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Abstract

Purpose: Immunologic response to anti-PD-1 therapy can occur rapidly with T cell responses
detectable in as little as one week. Given that activated immune cells are FDG avid, we
hypothesized that an early FDG PET/CT obtained ~1 week after starting pembrolizumab could
be used to visualize a metabolic flare (MF), with increased tumor FDG activity due to infiltration
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by activated immune cells, or a metabolic response (MR), due to tumor cell death, that would
predict response.

Experimental Design: Nineteen patients with advanced melanoma scheduled to receive
pembrolizumab were prospectively enrolled. FDG PET/CT imaging was performed at baseline
and ~1 week after starting treatment. FDG PET/CT scans were evaluated for changes in maximum
standardized uptake value (SUVpmax) and thresholds were identified by ROC analysis; MF was
defined as >70% increase in tumor SUVpax, and MR as >30% decrease in tumor SUVpax.

Results: A MF or MR was identified in 6/11 (55%) responders and 0/8 (0%) nonresponders,
with an objective response rate (ORR) of 100% in the MF-MR group and an ORR of 38% in

the stable metabolism (SM) group. A MF or MR was associated with T cell reinvigoration in the
peripheral blood and immune infiltration in the tumor. Overall survival at 3 years was 83% in the
MF-MR group and 62% in the SM group. Median progression free survival (PFS) was >38 months
(median not reached) in the MF-MR group and 2.8 months (95% Cl, 0.3-5.2) in the SM group
(P=0.017).

Conclusions: Early FDG PET/CT can identify metabolic changes in melanoma metastases that
are potentially predictive of response to pembrolizumab and significantly correlated with PFS.

Introduction

Cancer immunotherapy, including anti-PD-1, anti-PD-L1, anti-CTLA-4, and anti-LAG-3
checkpoint blockade, has transformed the standard of care for many malignancies. Despite
this success, many patients still do not respond, and immunotherapy can cause severe
immune-related adverse events which can be permanent or fatal (1,2). Thus, there is a
need for noninvasive imaging biomarkers that can assess response early, to guide patient
management and avoid toxicity in patients not likely to benefit.

18F_fluorodeoxyglucose (FDG) PET/CT has the potential to noninvasively assess response
early in the setting of cancer immunotherapy. Although FDG PET/CT is routinely used

to detect metabolically active tumor cells, FDG is also taken up by a variety of activated
immune cells from both the adaptive and innate immune system, which utilize aerobic
glycolysis (also known as the Warburg effect) when they become activated (3). For example,
in vitro studies have demonstrated markedly increased glucose uptake in activated T cells
compared to unstimulated T cells, and preclinical studies have shown increased FDG uptake
in tumor-associated myeloid immune cells, including macrophages, as well as activated T
cells (4-7). In addition, clinical studies have demonstrated elevated FDG uptake in a variety
of inflammatory conditions, including immune-related adverse events, and in ipsilateral
regional lymph nodes following the flu or COVID vaccine (8-11).

In the routine clinical setting FDG activity in activated immune cells cannot be
discriminated from FDG activity in tumor cells. However, if a baseline FDG PET/CT is
compared with an early post-treatment FDG PET/CT over a short interval that minimizes
tumor growth, changes in FDG uptake can be attributed to treatment-related effects,
including increased FDG activity due to infiltration of the tumor by activated immune cells
(metabolic flare) or decreased FDG activity due to tumor cell death (metabolic response).
These metabolic changes, and in particular a metabolic flare, have been shown to reflect
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response in a preclinical mouse tumor model following treatment with immunotherapy (12),
and in a few patients with metastatic melanoma treated with ipilimumab (13-16), and are
potentially an earlier and more sensitive measure of response to cancer immunotherapy
compared to anatomic imaging such as CT or MRI.

In order to capture tumor infiltration by activated immune cells, patients should ideally

be imaged with FDG PET/CT near their peak immune response. Given that complete
pathologic responses have been reported in patients with advanced melanoma 3 weeks after
initiation of pembrolizumab, and robust increases in Ki67+ CD8 T cells have been seen in
the peripheral blood by 1 week, it is likely that the immune response to checkpoint blockade
is quite rapid (17,18). Thus, a prospective clinical trial was initiated to test the hypothesis
that FDG PET/CT imaging performed at ~1 week after a single dose of pembrolizumab in
patients with advanced melanoma would predict response to immunotherapy.

MATERIALS AND METHODS

Patients

This prospective single-center study was approved by the Institutional Review Board at

the University of Pennsylvania (ClinicalTrials.gov identifier NCT02791594). All patients
provided written informed consent and the trial was conducted in accordance with the
Declaration of Helsinki. Adult patients with advanced melanoma scheduled to initiate
pembrolizumab were prospectively enrolled between November 2016 and November 2019.
Patients were required to have at least 1 measurable lesion per RECIST 1.1. Patients could
not have received previous anti-PD-1 or anti-PD-L1 therapies. Patients on systemic steroids
or immunosuppression were not eligible, nor were patients with active brain metastasis.

