiation (figure 4C).

A few patients had some lesions that had an increased
"EFLT uptake and others that decreased after treatment
initiation, which is called a ‘dissociated response’. We
defined the dissociated response as a concomitant rela-
tive TLP decrease >30% in some tumor lesions and a rela-
tive increase of >30% in others according to a previous
report.”® Five (20%), among all patients, showed a disso-
ciated response. Among them, one patient with PD as
assessed by irRECIST was misdiagnosed as non-PD by
ATLPO0-6 with a 50% cut-off value (figure 4D).

DISCUSSION

This is the first prospective study to investigate the useful-
ness of F-FLT PET as an early predictive biomarker
for the response to anti-PD-1 therapy in patients with
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Figure 2 Changes from baseline in "®F-FLT PET parameters in anti-PD-1 antibody-treated patients according to treatment
response. Per cent changes are shown for ASUV,__ 0-2 (A), APTV0-2 (B), ATLP0-2 (C), ASUV__ 0-6 (D), APTV0-6 (E), and ATLPO-

6 (F) in all patients. Blue, yellow, and red bars show CR/PR, SD, and PD as confirmed by irRECIST, respectively. ASUV

max

max’

changes in maximal standardized uptake value; '®F-FLT, 3’-deoxy-3’-["®F]-fluorothymidine; CR, complete response; irRECIST,
immune-related Response Evaluation Criteria in Solid Tumor; PET, positron emission tomography; PR, partial response; PTV,
proliferative tumor volume; SD, stable disease; TLP, total lesion proliferation.

advanced NSCLC. To our knowledge, there are three
reports regarding immunotherapy response assessment
with "F-FLT PET in patients with melanoma®* and
one report in those with prostate cancer.” However,
the sample sizes of these studies were small (n=5-17),
and thus, the predictive capability and optimal timing
of repeated BEFLT PET in these situations are not well
elucidated. The present study showed that the change
in "®F-FLT accumulation between baseline and 2 weeks
of treatment (ATLP0-2) had a moderate predictive value
for objective responses as assessed by irRECIST, and the
changes between baseline and 6 weeks after treatment
initiation (ASUV__0-6, APTV0-6, and ATLP0-6) were

ma:

able to predict responses more precisely as compared
with ATLPO-2. Response assessments using "EFLT PET
parameters may be able to assess treatment efficacy earlier
than CT-based irRECIST. Furthermore, both ATLP0-2
and ATLP0-6 were significant prognostic factors for PFS,
whereas known biomarkers such as tumor PD-L1 expres-
sion, ECOG-PS, and age were not.

Several previous studies have demonstrated the efficacy
of "F-FDG PET for predicting the response to immuno-
therapy in patients with advanced NSCLC. In many of
these studies, serial PET scans were planned at approxi-
mately 2 months after treatment initiation.* *? However,

Table 2 Changes from baseline in CT and "8E_FLT PET parameters according to confirmed treatment response

All subjects, Non-progressive disease, Progressive disease,
n=25 n=16 n=9 P value*
Changes between baseline and week 2
ASUV__0-2, % 6.0 (-58.3 to 120.2) 2.1 (-58.3 t0 50.9) 16.8 (-34.8 to 120.2) 0.075
APTV0-2, % 29.0 (-90.7 t0 813.2) 12.5(-90.7 to 241.9) 101.3 (-27.0 to 813.2) 0.066
ATLPO-2, % 31.9 (-94.8 to 821.3) 12.7 (-94.8 to 223.2) 81.6 (-15.9 to 821.3) 0.045
All subjects, Non-progressive disease, Progressive disease,
n=22 n=16 n=6 P value*
Changes between baseline and week 6
ASUV__0-6, % -3.4 (-72.3 t0 88.1) -17.5 (-72.3t0 17.3) 26.3 (-34.8 to 88.1) 0.020
APTV0-6, % -31.2 (-96.9 to 2528.1) -54.7 (-96.9 to 67.1) 95.0 (-23.9 to 2528.2) 0.0017
ATLPO-6, % -24.9 (-97.1 to 3075.2) -58.1 (-97.1 to 66.8) 123.2 (-19.2 to 3075.2) 0.0022

*P values compare the non-progressive and progressive disease groups.

