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Abstract

Purpose An imaging-based stratification tool is needed to identify melanoma patients who will benefit from anti Programmed
Death-1 antibody (anti-PD1). We aimed at identifying biomarkers for survival and response evaluated in lymphoid tissue
metabolism in spleen and bone marrow before initiation of therapy.

Methods This retrospective study included 55 patients from two institutions who underwent 18F-FDG PET/CT before anti-PD1.
Parameters extracted were SUVmax, SUVmean, HISUV (SUV-based Heterogeneity Index), TMTV (total metabolic tumor
volume), TLG (total lesion glycolysis), BLR (Bone marrow-to-Liver SUVmax ratio), and SLR (Spleen-to-Liver SUVmax ratio).
Each parameter was dichotomized using the median as a threshold. Association with survival, best overall response (BOR), and
transcriptomic analyses (NanoString assay) were evaluated using Cox prediction models, Wilcoxon tests, and Spearman’s
correlation, respectively.

Results At 20.7 months median follow-up, 33 patients had responded, and 29 patients died. Median PFS and OS were 11.4
(95%CI 2.7-20.2) and 28.5 (95%CI 13.4-43.8) months. TMTV (>25cm’), SLR (>0.77), and BLR (>0.79) correlated with
shorter survival. High TMTV (>25 cm3), SLR (>0.77), and BLR (>0.79) correlated with shorter survival, with TMTV (HR
PFS 2.2, p=0.02, and HR OS 2.5, p=0.02) and BLR (HR OS 2.3, p =0.04) remaining significant in a multivariable analysis.
Low TMTV and TLG correlated with BOR (p = 0.03). Increased glucose metabolism in bone marrow (BLR) was associated with
transcriptomic profiles including regulatory T cell markers (p < 0.05).

Conclusion Low tumor burden correlates with survival and objective response while hematopoietic tissue metabolism correlates
inversely with survival. These biomarkers should be further evaluated for potential clinical application.
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Introduction

Immune checkpoint inhibitors (ICI) are revolutionary cancer
treatments and have demonstrated remarkable efficacy and
manageable toxicity with dramatic clinical results for patients
with metastatic melanoma [1, 2]. ICIs specifically targeting
programmed cell death 1 receptor (PD-1) have been shown
to outperform standard chemotherapy in achieving clinical
improvement and durability of treatment response [3].
However, despite such ICI successes, the majority of patients
with metastatic melanoma will die of their disease and/or re-
quire more aggressive combination therapies. As a result,
predicting patient response to standard ICIs has become an
area of intensive investigation, both to avoid unnecessary tox-
icities and aggressive treatments in those likely to benefit from
ICIs and accelerate the introduction of more potent treatments
in those unlikely to respond.

Medical imaging is essential to the management of mela-
noma patients. In current practice, pretreatment 18F-
Fluorodeoxyglucose positron emission tomography (18F-
FDG PET) can stage the malignancy based on tumor extent
and identify target lesions as points of reference for future
assessment of ICI antitumor activity [4]. Remarkable progress
in the field of computer science has transformed medical im-
aging by enabling automated data mining and analysis of
quantitative imaging metric biomarkers extracted from
standard-of-care computed tomography (CT) scans or 18F-
FDG PET studies. Thus, pretreatment imaging biomarkers
could become a standardized and reproducible technique for
identifying appropriate candidates for ICI therapy [5].

Three main types of imaging biomarkers can be extracted
from 18F-FDG PET: tumor burden, tumor glucose uptake,
and nontumoral hematopoietic tissue metabolism. High ana-
tomic and metabolic tumor burden have been proposed as
metrics for identifying patients less likely to benefit from ICI
in solid tumors [6] and Hodgkin’s lymphoma [7, 8].

There is strong evidence demonstrating that pretreatment
anatomic tumor burden as measured on CT-scan [9, 10] and
total metabolic tumor volume (TMTV) and total lesion gly-
colysis (TLG) as measured on 18F-FDG PET [11] are strong
prognosticators of survival among patients with primary cuta-
neous malignant melanoma undergoing ICI treatment, as well
as surgical or chemotherapeutic management [11]. Strikingly,
the prognostic value of pretreatment TMTV and TLG on 18F-
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FDG PET remains unknown in metastatic melanoma patients
treated with ICI.