All patients were treated with pembrolizumab as a standard-of-care therapy (200 mg 1V,
every 3 weeks) in the first- or later line setting. FDG PET/CT imaging was performed
within 4 weeks prior to initiation of pembrolizumab (PETO0) and again at about 1 week after
the first dose of pembrolizumab (PET1). Best response was assessed on standard-of-care
imaging (CT, MRI, or FDG PET/CT) acquired at baseline and then every 3 months using
RECIST 1.1 (19). Pathologic response was assessed for one patient, using the same methods
described previously (17). An optional tumor biopsy was performed on the same date as the
PET1 scan, after the scan was completed, if the biopsy could be obtained safely from an
accessible site. Blood samples were collected at baseline (on the date of therapy initiation),
on the same date as PET1, and at 3, 6, 9, and 12 weeks post therapy.

FDG PET/CT Imaging and Analysis

FDG PET/CT scans were acquired according to a standard-of-care clinical protocol at the
University of Pennsylvania using a Biograph mCT PET/CT scanner (Siemens), Biograph
Vision PET/CT scanner (Siemens), Gemini PET/CT scanner (Phillips), and Ingenuity
PET/CT scanner (Philips), which are routinely cross-calibrated by our medical physics
group. CT images were obtained without intravenous contrast for attenuation correction and
anatomic correlation. Patients were required to fast for 4 — 6 h and have plasma glucose
levels <200 mg/dL prior to injection of FDG. Patients were scanned supine from the vertex
to the toes approximately 60 min after injection of 555 MBq (15 mCi) + 20% of FDG. In
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patients with no lesions in the extremities, images were acquired from the base of the skull
to the midthighs.

FDG PET/CT images were reviewed and analyzed using MIM (MIM Software) by one
experienced physician board-certified in both diagnostic radiology and nuclear medicine
who was blinded to patient outcome. Up to 5 RECIST-measurable lesions (2 per organ)
were assessed for each patient. FDG activity for each lesion was measured using the
maximum standardized uptake value (SUVax), which was chosen because it is routinely
used in clinical practice. The percentage change in SUVax was defined as (sum of PET1
SUVMmax — sum of PETO SUVpax)/(sum of PETO SUVax) * 100; the percentage change
in lesion size was calculated similarly. The change in individual FDG-avid lesions was also
assessed for exploratory purposes, with an FDG-avid lesion defined as focal, abnormally
increased FDG uptake greater than background with a corresponding anatomic lesion on the
CT scan suggestive of metastasis. Baseline tumor burden was calculated as the sum of the
longest dimensions of all measurable baseline target lesions on the PETO scan as assessed
per RECIST 1.1 modified to include a maximum of 10 target lesions in total or 5 per organ,
as described previously (20).

Sample processing: PBMCs and tumor

Blood samples were drawn in sodium heparin tubes, kept at room temperature, and
processed within 8 h of blood draw. Whole blood was centrifuged and plasma samples

were collected, aliquoted in the volume of 1 ml per cryotube, and stored at —80 °C. Blood
samples were reconstituted by adding an equal volume of Hank’s balanced salt solution
(HBSS, Corning MT21021CM) to the volume of collected plasma. Reconstituted blood
samples were diluted two-fold in HBSS and Ficoll (Ficoll-Paque PLUS density gradient
medium, GE Healthcare Life Sciences, 17-1440-03) was layered underneath. The volume of
Ficoll-Paque PLUS used was equal to that of the undiluted blood sample. The buffy coat was
collected and washed twice with HBSS. Ammonium-chloride-potassium lysis buffer (Lonza
10-548E) was used to lyse the red blood cells, if necessary. Tumor biopsies were processed
in the Department of Pathology and Laboratory Medicine, Hospital of the University of
Pennsylvania, and immediately snap or formalin fixed and paraffin embedded; a portion of
unfixed tissue was allocated for extraction of tumor-infiltrating lymphocytes (TILs), which
was processed within 4 h after excision from the patient. The unfixed tumor samples were
cut into 2-3-mm pieces with a scalpel in an RPMI 1640 (Corning 10-040-CM)-containing
petri dish. A 70-um cell strainer (Falcon 352350) was placed on top of a 50-ml conical

tube and the tissue fragments were transferred to the cell strainer with a pipette. The cells
were released by gently grinding the tissue fragments using the thumb depressor of a sterile
syringe plunger placed against the cell strainer. Cells were washed twice and counted in

a hemocytometer. The numbers of lymphocytes and melanoma cells were distinguished by
their morphology and recorded separately.