8F-FLT, 3’-deoxy-3’-[‘8F]—f|uorothymidine; PET, positron emission tomography; PTV, proliferative tumor volume; SUV, standardized uptake

value; TLP, total lesion proliferation.

Sato M, et al. J Immunother Cancer 2021;9:¢003079. doi:10.1136/jitc-2021-003079

"JybuAdoo Agq paroslold 1sanb Aq TzZog ‘ST Joquiardas uo jwoo fwgouly:dny wouy papeojumoq "120z AINC 22 Uo 620£00-T202-oUl/9ETT 0T St paysiignd 1s.1 :19oue) Jsyjounww| ¢


http://jitc.bmj.com/

Table 3 Power of serial CT and PET/MRI parameters to predict progressive disease

Cut-off (%) Sensitivity % (N)

Specificity % (N) PPV% (N)

NPV% (N)  Accuracy % (N)

Changes between baseline and week 2

Adiameter0-2 20 11.1 (1/9) 100 (16/16) 100 (1/1) 66.7 (16/24) 68.0 (17/25)
ASUV__0-2 30 33.3 (3/9) 93.8 (15/16) 75.0 (3/4) 71.4 (15/21) 72.0 (18/25)
APTVO0-2 30 66.7 (6/9) 62.5 (10/16) 50.0 (6/12) 76.9 (10/13) 64.0 (16/25)
ATLPO-2 30 66.7 (6/9) 56.3 (9/16) 46.2 (6/13) 75 (9/12) 60.0 (15/25)
ASUV__ 0-2 10 66.7 (6/9) 75.0 (12/16) 60.0 (6/10) 80 (12/15) 72.0 (18/25)
APTV0-2 45 66.7 (6/9) 81.3 (13/16) 66.7 (6/9) 81.3 (13/16) 76.0 (19/25)
ATLPO-2 60 66.7 (6/9) 81.3 (13/16) 66.7 (6/9) 81.3 (13/16) 76.0 (19/25)
Changes between baseline and week 6
Adiameter0-6 20 50.0 (3/6) 100 (16/16) 100 (3/3) 84.2 (16/19) 86.4 (19/22)
ASUV__0-6 30 33.3 (2/6) 100 (16/16) 100 (2/2) 80.0 (16/20) 81.8 (18/22)
APTVO0-6 30 83.3 (5/6) 87.5 (14/16) 71.4 (5/7) 93.3 (14/15) 86.4 (19/22)
ATLPO-6 30 83.3 (5/6) 87.5 (14/16) 71.4 (5/7) 83.3 (14/15) 86.4 (19/22)
ASUV__0-6 20 66.7 (4/6) 100 (16/16) 100 (4/4) 88.9 (16/18) 90.9 (20/22)
APTV0-6 50 83.3 (5/6) 93.8 (15/16) 83.3 (5/6) 93.8 (15/16) 90.9 (20/22)
ATLPO-6 50 83.3 (5/6) 93.8 (15/16) 83.3 (5/6) 93.8 (15/16) 90.9 (20/22)

NPV, negative predictive value; PET, positron emission tomography; PPV, positive predictive value; PTV, proliferative tumor volume; SUV,

standardized uptake value; TLP, total lesion proliferation.