An increase in tumor glucose uptake, a measurement
made routinely using Maximum Standard Uptake Value
(SUVmax), is typically associated with cancer aggres-
siveness. However, glucose consumption may also re-
flect an immune response directed against the tumor
[12] since the measurement illuminates two cancer hall-
marks [13]: deregulation of cellular energetics and
tumor-promoting inflammation. SUVmax may therefore
provide information about the tumor immune contex-
tures and proinflammatory microenvironments that play
key roles in determining the success or failure of ICIs
[9, 13]. Moreover, tumor heterogeneity in melanoma is
strongly associated with treatment failure [14, 15] and
might open new routes for treatment options such as
targets for ICI. Tumor heterogeneity could potentially
be explored with 18F-FDG PET by the heterogeneity
index of SUV (HISUV) [16, 17].

The use of imaging in oncology patients has so far
focused on tumor characteristics alone to prognosticate
patients’ outcomes. However, as immunotherapy has
continued to prove its worth in the medical management
of cancer, the study of lymphoid and hematopoietic tis-
sues has gained traction within the research community
[18]. A pro-inflammatory immune response is elicited in
cancer associated lymphoid tissues such as bone marrow
[19], spleen [20] modulating immune cells, in particular
myeloid populations such as myeloid-derived suppressor
cells (MDSCs), neutrophils [21] and macrophages [22].
Such medullary and extra-medullary hematopoiesis and
cancer-related inflammation are able to be estimated on
18F-FDG PET by using bone marrow and splenic FDG
uptake measurements as surrogates [23]. Given the clear
implication of these tissues in oncologic progression, it
was our hypothesis that extending our imaging evalua-
tion to include bone marrow and spleen might provide
an untapped source of complementary prognostic infor-
mation for patients and physicians dealing with metasta-
tic melanoma. Therefore, our study specifically aimed to
address a current gap in knowledge. We investigated if
pretreatment nontumoral hematopoietic tissue metabo-
lism, as measured on 18F-FDG PET, could help identify
patients who might benefit from ICI therapy.

In keeping with our ultimate aim of generating a non-
invasive clinical decision-making tool, we evaluated if imag-
ing biomarkers extracted from standard of care, pre-treatment
18F-FDG PET scans could be of value in the prediction of
survival and response, allowing for early risk-stratification in
patients treated with anti-PD1 ICIs for metastatic melanoma.
Our study specifically assessed whether spleen and bone mar-
row tissue glucose metabolism correlate with patient survival
independently of tumor glucose metabolism (SUVmax,
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HISUV), tumor burden (TMTYV, TLG) and American Joint
Committee on Cancer (AJCC) stratification, which takes into
account the biological tumor load (LDH) and metastatic sites.

Methods
Source of data

We conducted a retrospective review of patients with metasta-
tic melanoma who underwent an imaging protocol of 18F-
FDG PET/CT, as part of phase 1 clinical trials at Gustave
Roussy Comprehensive Cancer Center, Villejuif, France and
as part of a standard of care evaluation at New-York
Presbyterian/Columbia University Medical Center (NYP/
CUMC), New York, USA. Imaging data were gathered from
January 2012 to September 2017. This study was HIPAA
compliant with a waiver of informed consent and was ap-
proved by the Institutional Review Board for both institutions
(IRB AAARS150).

Participants

Out of 81 patients screened, 55 were included. Figure 1 sum-
marizes patient inclusion and exclusion criteria. Inclusion
criteria were: (i) treatment with monoclonal IgG targeting
PD1; (ii) biopsy-proven malignant metastatic melanoma;
and (iii) availability of pre-treatment PET data. Twenty-six
patients were excluded based on the following criteria (some
patients met multiple exclusion criteria): (i) patients with a
delay of greater than 8 weeks between pretreatment PET and
first ICI infusion (n = 12); (ii) patients lost to follow-up (n=
4); (iii) patients with treatment or disease that could potentially
influence metabolic activities in the spleen or bone marrow
such as corticosteroids, lithium, G or GM-CSF received over
the last two months, history of chronic inflammatory, auto-
immune, or hematologic disease (malignant hemopathy or
hemolytic anemia) or acute or chronic infection (n=3); (iv)
patients with no measurable disease or no FDG-avid tumor
(n=2), including those with brain metastases detected on
MRI but not detected on 18F-FDG PET/CT (n=4); and (v)
patients with other primary malignancies (n = 1).