Flow cytometry

PBMCs and tumor suspension were stained with a master mix of antibodies for
surface stains including CD4 (clone OKT4, BioLegend, RRID:AB_2563242), CD8 (clone
RPA-T8, BD Biosciences, RRID:AB_2744460), CD45RA (clone HI100, BioLegend,
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RRID:AB_2563814), Tim-3 (clone F38-2E2, BioLegend, RRID:AB_11218598), Lag3
(clone 3DS223H, eBioscience, RRID:AB_2574048), CD39 (clone Al, BiolLegend,
RRID:AB_940425), CD38 (clone HIT2, BD Biosciences, RRID:AB_2738515), KLRG1
(clone SA231A2, BioLegend, RRID:AB_2566595), CD27 (clone L128, BD Biosciences,
RRID:AB_2744350), and PD-1 (clone EH12.1, BD Biosciences, RRID:AB_2739514) and
intracellular stains for FoxP3 (clone 259D/C7, BD Biosciences, RRID:AB_11153143),
CTLA-4 (clone BNI3, BD Biosciences, RRID:AB_10893816), Eomes (clone WD1928,
eBioscience, RRID:AB_2574616), T-bet (clone 4B10, BioLegend, RRID:AB_2561761),
and Ki67 (clone B56, BD Biosciences, RRID:AB_10611571). Permeabilization was
performed using the Foxp3 Fixation/ Permeabilization Concentrate and Diluent kit
(eBioscience). Cells were resuspended in 1% paraformaldehyde until acquisition on a BD
Biosciences LSR Il cytometer or Symphony A5 and analyzed using FlowJo (Tree Star).

Immunohistochemical staining (single chromogenic).

Five micron tissue sections cut from formalin-fixed paraffin-embedded (FFPE) or frozen
tissue blocks were used in the study. FFPE tissue blocks were deparaffinized and rehydrated
with serial passage through changes of xylene and graded ethanol. FFPE slides were
subjected to heat-induced epitope retrieval in ER1 or ER2 solution (Leica Microsystems
AR9961 or AR9940). Endogenous peroxidase in tissues was blocked by incubation

of slides in 3% hydrogen peroxide solution before incubation with primary antibody
(anti-CD45, 1:200, clone 2B11+PD7/26, Agilent, RRID:AB_2314143; anti-CD8, 1:40,
clone C8/144B, Agilent, RRID:AB_2075537; anti-CD4, pre-diluted, clone EP204, Biocare,
RRID:AB_3075455; or anti-CD20, pre-diluted, clone L26, Agilent, RRID:AB_3075456).
Staining was performed on a Leica Bond-I1ITM instrument using the Bond Polymer Refine
Detection System (Leica Microsystems DS9800). Similar procedures were used for frozen
tissue sections except antigen retrieval was omitted. Stained slides were counterstained with
hematoxylin and cover slipped for review.

Statistical Analysis

For patient demographics, medians and ranges were used to summarize continuous variables
and percentages were used to summarize categoric variables. Fisher's exact test was used

for comparison of dichotomous data. Results are indicated as mean + SD, and P values

less than 0.05 were considered significant. Receiver operating characteristic (ROC) curves
were constructed and the maximum sum of sensitivity and specificity (Youden’s index)

was used to determine the optimal threshold for change in SUVpax, with thresholds
involving an absolute change of less than 30% excluded due to the known variability in
SUV measurements (21). Objective response was defined as a combination of complete
response and partial response. Progression free survival (PFS) was defined as the time from
the PET1 scan to progression, according to RECIST 1.1, or death from any cause, whichever
occurred first. Patients who remained alive and free from disease progression were censored
at last follow-up. Overall survival (OS) was defined as the time from the PET1 scan until
death from any cause or last follow-up visit. Patients who remained alive were censored at
last follow-up. The data were dichotomized into MF-MR and SM groups, and median PFS
and OS were estimated by the Kaplan-Meier method, along with 95% confidence intervals
(Cls) constructed using the Brookmeyer-Crowley formula. Comparisons of PFS and OS
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were performed by log-rank test. GraphPad Prism version 9.4.1 (GraphPad Software Inc.)
and SPSS version 26 (IBM Corp.) were used for the statistical analyses.

Data Availability

RESULTS

Patients

The data generated in this study are available within the article and its supplementary data
files. Deidentified raw data that support the findings of the study are available upon request
from the corresponding author.

Twenty-one patients with advanced melanoma scheduled to initiate pembrolizumab were
prospectively enrolled. Two patients who did not complete both PET0 and PET1 were
excluded from the analysis. Table 1 summarizes the patient characteristics, which are listed
in Supplementary Table S1. The majority of patients had ECOG PS 0 (79%), normal LDH
level (74%), stage 4 disease (68%), and no prior treatment (84%). Additionally, the median
baseline tumor burden was 5.0 cm and the majority did not have liver metastases (89%). The
representativeness of the study participants is summarized in Supplementary Table S2. PETO
was acquired at a median of 9 days (range, 0 — 24 days) prior to initiation of pembrolizumab,
and PET1 was acquired at a median of 7 days (range, 3 — 21 days) after the first dose of
pembrolizumab. The scan intervals for each patient are listed in Supplementary Table S3.
PET/CT scans were performed at a median of 60 min (range, 52 — 87 min) after FDG
injection.