since some phase III trials using anti-PD-1 antibody in
patients with NSCLC have shown that the median time
to response is 8-9 weeks,"™® the clinical benefits of the
first response evaluation using PET scans at 2 months
may be limited. In a recent study with a short-term eval-
uation, Kaira et al? showed that the metabolic response
by BEFDG uptake at 1 month after nivolumab treatment
successfully predicted objective responses and survival.
Furthermore, we recently reported the relationship
between the change of "*F-FDG uptake at 2 weeks after
nivolumab treatment and objective responses in patients
with previously treated NSCLC."” However, in this study,
three of the nine responders exhibited an increased Bp.
FDG uptake (>20%) between baseline and at 2 weeks,
and thus "FFDG accumulation in tumor-infiltrating
immune cells may cause an inflammatory metabolic pseu-
doprogression in early-phase PET imaging after anti-PD-1
therapy. Since BEFLT accumulation is considered to be a
marker of cell proliferation, we expected that the predic-
tive value of the changes in '"F-FLT PET parameters
after 2 weeks would be superior to that of ""F-FDG PET
parameters. However, the predictive accuracy of a BEFLT
PET parameter (ATLPO-2) to predict PD as assessed by
irRECIST in the current study was similar to that of the
F-FDG PET parameter in our previous study (76.0% vs
76.0%, respectively),'” although the patient populations
of those studies were not the same. However, the changes
in tumor ""F-FLT uptake at 6 weeks after therapy showed
a high accuracy of 90.9% for the prediction of PD and
a significant correlation with PFS. Similarly, our previous
study found that patients without relapse-associated find-
ings on BEFDG PET at 8 weeks had significantly longer

PFS than patients with PMD."” Although a simple compar-
ison of these two studies is impossible, serial "*F-FLT PET
might be able to predict tumor response as quickly as or
earlier than "*F-FDG PET. However, needless to say, 8p.
FDG PET is more widely used than '*F-FLT PET, and there
is more evidence for its effectiveness for tumor response
assessment.

Among the response patterns we observed, three of eight
patients who achieved PR showed increased TLP from
baseline to 2 weeks. Of note, this discrepancy of response
was not observed in 6-week "F-FLT PET imaging. To
our knowledge, this is the first report demonstrating the
phenomenon of ‘proliferative’ pseudoprogression with
"EFLT PET imaging. In addition to proliferative tumors,
physiological '"F-FLT uptake has been observed in the
bone marrow because of the high proliferative activity of
hematopoietic cells in the marrow.”> ** Furthermore, Bp
FLT PET can also detect proliferative changes in spleens
and lymph nodes after immunotherapy.” Therefore,
"EFLT uptake may be a reliable marker to assess the
proliferative activity of immune cells. A recent study
described the early pathological changes after neoadju-
vant nivolumab therapy in patients with NSCLC.'* In that
report, primary tumors with a major pathological response
showed large numbers of infiltrating CD8+ T cells and
macrophages. Meanwhile, an increase in the proliferation
of CD8+ T cells in the blood within 4 weeks of anti-PD-1
therapy was observed in patients with advanced NSCLC,
and it suggested an association with clinical benefit for
that therapy.”® Thus, PD-1 blockade may induce the prolif-
eration of CD8+ T cells in responding tumors and cause
proliferative pseudoprogression in "SE-FLT PET imaging.
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Figure 3 Progression-free survival (PFS) of anti-PD-1 antibody-treated patients stratified by changes in '®F-FLT PET
parameters. Kaplan-Meier curves of PFS stratified by changes between baseline and week 2 (n=25, ASUV__ 0-2 (A), APTVO-
2 (B), ATLPO0-2 (C)), and changes between baseline and week 6 (n=22, ASUV__ 0-6 (D), APTVO0-6 (E), ATLP0-6 (F)) with cut-off
values as determined by ROC curve analysis. '8F-FLT, 3’-deoxy-3'-['®F ]-fluorothymidine; PET, positron emission tomography;
PTV, proliferative tumor volume; ROC, receiver operating characteristic; SUV, standardized uptake value; TLP, total lesion

proliferation.

In the present study, one of five patients with dissociated
response had an incorrect prediction for early response to
immunotherapy on repeated BEFLT PET imaging. It has
been reported that 7.7%-17.7% of NSCLC patients who
are treated with immunotherapy experience dissociated
responses in CT imaging.g6 %7 Some recent studies have
indicated possible biological explanations for dissoci-
ated responses. First, there are specific differences in the

immune tumor microenvironment at different metastatic
sites,”® and these differences, including tumor-infiltrating
lymphocyte status, can influence the response to immu-
notherapy.” Second, since recent evidence suggests that
multiple cytokines such as interferon-y, IL-1c., and IL-27
induce or enhance PD-L1 expression in tumor cells,”
and the expression of these cytokines is influenced by
the tumor microenvironment, PD-L1 expression can