FDG PET/CT protocol

18F-FDG PET/CT scans were performed according to current
guidelines (details in supplemental text). Two different PET/
CT scanners were used: General Electric Discovery-690 (GE
Healthcare, Waukesha, WI) at GRCC and Siemens PET/CT
Biograph 40 LSO crystal at NYP-CUMC. Prior to 18F-FDG
PET scans, patients fasted for at least 6 h and blood glucose
levels were confirmed to be <180 mg/dL. Patients were
injected according to current guidelines (2.5-3.5 MBq/kg).
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Melanoma treated
with anti-PD1: 81 pts

Exclusion: 26 pts Inclusion: 55 pts

Delay > 8 weeks n=12 pts
Lost to follow-up n=4 pts 1
Brain metastasis n=4 pts

Treatment or disease / spleen or BM  n=3 pts
Nonmeasurable disease n=2 pts
Other malignancy n=1 pt

Expected clinical benefit

Extraction of Central repository

pretreatment PET All clinical, biological, and
biomarkers radiological metadata
2 3 4

Centralized analysis of
18F-FDG PET/CT

[ ——

Association with
tumor response

to anti-PD(L)1 treatment 7 6 5
Immune Prediction of OS
Transcriptome and PFS

Fig. 1 Flow chart and workflow

FDG (median activity 312 MBq [187-540]) and images were
acquired 60 min later. A whole-body CT scan was obtained
first and a whole-body PET scan was consecutively obtained
using two different PET/CT scanners: General Electric
Discovery-690 (GE Healthcare, Waukesha, WI) with LYSO-
based detectors and Siemens PET/CT Biograph 40 LSO crys-
tal. PET images were reconstructed using iterative algorithms.
Each de-identified and anonymized patient was analyzed
onsite by a pair of experienced nuclear medicine physicians
who regularly perform and review 18F-FDG PET scans ac-
cording to the same protocol.

Measurement of imaging biomarkers

Radiologists and nuclear medicine physicians analyzed 18F-
FDG PET/CT and segmented 18F-FDG PET scans without
knowledge of the historical or pathological background, im-
aging features, or clinical outcome of the patient subjects.

Metabolic tumor burden All hypermetabolic metastatic le-
sions were selected for analysis, while hypermetabolic foci
explained by inflammatory or physiologic activity were ex-
cluded. For each metastatic lesion, SUVmax, SUVmean,

Progresionfee suvival

Metabolic Tumor Volume (MTV) and Total Lesion
Glycolysis (TLG) values were measured. SUV was calculated
in a pixel as (radioactivity) / (injected dose/body weight). TLG
was calculated as (mean SUV) x (MTV), in which MTV was
measured with setting a margin threshold as 40% of SUVmax.
All values of SUVmax, MTYV, and mean SUV were automat-
ically measured by the analysis software for each lesion. A
patient’s SUVmax was defined as the highest SUVmax re-
corded among all lesions detected in a patient. TMTV was
defined as the sum of the metabolic tumor volume of all those
lesions.

Nontumoral hematopoietic tissues: Bone marrow and spleen
To avoid cofounding variables, bone marrow and spleen up-
take were normalized by computing the bone marrow to liver
ratio (BLR) and spleen to liver ratio (SLR), respectively, by
dividing the bone marrow SUVmax by the liver SUVmax and
the spleen SUVmax by the liver SUVmax [24]. In bone mar-
row VOlIs, all vertebrae with severe lumbar osteoarthritis, ver-
tebral fractures, hemangiomas or histories of lumbar spine
surgery were excluded from the analysis. Liver and spleen
SUVmax values were computed by drawing a spherical VOI
in the liver (3 cm-VOI/liver SUVmax) and in the spleen
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(2 ecm-VOI/spleen SUVmax). For BM, spherical VOI with a
diameter of 15 mm were placed within the center of L1 to L4
(lumbar) vertebral bodies. Bone marrow metabolic uptakes
(bone marrow SUVmax) were defined as the averages of the
maximum standardized uptake values of all vertebral bodies.
All VOIs were drawn to exclude metastatic lesions.