FDG PET/CT Response Assessment and Analysis of Peripheral Blood

The best overall responses for each patient are included in Supplementary Table S3. 7
patients had a complete response (CR), 4 patients had a partial response (PR), and 7 patients
had progressive disease (PD). One patient had their melanoma completely resected 2 weeks
after their PET1 scan and was classified as pathologic nonresponse (pNR), which was
treated as PD for the purposes of analysis. No patients had stable disease (SD).

The proposed tumor response to immunotherapy, as measured by FDG PET/CT versus time,
is depicted in Figure 1a. Changes in tumor SUV ax between PETO and PET1 ranged

from 114% to —70.7% (Figure 1b). ROC analysis revealed that the optimal threshold for

a metabolic flare (MF) was a 70% increase in SUVax, and the optimal threshold for a
metabolic response (MR) was a 30% decrease in SUVax. If the change in SUVax did
not meet criteria for a MF nor MR, it was classified as stable metabolism (SM). A MF or
MR was identified in 6/11 (55%) responders and 0/8 (0%) nonresponders, with an objective
response rate (ORR) of 100% in the MF-MR group and an ORR of 38% in the SM group
(Table 2). The accuracy was 74%, with a positive predictive value of 100% and negative
predictive value of 62%. Responders with either a MF or MR were seen throughout the
post-treatment interval, with a MF seen on post-treatment day 6 and 12, and a MR seen

on day 7, 8, and 13 (Supplementary Table S3). Representative examples of a MR and MF
are provided in Figure 1c. In addition, an exploratory analysis was performed using the
largest change in a single FDG-avid tumor lesion for each patient, which provided similar
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results with two exceptions: one responder (patient 1) previously classified as having SM
now had a MF (based on a 122.0% change in SUVax in one lesion), and one nonresponder
(patient 15) previously classified as having SM now had a MR (based on a —31.0% change
in SUVax in one lesion), suggesting that this approach is a viable alternative and may
have greater sensitivity, but it could be subject to more variability and thus might require
higher thresholds.

Peripheral blood samples from 9 of 19 (47%) patients were available for analysis. A
combined analysis of these samples revealed a robust increase in Ki67+ CD8 T cells that
peaked at approximately 1 week post-treatment (at the time of the PET1 scan) and then
declined, with responding cells enriched in cells that co-expressed PD-1 and CTLA-4,
which we previously reported (with fewer samples) as companion data to a neoadjuvant
trial of pembrolizumab in patients with melanoma (17). Further analysis revealed that the
largest peaks in Ki67+ CD8 T cells were seen in patients with a MF or MR, while smaller
changes in the percentage of Ki67+ CD8 T cells were seen in patients with SM, including
both responding and nonresponding patients, although this difference was not significant
(Figure 1d and Supplementary Figure S1). In addition, a moderate correlation was identified
between the change in SUVpax and percentage of Ki67+ CD8 T cells at the time of PET1
(Supplementary Figure S2).

One patient that participated in this trial also participated in a phase 1 imaging trial of a
CD8-targeted PET probe, 89Zr-Df-1AB22M2C (89Zr-crefmirlimab berdoxam), at 4 weeks
post-treatment (22). In this patient, two groups of metastases demonstrated a MR on the
PET1 scan, and were cold on CD8 PET imaging, while a group of metastases in the left
upper axilla demonstrated SM on the PET1 scan and were hot on CD8 PET imaging
(Figure 2a). These findings suggest that the kinetics of response can vary between lesions
in the same patient, and that changes in FDG activity can reflect differences in immune
cell infiltration. Variable interlesional response kinetics may also account for the findings in
several other responding patients whose metastases demonstrated a wide range of changes
in FDG activity across individual lesions, for example from +122.0% to —42.0% SUVpax
(patient 1) and from +208.9% to —24.1% SUVax (patient 9).

Analysis of Early Post-Treatment Tumor Biopsies

Two patients had a post-treatment tumor biopsy on the same date as their PET1 scan,

and both patients ultimately responded to therapy. In the first patient (patient 5), the post-
treatment biopsy (Figure 2b) demonstrated robust infiltration of the tumor by immune cells,
which primarily consisted of CD8+ and CD4+ T cells. Necrosis could not be definitively
assessed, because morphology on the frozen sections was poorly preserved. Analysis by
flow (Figure 2c, Supplementary Figure S3) revealed that a large percentage of the TILs
were T cells, and the majority (75%) were CD8+ T cells that demonstrated an exhausted
phenotype and increased Ki67 expression, consistent with recent reinvigoration of T cells
by PD-1 blockade followed by exhaustion. Given that this biopsied tumor demonstrated a
robust metabolic response on PET1 (with a =70.7% change in SUVax), the data suggest
that this lesion is near the end of the response curve (Figure 1a), and is characterized by
tumor cell death and exhausted T cells that have impaired glycolysis. In the second patient
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(patient 9), the post-treatment biopsy (Figure 2b) also demonstrated robust infiltration of the
tumor by immune cells, which was significantly increased compared to the baseline biopsy
which had no TILs. However, in contrast to the first patient, these TILs primarily consisted
of CD20+ B cells, with few T cells. Additionally, no necrosis was identified. Analysis by
flow (Figure 2¢) confirmed that there were very few T cells (0.07%), which were mostly
CD4+ and were neither exhausted nor recently activated. Given that this biopsied tumor
demonstrated stable metabolism on PET1 (with a +0.2% change in SUVax), the data
suggest that this tumor might be at the beginning of the response curve (Figure 1a), although
it is also possible that the tumor is just past the peak immune response, or is in the middle of
the peak immune response without a metabolic flare.