Table 4 Prognostic factors for progression-free survival (PFS) and overall survival (OS) using Cox models

PFS oS

HR 95% Cl P value HR 95% Cl P value
Age, >70 years 1.02 0.43 to 2.41 0.97 1.70 0.50 to 5.81 0.40
ECOG-PS, 1-2 2.21 0.77 10 6.38 0.14 1.32 0.34 t0 5.05 0.68
Number of previous regimens, >2 1.11 0.43 t0 2.88 0.83 1.34 0.34 to 5.17 0.68
Stage, IV or recurrence 1.49 0.60 to 3.69 0.39 1.59 0.47 to 5.45 0.46
Histology, squamous cell carcinoma 1.67 0.70 to 3.98 0.25 1.44 0.42 to 5.00 0.56
TPS, <560% 1.52 0.63 to 3.65 0.35 0.79 0.23t0 2.74 0.71
ATLPO-2, >60% 3.41 1.34 to 8.65 0.010 2.05 0.59 to 7.11 0.26
ATLPO-6, >50%* 31.4 3.55 10 276.7 0.0019 214 0.48 t0 9.63 0.32
*N=22. Three patients did not undergo '®F-FLT PET at 6 weeks after treatment initiation because of early disease progression.
ECOG-PS, Eastern Cooperative Oncology Group performance status; TLP, total lesion proliferation; TPS, tumor proportion score.
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Figure 4 Representative images with various response patterns by "®F-FLT PET. (A) A 65-year-old woman with stage IIIA lung
adenocarcinoma who achieved a partial response (PR) and 27.8 months of PFS after pembrolizumab therapy. The sum of '8F-
FLT uptake (TLP) of the lesions at baseline decreased by 46.1% at 2 weeks after therapy, while the sum of the diameter was

not changed (-0.1%). (B) A 76-year-old man with stage llIC lung squamous cell carcinoma who achieved PR after proliferative
pseudoprogression and 6.4 months of PFS after pembrolizumab therapy. '8F-FLT uptake of the primary lesion in the left lower
lobe at baseline increased by 58.4% at 2 weeks after therapy followed by a decrease of '®F-FLT uptake (-31.4%) in 6-week PET
images. (C) A 77-year-old man with stage IVA non-small cell lung cancer, not otherwise specified, who experienced PR followed
by early acquired resistance and short PFS (5.2 months). TLP of the primary lesion in the left upper lobe at baseline dramatically
decreased by 94.4% at 2 weeks after pembrolizumab therapy. However, the TLP at 2 weeks increased by 37.3% at 6 weeks
after therapy. (D) A 71-year-old man with stage IVb lung adenocarcinoma who showed a dissociated response and experienced
progressive disease and short PFS (3.3 months). TLP of the primary lesion of right S6 decreased by 100% at 2 weeks after
therapy, while that of right hilar lymph node increased by 86.1%. '®F-FLT, 3’-deoxy-3'-['®F]-fluorothymidine; PET, positron
emission tomography; PFS, progression-free survival; TLP, total lesion proliferation.
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be heterogeneous among metastatic sites.”® %’ Although
dissociated responses in ""F-FLT PET imaging may lead
to incorrect predictions of early response to immuno-
therapy, it can be advantageous to examine the changes
in the proliferation of each lesion. Recently, new PET
tracers, such as 897r-C4 and 18F—BMS—986192, that visu-
alize tumor PD-L1 expression have been developed and
show good correlation with tumor PD-L1 expression as
measured by IHC and responses to immunotherapy.*' **
Since these PET images can reveal the heterogeneity of
PD-L1 expression between different tumor lesions, they
may predict dissociated responses prior to treatment
initiation.

We found that ATLP was a better predictor for effi-
cacy of anti-PD-1 therapy than ASUV ., which is in line
with some previous reports using PET imaging for the
response assessment of immunotherapy.13 1531 Since
it has been reported that PD-L1 expression is highly
heterogeneous within tumors,” the heterogeneity of
tumor PD-L1 expression may reflect heterogeneous
infiltration of inflammatory cells and cause a dissociated
result between SUV___and TLP in response to anti-PD-1
therapy. Thus, volumetric analysis (PTV or TLP) of PET
imaging may be a more appropriate method for the
response assessment to immunotherapy as compared
with SUV_ .