Outcomes: PFS, OS and response evaluation criteria

The primary end point was to develop and validate a multi-
variable prediction model using pretreatment 18F-FDG PET
imaging to predict overall survival (OS). OS was defined as
the time from the first ICI perfusion to the date of death, due to
any cause, or to the date of censoring at the last time the
patient was known to be alive. The imaging interval between
each consecutive CTs was approximately 12 weeks. The
length of follow-up was calculated from the date of the initial
PET/CT to the date of the last clinical consultation. The as-
sessment of the outcome to be predicted was blinded.

The secondary end-point analyses were to evaluate the ac-
curacy of pretreatment 18F-FDG PET for the prediction of
progression free survival (PFS) and best overall response
(BOR) classification in metastatic patients treated with anti-
PD1 immunotherapy. PFS was defined as the time from first
ICI perfusion to disease progression or death from any cause.
Responses were evaluated with contrast-enhanced CT-scan
according to the RECIST1.1 which was the reference standard
when patients were evaluated.

Patients who achieved an objective partial or complete re-
sponse at any time during the treatment were defined as the
‘objective response’ group. In contrast, patients who achieved
stability or progression as their BOR at any time were classi-
fied as the ‘no objective response’ group.

Because melanoma is an aggressive malignancy and pa-
tients with stable disease can be assumed to benefit from im-
munotherapy, we also studied the predictive value of imaging
biomarkers to predict disease control. Patients who achieved
objective partial or complete response or stable disease at any
time during the treatment were defined as patients with ‘dis-
ease controlled” by ICI. In contrast, patients who achieved
progression as their BOR at any time were classified as pa-
tients with ‘non-controlled disease’.

Association with melanoma-infiltrated lymph nodes
transcriptome

In order to better understand the prognostic and predictive
value of pretreatment PET biomarkers, we performed a quan-
titative transcriptomic analysis of 17 melanoma formalin-
fixed paraffin-embedded tumor biopsies (Fig. S1).
Quantitative transcriptomics analysis was evaluated using
NanoString nCounter Gene Expression Assay (Institute for
Systems Biology (ISB), Seattle, USA) across a representative
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set of 770 major genes involved in tumor immunity (Pan
Cancer Immune Pathways). For each patient, 2—5 slides of
ten microns were extracted with selected tumor tissue, provid-
ing sufficient material to isolate 100 ng total RNAs for an
nCounter assay. Samples which had more than 30% of their
fragments larger than 300 bp (as measured by the
Bioanalyzer) were used for further analysis. Purification of
RNAs, Nanostring analysis, and quality control were per-
formed at Institut Curie Genomics Platform, Paris, France.
Eleven predefined clusters totalling 42 genes were evaluated
based on previously published methods in melanoma patients
treated with immunotherapy [25]: (1) B-cells, (2) Plasma cells,
(3) Monocytes/Macrophages, (4) Dendritic cells, (5)
Lymphocytes, (6) Exhausted CD8+ T-cells, (7) Regulatory
T-cells, (8) Cytotoxicity, (9) Exhausted CD8+ T-cells, (10)
Memory T-cells, (11) Lymphocytic exhausted/cell-cycle.

Statistical analysis

Continuous variables were dichotomized at their median val-
ue. Mean values of pretreatment PET biomarkers between
patients with ‘objective response’ and ‘no objective response’
group, as well as between disease controlled and non-
controlled patients were compared using Wilcoxon tests.
The prognostic value for survival of all pretreatment imaging
biomarkers was studied with Cox models for survival.
Multivariate analyses were performed using Cox proportional
hazard regression models in stepwise manner for independent
significant factors. Survival time was defined as the time from
PET/CT to the date of death or last follow-up. Spearman’s rho
coefficient was used to test the correlation between PET bio-
markers and transcriptomics analysis. Transcriptomics analy-
sis was performed and displayed using a heatmap with scaled
expression values of discriminative gene sets per cluster as
defined in this study [25]. A list of representative genes is
shown per cluster. All reported p values were adjusted to ac-
count for the multiple comparisons issue using the Holm—
Bonferroni method (adjusted p), and significant p values be-
low 5% were considered. Analyses were performed with
PASW Statistics for Windows (version 25, SPSS Inc,
Chicago, USA).