Identification of New Lesions

Two patients demonstrated new FDG-avid lesions on their PET1 scan, which helped to
guide their clinical management. In one patient, a brain metastasis was identified on the
PET1 scan performed 3 days after starting pembrolizumab (Supplementary Figure S4a),
which was confirmed with MRI and subsequently treated with radiation; this patient went
on to have a durable PR. In a second patient, a new FDG-avid splenic lesion was seen on
the PET1 scan (Supplementary Figure S4b), which became more FDG avid on follow-up
imaging and correlated with an enhancing lesion on MRI. The splenic lesion was favored to
represent pseudoprogression, so the patient continued on therapy, and the lesion resolved on
the 6-month FDG PET/CT; this patient went on to have a durable CR.

Change in Tumor Size

In general, only small changes in tumor size were noted between PETO0 and PET1, with
small decreases in size more common in responding patients and small increases in size
more common in nonresponding patients (Supplementary Table S3). Notably there was
essentially no change in tumor size (range: 0 to 1.3%) in patients with a MF, and only
mild changes in tumor size (range: —7.7% to 2.9%) in patients with a MR. However, in

a few nonresponding patients there were larger increases in tumor size, which were only
seen in patients with >10 days between their PETO scan and start of therapy. In these cases,
the tumor had additional time to grow prior to therapy, which likely resulted in increased
FDG activity. For example, nonresponding patients who had >10 days between their PETO
scan and treatment initiation had an average increase in tumor size of 12% (n=6; range:
1.7-27.3%), and the patient with the largest increase in tumor size (27.3%) had a 59.0%
increase in tumor FDG activity.

Given that tumor growth in nonresponding patients could result in increased FDG activity
which would resemble a MF in responding patients, a subset of patients was analyzed in
which the interval from the PETO scan to therapy start was restricted to <10 days. In this
cohort, in which the confounding effect of tumor growth was reduced, a >30% increase

in SUV ) ax was used to define MF, which is in alignment with PERCIST (21). This

lower threshold allowed more responders to be captured, including a patient with a 37.0%
increase in SUVax on day 14 post-treatment who went on to have a durable PR. In the
resulting cohort (n=10; Supplementary Figure S5), a MF or MR was seen in 6/8 (75%)
responders and 0/2 (0%) nonresponders, with an accuracy of 80%. In this subset of patients,
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a greater percentage of responders were identified (75% versus 55%) and the accuracy was
similar (80% versus 74%) compared to the full cohort of patients. Only two patients were
misclassified: patient 6, who had a CR with a 29.4% increase in SUVax, Which was very
close to the 30% threshold for a MF, and patient 2, who had a CR with a —=1.8% change in
SUVMmax. For comparison, when this lower threshold was used to analyze the entire cohort,
a MF or MR was seen in 7/11 (64%) responders and 2/8 (25%) nonresponders, with an
accuracy of 68%, which may reflect the confounding effect of tumor growth that resulted in
a >30% increase in FDG activity in two nonresponding patients.

Survival Analysis

Median follow-up was 38 months (range: 17-50 months). At the time of analysis, 6 deaths
had occurred; 17% (1/6) of patients had died in the MF-MR group and 38% (5/13) had died
in the SM group. Median OS was not reached for either group (Figure 3a). There were 11
PFS events; 1 (17%) in the MF-MR group and 10 (77%) in the SM group. Median PFS was
more than 38 months (median not reached) in the MF-MR group versus 2.8 months (95%
Cl, 0.3-5.2) in the SM group (Figure 3b). PFS was significantly longer in the MF-MR group
than in the SM group (P=0.017).

Discussion

This is the first study, to our knowledge, that has explored the early metabolic changes

in tumor lesions using FDG PET/CT at ~1 week after starting anti-PD-1 therapy. In this
study, we confirmed that a MF and MR can both occur within days following treatment with
anti-PD-1 therapy, and demonstrated that those changes in tumor FDG activity are predictive
of response and are significantly correlated with PFS in patients with advanced melanoma.
Previous reports of interim FDG PET/CT imaging in the setting of cancer immunotherapy
have typically imaged patients after 3-4 weeks of therapy, and more commonly after

6 weeks, at which point increases in FDG activity due to response (frequently termed
pseudoprogression) cannot be discriminated from increases in FDG activity due to true
progression (14-16,23-31). In contrast, our approach to image patients about 1 week

after starting therapy minimizes tumor growth, and restricts changes in FDG activity to
responding patients, which were identified in this limited pilot study with 100% specificity.