This study has some limitations. "*F-FLT PET is limited
when assessing liver and bone metastases because of
the high background uptake in bone marrow and liver.
Another limitation is the small sample size, so that the
reliability of the cut-off value of this study is not certain.
Furthermore, as described in the Materials and methods
section, we examined various thresholds and decided
that an SUV of 2.0 was most suitable for volumetric anal-
ysis of BEFLT PET in patients with NSCLC, though full
validation of this SUV threshold is needed in the future.
However, the present initial observation is valuable for
future studies to establish appropriate timing of follow-up
SEFLT PET scanning, a cutoff value for response
assessment, and an SUV threshold for volumetric anal-
ysis. Further studies with larger samples are required to
examine the efficacy of "*F-FLT PET in predicting the
early response to immunotherapy.

CONCLUSION

The results of this study suggest that '"F-FLT PET is a
useful tool for predicting early response to anti-PD-1
therapy in patients with NSCLC. The changes in '*F-FLT
uptake as early as 2 weeks after treatment initiation had
a moderate predictive value for subsequent treatment
efficacy, although proliferative pseudoprogression was
observed in 37.5% of responders. However, the changes
between baseline and 6 weeks after treatment initiation
were robust biomarkers of treatment efficacy. Further
studies with larger sample sizes would be beneficial to
validate this conclusion.

Contributors We declare that this manuscript is original, has not been published
before and is not currently being considered for publication elsewhere. All authors
have read the final manuscript and approved its submission. There are no conflicts
of interest to declare.

Funding This work was supported by grants from MEXT KAKENHI (JP19K08119)
and the Scientific Research Program 'Seeds of Advanced Medicine' of the University
of Fukui Hospital, Fukui, Japan.

Competing interests None declared.
Patient consent for publication Not required.

Ethics approval The protocol for this study was reviewed and approved by the
Certified Review Board of the University of Fukui (CRB5180014). All patients gave
written informed consent for participation.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See https://creativecommons.org/
licenses/by/4.0/.

ORCID iDs

Masayuki Sato http://orcid.org/0000-0002-0213-3187
Yukihiro Umeda http://orcid.org/0000-0002-9826-6856
Hidehiko Okazawa http://orcid.org/0000-0001-7046-3383

REFERENCES

1 Doroshow DB, Sanmamed MF, Hastings K, et al. Immunotherapy
in non-small cell lung cancer: facts and hopes. Clin Cancer Res
2019;25:4592-602.

2 YuY, Zeng D, Ou Q, et al. Association of survival and immune-related
biomarkers with immunotherapy in patients with non-small cell lung
cancer: a meta-analysis and individual patient-level analysis. JAMA
Netw Open 2019;2:e196879.

3 Darvin P, Toor SM, Sasidharan Nair V, et al. Imnmune checkpoint
inhibitors: recent progress and potential biomarkers. Exp Mol Med
2018;50:1-11.

4 Garon EB, Rizvi NA, Hui R, et al. Pembrolizumab for the treatment
of Non-Small-Cell lung cancer. N Engl J Med Overseas Ed
2015;372:2018-28.

5 Borghaei H, Paz-Ares L, Horn L, et al. Nivolumab versus docetaxel in
advanced Nonsquamous Non-Small-Cell lung cancer. N Engl J Med
Overseas Ed 2015;373:1627-39.

6 Brahmer J, Reckamp KL, Baas P, et al. Nivolumab versus docetaxel
in advanced squamous-cell Non-Small-Cell lung cancer. N Engl J
Med Overseas Ed 2015;373:123-35.

7 Kato R, Hayashi H, Tanizaki J, et al. Peritumoural ground-glass
opacity associated with tumour pseudoprogression in a patient with
non-small cell lung cancer treated with nivolumab. ESMO Open
2017;2:e000145.