Results
Patients characteristics

Pretreatment patient characteristics are summarized in
Table 1. The distribution of PET parameters is described in
Fig. S2. A total of 55 patients with metastatic melanoma were
included as illustrated in Fig. 1. Sixty-four percent of patients
(n=35) were classified M1c according to the AJCC classifi-
cation. Median age was 63 years (range, 2085 years). After a
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median follow-up of 20.7 months (range, 1.0-72.6; average
25.9 months), 38 patients had disease progression or death and
29 patients died. The characteristics of the population were
comparable to historical cohorts [1, 2].

Correlation between PET and clinical parameters

Significant correlations (p < 0.05) between PET biomarkers,
extracted from tumor lesions and nontumoral hematopoietic
tissues is displayed in Fig. S3. As expected, we found that
markers of tumor burden correlate significantly with each oth-
er. We also found a weaker correlation between SLR and BLR
(rank[rho]=0.31; p < 0.05). TMTYV also correlated with SLR
(rank[rho]=0.34; p < 0.05) and BLR (rank[rho]=0.44; p<
0.05) (Fig. 2). BLR (continuous variable) was not correlated
with any clinical or biological variables (Fig. S4). No clinical
or biological variable was statistically significatively different
in patients with high BLR as compared to patients with low
BLR (Table S1).

PET biomarkers correlated with survival

Next, we tested whether the identified PET biomarkers corre-
late with survival in patients treated with anti-PD1.

At the time of analysis, median PFS was 11.4 months
(95%CI 2.7-20.2) and 38 patients progressed or died. In uni-
variate analysis, high TMTV (> 25¢m’ ) and high BLR (>0.79)
were significantly associated with shorter PFS (adjusted p-
values = 0.021 and 0.042 respectively) (Table 2, Fig. S5). In
multivariate analysis, high TMTYV remained the only indepen-
dent statistically significant prognostic factor for PFS (HR 2.2
p=0.024). Although there was a trend in univariate analysis,
SLR (>0.77) and TLG (>258) were not considered as statisti-
cally independent prognostic factors (adjusted p values =0.18
and 0.23, respectively).

At the time of analysis, median OS was 28.5 (95%CI
13.4-43.8) and 29 patients died. High TMTV (adjusted p
value =0.042) and high BLR (adjusted p value=0.048)
were significantly associated with poor OS in univariate
analysis (Table 2). In multivariate analysis, high TMTV
and high BLR remained independent statistically signifi-
cant prognostic factors for OS (HR 2.5, p =0.022 and HR
2.3, p=0.041, respectively) (Table 2). As with PFS, and
despite a trend in univariate analysis, SLR and TLG were
not considered as statistically independent prognostic fac-
tors for OS (adjusted p values =0.24 and 0.29, respective-
ly). Thus, in summary, high TMTV and high BLR corre-
late with shortened OS and PFS in univariate models and
both correlate significantly with OS in a multivariate
model while only TMTV correlates with PFS in a multi-
variate model.

Table 1  Patients’ characteristics (N = 55)

Characteristic Median [range],

n (%)
Clinical characteristics
Demographic parameters
Age (years) 63 [20-85]
Male 33 (60)
Female 22 (40)
Stage (AJCC classification)
Mla-b 20 (36)
Mlc 35 (64)
Low LDH 15 (27)
High LDH 40 (73)
Treatment
Anti-PD1 monoclonal immunoglobulin 55 (100)
G4 antibodies
Number of prior systemic therapies
0-1 44 (80)
2-3 7 (13)
>4 4(7)
Prior ipilimumab treatment 18 (34)
Prior radiation therapy 14 (27)
Molecular parameters
BRAFV600 mutation status
Mutant 14 (25)
Wildtype 39 (61)
Unknown 24
Tumor PD-L1 status
Positive 6 (11)
Negative 7 (13)
Unknown 42 (76)
Biological tumor burden
LDH level 190 [116-1776]

PET imaging characteristics
Tumor glucose uptake

Tumor SUVmax 19.0 [1.2-114.0]
Tumor SUVmean 7.4 [0.8-24.2]
HISUV 24 [1.2-5.7]