Early response assessment has several advantages, including the potential to enable
personalized treatment of patients on cancer immunotherapy. The early identification of
nonresponding patients allows treatment to be escalated, or alternative therapies to be given
earlier, which could improve outcomes and reduce unnecessary side effects from ineffective
therapy. In addition, the early identification of responding patients could potentially

enable de-escalation of therapy, for example by reducing or avoiding surgery, much like

a major pathologic response was used as a criterion for surgical de-escalation in the
PRADO trial, which could decrease morbidity and increase quality of life (32). Responding
patients could also de-escalate from combination immunotherapy to monotherapy, using an
approach similar to the ADAPT-IT trial, although it appears that most of the toxicity of
immunotherapy is built into the first two doses, making this approach less attractive (33).
The early identification of occult metastases or immune-related lesions could also help to

Clin Cancer Res. Author manuscript; available in PMC 2024 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson et al.

Page 10

stage patients, inform their clinical management, and better identify pseudoprogression on
subsequent studies. In the current study, two patients demonstrated new lesions on early
FDG PET/CT imaging that helped to guide their clinical management. The first patient had
a brain metastasis that was identified on early FDG PET/CT imaging, which enabled the
metastasis to be treated with radiation, and the patient went on to have a durable response.
The second patient had a new splenic lesion that was seen on early FDG PET/CT imaging,
which allowed it to be classified as pseudoprogression on subsequent imaging.

We hypothesize that the response to immunotherapy, as measured by changes in tumor FDG
activity, begins with a MF and is followed by a MR, which reflects an initial influx of
activated tumor-infiltrating immune cells that is followed by significant tumor cell death and
exhaustion / clearance of immune cells (Figure 1a). Based on this proposed response curve,
there are two time points when a responding patient will have SM: prior to the initiation

of response, and at the inflection point when a tumor lesion is moving from a MF to a

MR. However, more research is needed to test this hypothesis, and to better understand the
kinetics of response. In the current study, the data show that the kinetics of response are
rapid but vary between patients, with a MF seen on Day 6 and Day 12, and a MR seen

on Day 7, Day 8, and Day 13. In addition, a patient who participated in both FDG and

CD8 PET imaging trials demonstrated that there is variability in the kinetics of response
between lesions within the same patient, and that changes in FDG activity can correlate with
differences in CD8 T cell infiltration. Several metastases in this patient had a drop in FDG
activity on the PET1 scan consistent with a MR, and were cold on CD8 PET, suggesting
that the lesions had nearly finished responding. In contrast, several other metastases had SM,
and were hot on CD8 PET, suggesting that they had CD8 T cells present and may have

been at the inflection point between a MF and MR with a balanced degree of immune cell
infiltration and tumor cell death, or alternatively at the beginning of the response curve.
Given this variability in response kinetics, we anticipate that the presence of at least one
metastatic lesion with an unambiguous MF or MR will likely be enough to predict response,
and may have greater sensitivity than a summed measure of more than one lesion. This is
supported by an exploratory analysis of the imaging data in this trial that used the largest
change in a single lesion to predict response, which provided similar results. However,

the variability in response kinetics also makes it unlikely that a single post-treatment scan
will be capable of identifying all responders and nonresponders with 100% sensitivity and
specificity. Instead, we anticipate a scenario in which early FDG PET/CT imaging could be
used to identify a set of responders with confidence, based on a MF or MR, and then the
cohort with SM that is enriched in nonresponders would proceed to have additional imaging
studies, or complementary biomarkers measured, in order to correctly identify all of the
responders and nonresponders within the cohort.

Our data identified both a MF and MR as indicators of response to immunotherapy.
Additional evidence that a MF and MR serve as related measures of response comes from
the peripheral blood data, in which large increases in Ki67+ CD8 T cells were seen in
patients with both a MF and a MR, which was larger than the increase in Ki67+ CD8 T
cells in nonresponding patients with SM. These data also suggest that there is a temporal
correlation between changes in tumor FDG activity and reinvigoration of CD8 T cells in
the peripheral blood. Additionally, some responding patients demonstrated SM, and had a
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blunted increase in Ki67+ CD8 T cells in the peripheral blood, suggesting that the imaging
time point (and paired blood draw) missed the peak immune response, again underscoring
the variability in the timing of the immune response across patients. However, it is also
possible that these responding patients with SM never mounted a measurable response to
immunotherapy. Additional data were provided by early post-treatment tumor biopsies in
two patients, who ultimately responded to therapy. In one patient the biopsy demonstrated
an abundance of recently proliferating exhausted CD8 T cells, which are known to have
impaired glycolysis (34,35), and was consistent with the observed MR in the biopsied tumor.
In the other patient the biopsy demonstrated robust infiltration of the tumor with B cells,

and very few T cells, suggestive of the development of tertiary lymphoid structures within
the tumor, which have been associated with response to immunotherapy (36,37). Given that
this tumor demonstrated SM on the PET1 scan, it is not clear if the lesion was imaged and
biopsied at an early or late point along the response curve, or how the B cells affected the
overall metabolism of the lesion. Thus, additional research is needed to better understand the
patterns of response to immunotherapy at early time points, the impact of those responses on
overall tumor metabolism, and the relationship between changes in tumor FDG activity and
changes in immune cell populations in the peripheral blood.