8 Yamaguchi O, Kaira K, Hashimoto K, et al. Detection of
pseudoprogression with [18F]-FDG-PET in a patient with pulmonary
large cell neuroendocrine carcinoma who received anti-PD-1
treatment. Eur J Nucl Med Mol Imaging 2021;48:1268-70.

9 Kato S, Goodman A, Walavalkar V, et al. Hyperprogressors after
immunotherapy: analysis of genomic alterations associated with
accelerated growth rate. Clin Cancer Res 2017;23:4242-50.

10 Eisenhauer EA, Therasse P, Bogaerts J, et al. New response
evaluation criteria in solid tumours: revised RECIST guideline (version
1.1). Eur J Cancer 2009;45:228-47.

11 Seymour L, Bogaerts J, Perrone A, et al. iRECIST: guidelines for
response criteria for use in trials testing immunotherapeutics. Lancet
Oncol 2017;18:e143-52.

Sato M, et al. J Immunother Cancer 2021;9:¢003079. doi:10.1136/jitc-2021-003079

"WybBuAdoo Aq paloalold 1sanb Aq TZ0z ‘ST Jaquiardas uo jwoo g only:dny woiy papeojumod "TZ0zZ AINC 22 U0 620£00-TZ0Z-0M/9STT 0T Se paysignd 1sii) 1soued Jayjountiw| ¢


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-0213-3187
http://orcid.org/0000-0002-9826-6856
http://orcid.org/0000-0001-7046-3383
http://dx.doi.org/10.1158/1078-0432.CCR-18-1538
http://dx.doi.org/10.1001/jamanetworkopen.2019.6879
http://dx.doi.org/10.1001/jamanetworkopen.2019.6879
http://dx.doi.org/10.1038/s12276-018-0191-1
http://dx.doi.org/10.1056/NEJMoa1501824
http://dx.doi.org/10.1056/NEJMoa1507643
http://dx.doi.org/10.1056/NEJMoa1507643
http://dx.doi.org/10.1056/NEJMoa1504627
http://dx.doi.org/10.1056/NEJMoa1504627
http://dx.doi.org/10.1136/esmoopen-2016-000145
http://dx.doi.org/10.1007/s00259-020-05069-2
http://dx.doi.org/10.1158/1078-0432.CCR-16-3133
http://dx.doi.org/10.1016/j.ejca.2008.10.026
http://dx.doi.org/10.1016/S1470-2045(17)30074-8
http://dx.doi.org/10.1016/S1470-2045(17)30074-8
http://jitc.bmj.com/

12

13

14

15

Tazdait M, Mezquita L, Lahmar J, et al. Patterns of responses

in metastatic NSCLC during PD-1 or PDL-1 inhibitor therapy:
comparison of RECIST 1.1, irRECIST and iRECIST criteria. Eur J
Cancer 2018;88:38-47.

Unterrainer M, Ruzicka M, Fabritius MP, et al. Pet/Ct imaging for
tumour response assessment to immunotherapy: current status and
future directions. Eur Radiol Exp 2020;4:63.

Forde PM, Chaft JE, Smith KN, et al. Neoadjuvant PD-1

blockade in resectable lung cancer. N Engl J Med Overseas Ed
2018;378:1976-86.

Umeda Y, Morikawa M, Anzai M, et al. Predictive value of integrated

27

28

29

Ribas A, Benz MR, Allen-Auerbach MS, et al. Imaging of CTLA4
blockade-induced cell replication with (18)F-FLT PET in patients
with advanced melanoma treated with tremelimumab. J Nucl Med
2010;51:340-6.

Yeh R, Trager MH, Rizk EM, et al. Flt-Pet at 6 weeks predicts
response assessed by CT at 12 weeks in melanoma patients treated
with pembrolizumab. Clin Nucl Med 2020;45:267-75.

Nguyen NC, Yee MK, Tuchayi AM, et al. Targeted therapy and
immunotherapy response assessment with F-18 fluorothymidine
positron-emission tomography/magnetic resonance imaging in
melanoma brain metastasis: a pilot study. Front Oncol 2019;8:18.