Metabolic tumor burden
Total metabolic tumor volume (TMTV) (cm®)
Total lesion glycolysis (TLG)

Hematopoietic tissue metabolism
Bone marrow to liver SUVmax ratio (BLR)
Spleen to liver SUVmax ratio (SLR)

25.0 [1.0-1663]
258.0 [1.1-19,503.4]

0.79 [0.41-1.47]
0.77 [0.37-1.46]

Survival
Death or progression 38 (69)
Death 29 (53)
Best overall response
No objective response 22 (40)
Progressive disease 15 27)
Stable discase 7 (13)
Objective response 33 (60)
Complete response 19 (35)
Partial response 14 (25)

Prognostic metabolic score

We developed a prognostic score combining the TMTV and
BLR, which are both independent factors for OS in multivar-
iate analysis (Fig. 2). The population was stratified in three
risk categories: low-risk if TMTV<25 c¢m® and BLR <0.79
(n=19, 34%), intermediate-risk group if TMTV>25cm’ or
BLR>0.79 (n=18, 33%) and high-risk if TMTV>25cm’

@ Springer



2304

Eur J Nucl Med Mol Imaging (2019) 46:2298-2310

High tumor burden
TMTV > 25 cm?

Low tumor burden
TMTV < 25 cm3

-

e
s
N
% .(
Low TMTV Low TMTV Low TMTV
Low BLR Low BLR High BLR
Low-risk Low-risk Intermediate-risk

Spleen

Destruction of
tumor-antigen
specific T-cells

Bone marrow
Sequestration
of T-cells

4 A
£ [
High TMTV High TMTV High TMTV
Low BLR High BLR High BLR
Intermediate-risk High-risk High-risk

Overall survival
o
2
—

|:| Low-risk group

Low TMTV and low BLR, n=19 pts
|:| Intermediate-risk group

High TMTV or high BLR, n=18 pts
l:l High-risk group

High TMTV and high BLR, n=18 pts

Months

Fig. 2 Prognostic and theranostic imaging biomarkers: cross talk and
thresholds identified. a Illustration of low and high total metabolic
tumor volume using maximal intensity projection on FDG-PET images
of two patients. Illustration of high spleen and bone marrow metabolism
in a patient using maximal intensity projection on FDG-PET images. b
Ilustration of low versus high TMTV and low versus high BLR using
maximal intensity projection on FDG-PET images of eight patients.
These two biomarkers can be appraised visually and can be combined
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in a metabolic score (low-rosk, intermediate-risk, high-risk. ¢ Kaplan-
Meier curve of overall survival (OS) according to a metabolic score com-
bining TMTV and BLR. The combined score comprising two binary risk
variables was defined as follows: 0 risk variable =low-risk group
(TMTV <25 cm3 AND BLR <0.79); 1 risk variable = intermediate-risk
group (TMTV >25 cm3 OR BLR >0.79); left=low TMTV and high
BLR; right = high TMTVand low BLR; 2 risk variables = high-risk group
(TMTV >25 cm3 AND BLR >0.79)
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Table 2 Prognostic significance of the PET biomarkers for overall survival and progression-free survival in univariate and multivariate analyses
Variable Overall survival Progression-free survival
Univariate Multivariate Univariate Multivariate
Adjusted p HR (95CI) )4 HR (95CI) Adjusted p HR (95CI) p HR (95CI)
AJCC
High AJCC 0.085 2.8 (1.2-6.6) - 0.27 1.8 (0.9-3.5) - -
Tumor glucose uptake
High tumor SUVmax 0.38 1.5(0.8-3.2) - 0.42 1.3 (0.7-2.4) - -
High tumor SUVmean 0.31 1.0 (0.5-1.9) - 0.93 1.0 (0.5-1.9) - -
High HISUV 0.88 1.2 (0.6-2.4) - 0.76 1.3 (0.7-2.5) - -
Tumor burden
High TMTV 0.042 29(1.4-6.3) 0.022 2.5(1.1-5.4) 0.021 2.8(1.4-54) 0.024 22(1.1-4.3)
High TLG 0.23 2.1(0.94.3) - 0.23 1.9 (1.0-3.7) - -
Hematopoietic tissues
High SLR 0.18 2.0 (1.0-4.3) - 0.19 1.9 (1.0-3.8) - -
High BLR 0.048 2.6 (1.2-5.7) 0.041 2.3 (1.0-5.0) 0.042 2.8 (1.4-5.6) 0.1 1.7 (0.9-3.4)