This study used a threshold of >70% increase in SUVax to define a MF. However, we
anticipate that a lower threshold might be able to be used for subsequent studies if the time
between PETO and initiation of therapy is minimized, to limit the impact of tumor growth
on the analysis. To support this approach, a subset of patients was analyzed in which this
interval was kept to <10 days. In this cohort, a greater number of responders were identified
using a lower threshold of >30% increase in SUVax, With similar accuracy.

This study explored the ability of early FDG PET/CT to predict response in patients with
advanced melanoma on anti-PD-1 therapy, but we expect that this approach could also be
applied to other cancers and immunotherapy regimens, including cellular therapy, which
result in tumor infiltration by activated immune cells. Additional support for the utility of an
early FDG PET/CT scan to predict response to anti-PD-1 therapy is provided by data from
two recent clinical trials. In one trial, 25 patients with non-small cell lung cancer (NSCLC)
treated with nivolumab were imaged with FDG PET/MRI at baseline and at 2 weeks post
treatment (38). In this study, two patients with the largest increase in SUVpax (+60%) and
the largest decrease in SUVax (—74%) both had a response to therapy, supporting the
ability of a MF or MR to predict response in NSCLC. In another recent trial, 10 patients
with metastatic melanoma treated with pembrolizumab or nivolumab were imaged with
FDG PET/CT and FDG PET/MRI at baseline and at 2 weeks post treatment (39). In this
trial, all 3 patients with a subsequent complete metabolic response to therapy had a >30%
decrease in tumor FDG activity at 2 weeks, supporting the ability of a MR to predict
response; no cases of a MF were identified in this trial.

This study is limited by a relatively small sample size from a single institution, which did
not include patients with SD. Moreover, there was an objective response in 58% of patients,
which is higher than the ORRs reported in other trials of pembrolizumab monotherapy and
may have been due to a greater proportion of patients having ECOG PS of 0, normal LDH,
an absence of liver metastases, and low volume disease compared to prior studies (20,40).
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Further, there were variable intervals between PETO and therapy initiation, and between
therapy initiation and PET1 (with considerable variation from the target interval of 1 week),
which informed the variable kinetics of response and confirmed that baseline scans should
be acquired as close to therapy start as possible, however, future studies will need to define
these intervals more narrowly. In addition, only 2 examples of a MF were identified. This
study also used a clinical FDG PET/CT protocol, so four different PET/CT scanners were
used, which could have caused variability in SUV measurements. Despite this variability, we
still observed that a MF or MR was predictive of response, and strongly correlated with PFS,
suggesting that response assessment by early FDG PET/CT is robust. However, given the
evolving landscape of front-line therapy for advanced melanoma in which the majority of
patients are currently treated with combination immunotherapy, we expect that this approach
will require validation across additional immunotherapy regimens, including combination
therapies, prior to clinical application in the neoadjuvant or metastatic setting.

Supplementary Material
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Translational Relevance:

In this prospective pilot study, we demonstrated for the first time that metabolic changes
in melanoma metastases on early FDG PET/CT are potentially predictive of response

to pembrolizumab, and are correlated with progression free survival. Given that FDG
PET/CT is ubiquitous and routinely used to image patients with cancer, and changes

in tumor SUV ) ax can be easily calculated, this approach has the potential to be

readily applied to clinical practice. The early identification of nonresponding patients
would allow treatment to be escalated, or alternative therapies to be given earlier, which
could improve outcomes and reduce unnecessary side effects from ineffective therapy.
Additionally, the early identification of responding patients could enable de-escalation of
therapy (and surgery), which could decrease morbidity and increase quality of life. This
approach also has the potential to provide insight into the kinetics and heterogeneity of
response to cancer immunotherapy, both between patients and between tumor lesions in
the same patient.

Clin Cancer Res. Author manuscript; available in PMC 2024 November 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Anderson et al.

Page 17
a b
125+ CR
M PR
1005 = PD

A
/\ Metabolic Flare

Stable Metabolism

Metabolic Response

Change in SUV};,y (%)

Change in SUV 5y (%)

- » 75-
Time
c d
Z SU;’;W - SU:’;«AX Metabolic Response Stable Metabolism
ho— . e 15 15+
b 2 2
: o g 8199
Metabolic 3 Y - = Responder |
Response 3%‘ RS 8 s 8 5]
S5y . ». 5 & & C/\D/o\o/o
t 6 " a ‘a o 4 4
M «~ B | ot T
2 PP F P L E S
. : Metabolic Flare
N SU;I;AX J Sli\;M:x . " = [ Nonresponders |
: 2 g g
E/ -’E/ 3 Suv 210 ;; 10-]
3
—>e. 22 - : -
Metabolic o 8 s C
o 3 3
Flare &‘ 5 5
i g g
L L D ) 0T —
6.‘\ ne CF P8 PP E B
Baseline