"®F-FDG PET/MRI in the early response to nivolumab in patients with 30 Scarpelli M, Zahm C, Perlman S, et al. FIt PET/CT imaging of
previously treated non-small cell lung cancer. J Immunother Cancer metastatic prostate cancer patients treated with pTVG-HP DNA
2020;8:349. vaccine and pembrolizumab. J Immunother Cancer 2019;7:23.

16 Shields AF, Grierson JR, Dohmen BM, et al. Imaging proliferation 31 Humbert O, Cadour N, Paquet M, et al. 8EDG PET/CT in the
in vivo with [F-18]FLT and positron emission tomography. Nat Med early assessment of non-small cell lung cancer response to
1998;4:1334-6. immunotherapy: frequency and clinical significance of atypical

17 Meyer H-J, Wienke A, Surov A. Correlations between imaging evolutive patterns. Eur J Nucl Med Mol Imaging 2020;47:1158-67.
biomarkers and proliferation index Ki-67 in lymphomas: a systematic 32 Rossi G, Bauckneht M, Genova C, et al. Comparison between "éF-
review and meta-analysis. Clin Lymphoma Myeloma Leuk FDG PET-based and ct-based criteria in non-small cell lung cancer
2019;19:e266-72. patients treated with nivolumab. J Nucl Med 2020;61:990-8.

18 Everitt SJ, Ball DL, Hicks RJ, et al. Differential (18)F-FDG and 33 Kaira K, Higuchi T, Naruse I, et al. Metabolic activity by '®F-
(18)F-FLT uptake on serial PET/CT imaging before and during FDG-PET/CT is predictive of early response after nivolumab
definitive chemoradiation for non-small cell lung cancer. J Nucl Med in previously treated NSCLC. Eur J Nucl Med Mol Imaging
2014;55:1069-74. 2018;45:56-66.

19 Vera P, Bohn P, Edet-Sanson A, et al. Simultaneous positron emission 34 Umeda Y, Tsujikawa T, Anzai M, et al. The vertebral 3'-deoxy-3'-
tomography (PET) assessment of metabolism with **F-fluoro-2- "8F_fluorothymidine uptake predicts the hematological toxicity after
deoxy-d-glucose (FDG), proliferation with *F-fluoro-thymidine (FLT), systemic chemotherapy in patients with lung cancer. Eur Radiol
and hypoxia with *fluoro-misonidazole (F-miso) before and during 2019;29:3908-17.
radiotherapy in patients with non-small-cell lung cancer (NSCLC): a 35 Kamphorst AO, Pillai RN, Yang S, et al. Proliferation of PD-1+ CD8 T
pilot study. Radiother Oncol 2011;98:109-16. cells in peripheral blood after PD-1-targeted therapy in lung cancer

20 Igbal R, Kramer GM, Frings V, et al. Validation of ['®F]FLT as a patients. Proc Nat/ Acad Sci U S A 2017;114:4993-8.
perfusion-independent imaging biomarker of tumour response in 36 McLaughlin J, Han G, Schalper KA, et al. Quantitative assessment of
EGFR-mutated NSCLC patients undergoing treatment with an EGFR the heterogeneity of PD-L1 expression in non-small-cell lung cancer.
tyrosine kinase inhibitor. EJINMMI Res 2018;8:22. JAMA Oncol 2016;2:46-54.

21 Bohnsack O, Hoos A, Ludajic K. Adaptation of the immune related 37 Bensch F, van der Veen EL, Lub-de Hooge MN, et al. 897y
response criteria: Irrecist. Annals of Oncology 2014;25:iv369. atezolizumab imaging as a non-invasive approach to assess clinical

22 Nishino M, Giobbie-Hurder A, Gargano M, et al. Developing a response to PD-L1 blockade in cancer. Nat Med 2018;24:1852-8.
common language for tumor response to immunotherapy: immune- 38 Oliver AJ, Lau PKH, Unsworth AS, et al. Tissue-Dependent tumor
related response criteria using unidimensional measurements. Clin microenvironments and their impact on immunotherapy responses.
Cancer Res 2013;19:3936-43. Front Immunol 2018;9:1.