The distribution of each PET biomarker is a continuous variable that is transformed into a discrete categorization in 2 categories (high vs. low) using the
median as a threshold: Tumor SUVmax (> 19 vs < 19), HISUV (> 2.38 vs <2.38), TMTV (> 25 vs <25 cm3), TLG (> 258 vs <258), SLR (> 0.77 vs <
0.77), BLR (> 0.79 vs <0.79). High AJCC is defined by M1c patients (vs. M1a and M1b)

Events (death) =29. Events (progression, death) =38
Abbreviations: " HR: hazard ratio. * CI: confidence interval

and BLR>0.79 (n=18, 33%) (Fig. 2). Median OS was
52.4 months (95%CI 38.9-65.8) for the low-risk group,
36.7 months (95%CI 25.7-47.7) for the intermediate-risk
group, and 13.9 months (95%CI 9.2—18.8) for high-risk group
(p=0.001).

PET biomarkers associated with immune-response

The predictive value of imaging biomarkers for BOR status
was evaluated to differentiate the group of patients with ‘ob-
jective response’ (33 patients including 19 CR and 14 PR)
from patients with ‘no objective response’ (22 patients includ-
ing 7 SD and 15 PD). Pretreatment metabolic tumor burden
imaging biomarkers such as TMTV (p =0.033) and TLG (p =
0.026) were significantly lower in patients with objective re-
sponse than otherwise (Table S2, Fig. S6). Other biomarkers
gathered from tumor and hematopoietic tissue glycolytic ac-
tivities were not significantly different between the two groups
(p>0.05).

Forty patients achieved disease control (19 with CR, 14
with PR and 7 with SD) and 15 patients did not (PD).
Metabolic tumor burden imaging biomarkers were most pre-
dictive of disease control status (Table S2). TMTV and TLG
were significantly lower in patients with disease control than
progression (p =0.003 and 0.001, respectively). Other bio-
markers gathered from tumor and hematopoietic tissue glyco-
lytic activities were not significantly different between the two
groups (p > 0.05).

Correlation of PET biomarkers with transcriptomics

To evaluate the cross-talk between bone marrow derived my-
eloid cells and the tumor immune micro-environment, we de-
termined whether there were any correlations between bone
marrow metabolism and immune cell phenotype within the
tumor immune micro-environment using NanoString genomic
analysis. We compared results from NanoString analysis using
previous gene clusters defined based on single cell RNAseq
analysis of metastatic melanoma tumors (Fig. 3). Out of 11
clusters, increased bone marrow metabolism was significantly
associated with an upregulation of genes in three clusters as-
sociated with dendritic cells phenotype, regulatory T cells
phenotype, as well as memory T cells phenotype as demon-
strated by Spearman’s rho correlation coefficient> 0.5
(p <0.05). Figure 3 shows that certain immune processes were
not altered and can be used as controls.

Discussion

Pre-treatment metabolic tumor burden (TMTV) and hemato-
poietic tissue metabolism, in particular bone marrow to liver
glucose metabolism ratio (BLR), on 18F-FDG PET, have sig-
nificant and independent value in prognosticating OS and PFS
in metastatic melanoma patients treated with anti-PD1. These
imaging metrics provide a promising new way to predict anti-
PDI1 efficacy and offer a novel method for better stratifying
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Fig. 3 Spearman’s rho correlation coefficient between PET biomarkers and Transcriptomics analysis
Out of 11 clusters, increased bone marrow metabolism was significantly associated with an upregulation of genes in three clusters associated with
dendritic cells phenotype (IL3RA, THBO), regulatory T cells phenotype (FOXP3, CD4), as well as memory T cells phenotype (LTB)

and selecting the metastatic melanoma patient candidates who
would most benefit from additional therapies beyond anti-
PD1. On a wider perspective, clinicians need to be aware that
BLR can be appraised visually using a maximum intensity
projection on standard of care 18F-FDG PET. Beyond anti-
PD-1 treatments, BLR could find broader applications since
we have demonstrated an association with OS as well as sys-
temic immunosuppression, and hematopoietic cells are prom-
ising targets for a broad range of therapies.