Fig. 11. Early FDG PET/CT predictsresponse to immunotherapy and is correlated with
peripheral blood data.

a, Schematic of the hypothetical response to cancer immunotherapy, graphed as a function
of change in tumor SUVax as measured by FDG PET/CT versus time. Dotted lines
represent the threshold for a MF and MR, respectively. b, Waterfall plot of change in

tumor SUVax, between baseline (PETO) and early post-treatment (PET1) FDG PET/CT
scans, according to treatment response. Dotted lines represent +70% and —30% change in
SUVmax, respectively. ¢, Maximum intensity projection (MIP) FDG PET/CT images of two
patients at baseline and 1 week after starting pembrolizumab. Patient 5 (top) had an interval
drop in SUVax in a left neck metastasis representative of a metabolic response (change
in SUVpax = —70.7%). Patient 3 (bottom) had an interval increase in SUVpax across
multiple lesions representative of a metabolic flare (change in SUVax = 114%). Both
patients went on to have a complete response to therapy. d, Analysis of Ki67+ CD8 T cells
in peripheral blood at the indicated times in patients with a metabolic response (patients 4
and 5) and metabolic flare (patient 3), a responding patient with stable metabolism (patient
7), and nonresponding patients with stable metabolism (patients 13-16, 18). SUVpmax;
maximal standardized uptake value; CR, complete response; PR, partial response; PD,
progressive disease.
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Fig. 21. Correlation of early FDG PET/CT with CD8 PET/CT and tumor biopsies.
a, Maximum intensity projection (MIP) FDG PET/CT images (top) of patient 4 at baseline

and 1 week after starting pembrolizumab, with axial fused FDG PET/CT images (bottom)
highlighting specific metastases in the left neck and left axilla, and corresponding axial
fused CD8 (89Zr-crefmirlimab berdoxam) PET/CT images (bottom right) at 4 weeks after
starting therapy. Although the patient was classified as having a metabolic response (based
on changes in SUVax in both target lesions and all lesions), a group of lymph nodes in
the left upper axilla demonstrated stable metabolism (average change in SUVpyax = 6.2%).
The metastases that demonstrated a metabolic response on FDG PET/CT (green boxes) were
cold on CD8 PET/CT (blue boxes, white arrows), while the metastases that demonstrated
stable metabolism on FDG PET/CT (purple boxes) were hot on CD8 PET/CT (red box,
white arrows). The patient went on to have a durable complete response to therapy. b, H&E
and immunohistochemical staining of CD45, CD8, CD4, and CD20 in tumor biopsies from
two responding patients (patients 5 and 9). The post-treatment biopsy was performed on the
same day as PET1, after the scan was completed, on day 7 (for patient 5) and on day 12

(for patient 9). The biopsied tumors demonstrated a —=70.7% change in SUVax (patient 5)
and +0.2% change in SUVyax (patient 9) on the PET1 scan. ¢, Representative flow plots of
post-treatment tumor samples from patient 5 and patient 9.
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Fig. 31. Early FDG PET/CT iscorrelated with survival.

a, Kaplan-Meier estimates of OS stratified by MF-MR and SM groups. b, Kaplan-Meier
estimates of PFS stratified by MF-MR and SM groups. PFS was assessed according

to RECIST v1.1. P values were calculated with the log-rank test. OS, overall survival,
PFS, progression-free survival; MF-MR, metabolic flare—-metabolic response; SM, stable

metabolism.
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Table 1.

Patient characteristics.

Characteristic No. (%)
Median age, years (range) 71 (24-89)
Gender

Male 14 (74%)

Female 5 (26%)
ECOG PS

0 15 (79%)

1 4 (21%)
LDH

Normal 14 (74%)

Elevated 3 (16%)

Missing 2 (11%)
Stage

3B 2 (11%)

3C 4 (21%)

4 13 (68%)
Liver metastases

present 2 (11%)

absent 17 (89%)

Median baseline tumor burden, cm (range) 5.0 (1.2-18.1)

Treatment history

None 16 (84%)
Ipilimumab 1 (5%)
Targeted therapy 1 (5%)
Radiation therapy (brain) 1 (5%)

ECOG PS = Eastern Cooperative Oncology Group Performance Status; LDH = lactate dehydrogenase.
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Table 2.

Clinical response by PET-defined group.

No. (%)
CR/PR  PD/pNR  ORR (%)

All patients 11 8 58%
PET-defined group
MF-MR 6 (55%) 0 (0%) 100%
sM 5(45%) 8 (100%) 38%

Pvalue = 0.018, Fisher’s exact test

CR = complete response, PR = partial response, PD = progressive disease, pNR = pathologic non-response, ORR = objective response rate,
MF-MR = metabolic flare-metabolic response, SM = stable metabolism
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