23 Tsujikawa T, Tasaki T, Hosono N, et al. 8F_FLT PET/MRI for bone 39 Tumeh PC, Harview CL, Yearley JH, et al. PD-1 blockade induces
marrow failure syndrome-initial experience. EJNMMI Res 2019;9:16. responses by inhibiting adaptive immune resistance. Nature

24 Qi'S, Zhongyi Y, Yingjian Z, et al. "*F-FLT and "®F-FDG PET/CT in 2014;515:568-71.

Predicting Response to Chemoradiotherapy in Nasopharyngeal 40 Chen S, Crabill GA, Pritchard TS, et al. Mechanisms regulating PD-
Carcinoma: Preliminary Results. Sci Rep 2017;7:40552. L1 expression on tumor and immune cells. J Immunother Cancer

25 O JH, Lodge MA, Wahl RL. Practical percist: a simplified 2019;7:305.
guide to PET response criteria in solid tumors 1.0. Radiology 41 Truillet C, Oh HLJ, Yeo SP, et al. Imaging PD-L1 expression with
2016;280:576-84. ImmunoPET. Bioconjug Chem 2018;29:96-103.

26 Humbert O, Chardin D. Dissociated response in metastatic cancer: 42 Niemeijer AN, Leung D, Huisman MC, et al. Whole body PD-1 and
an atypical pattern brought into the spotlight with immunotherapy. PD-L1 positron emission tomography in patients with non-small-cell
Front Oncol 2020;10:566297. lung cancer. Nat Commun 2018;9:4664.

10 Sato M, et al. J Immunother Cancer 2021;9:¢003079. doi:10.1136/jitc-2021-003079

"WybBuAdoo Aq paloalold 1sanb Aq TZ0z ‘ST Jaquiardas uo jwoo g only:dny woiy papeojumod "TZ0zZ AINC 22 U0 620£00-TZ0Z-0M/9STT 0T Se paysignd 1sii) 1soued Jayjountiw| ¢


http://dx.doi.org/10.1016/j.ejca.2017.10.017
http://dx.doi.org/10.1016/j.ejca.2017.10.017
http://dx.doi.org/10.1186/s41747-020-00190-1
http://dx.doi.org/10.1056/NEJMoa1716078
http://dx.doi.org/10.1136/jitc-2019-000349
http://dx.doi.org/10.1038/3337
http://dx.doi.org/10.1016/j.clml.2019.03.005
http://dx.doi.org/10.2967/jnumed.113.131631
http://dx.doi.org/10.1016/j.radonc.2010.10.011
http://dx.doi.org/10.1186/s13550-018-0376-6
http://dx.doi.org/10.1093/annonc/mdu342.23
http://dx.doi.org/10.1158/1078-0432.CCR-13-0895
http://dx.doi.org/10.1158/1078-0432.CCR-13-0895
http://dx.doi.org/10.1186/s13550-019-0490-0
http://dx.doi.org/10.1038/srep40552
http://dx.doi.org/10.1148/radiol.2016142043
http://dx.doi.org/10.3389/fonc.2020.566297
http://dx.doi.org/10.2967/jnumed.109.070946
http://dx.doi.org/10.1097/RLU.0000000000002967
http://dx.doi.org/10.3389/fonc.2018.00018
http://dx.doi.org/10.1186/s40425-019-0516-1
http://dx.doi.org/10.1007/s00259-019-04573-4
http://dx.doi.org/10.2967/jnumed.119.233056
http://dx.doi.org/10.1007/s00259-017-3806-1
http://dx.doi.org/10.1007/s00330-019-06161-4
http://dx.doi.org/10.1073/pnas.1705327114
http://dx.doi.org/10.1001/jamaoncol.2015.3638
http://dx.doi.org/10.1038/s41591-018-0255-8
http://dx.doi.org/10.3389/fimmu.2018.00070
http://dx.doi.org/10.1038/nature13954
http://dx.doi.org/10.1186/s40425-019-0770-2
http://dx.doi.org/10.1021/acs.bioconjchem.7b00631
http://dx.doi.org/10.1038/s41467-018-07131-y
http://jitc.bmj.com/