As an extension of our previously published pretreatment
CT-scan score [5], we built a metabolic score, combining the
TMTYV and BLR to stratify the population in three different
prognostic groups. Low-risk patients (low TMTV and low
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BLR) encompassed 34% of the population with median OS
of 52 months. This promising and innovative score provides
proof of concept that should be validated in a larger, indepen-
dent and prospective cohort.

Our study has demonstrated that pretreatment TMTV has
value in predicting whether patients treated with anti-PD1 will
respond to therapy and whether they will die of melanoma.
Patients with high metabolic tumor burden (TMTV>25cm’)
exhibited a poorer prognosis with shorter median PFS and OS
than those with low tumor burden. Additionally, pretreatment
metabolic tumor burden (TMTV and TLG) was predictive of
anti-PD1 mAbs efficacy since it was higher in immune-
refractory patients than in immune-responsive patients.
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These results generalize to ICI the prognostic and predictive
value of metabolic tumor which was demonstrated in other
melanoma treatment strategies [26—28] such as surgery, che-
motherapy, and targeted therapy.

The measurement of hematopoietic tissue proposed in this
work was a useful tool to predict patient outcome. High bone
marrow glucose metabolism (BLR) and spleen glucose me-
tabolism (SLR) were both associated with poor survival.
However, due to the strong correlation between bone marrow
and spleen glucose metabolism, only bone marrow glucose
metabolism significantly and independently correlated with
outcome in a multivariate analysis. We therefore confirmed
in an independent cohort that melanoma patients treated with
ICI with increased spleen glucose metabolism (SLR > 0.77 vs.
SLR > 0.82) have poorer outcome [29]. Nonetheless, in our
cohort, we did not find an association with the risk of progres-
sion [29] and we suggested that the predictive value of bone
marrow glucose metabolism might outperform spleen glucose
metabolism. Strikingly, bone marrow metabolism was associ-
ated with the tumor immune transcriptome. The transcripto-
mics analysis, performed on tumor tissues, has demonstrated
that increased bone marrow metabolism was associated with
an upregulation of genes associated with dendritic cells, reg-
ulatory T cells activity, as well as memory T cells phenotypes.
While current research strategies in oncology are deciphering
tumor ‘microradiomics’ phenotype using complex imaging
biomarkers measured at a millimetric voxel level, we propose
an alternative ‘macroradiomics’ approach using biomarkers
deciphering global characteristics such as total tumor burden
and hematopoietic tissue metabolism [30].

The finding that hematopoietic tissue metabolism cor-
relates with negative clinical outcomes can be explained
based on multiple clinical and pre-clinical studies show-
ing that bone marrow derived cells play key roles in tu-
mor progression, most notably in neo-vascularization and
priming of the metastatic niche [31, 32]. There is indeed a
strong rational suggesting that there is a cross talk be-
tween tumor immune cells, tumor cells, and bone marrow
[33]. Furthermore, tumor growth in melanoma seems to
play a critical role in reprogramming the host immune
system by regulating hematopoiesis, which might be as-
sociated with the expansion of immunosuppressive cells
such as tumor associated macrophages (TAMs), regulato-
ry T cells (Tregs) and Myeloid-Derived Suppressor Cells
(MDSCs) [34]. Bone marrow hematopoietic tissues tend
to be dominated by granulocyte progenitors/precursors
and are mainly stimulated by cytokines and growth fac-
tors. Some patients with advanced melanoma, before any
treatment or hematopoietic growth factors, present with an
increased hematopoietic metabolic state on FDG PET sim-
ilar to that observed in patients treated with colony gran-
ulocyte and granulocyte-macrophage colony stimulating
factors (G—CSF and GM-CSF).

We observed a correlation between bone marrow and
splenic metabolism supporting the hypothesis of a pathophys-
iologic mechanism and common systemic inflammatory state/
milieu. The spleen is also a recently identified unique
extramedullary reservoir of myeloid cells, which can play a
significant role in the inflammatory response that follows
acute injury [20]. Chronic tumor-associated inflammation ini-
tiates drastic MDSCs expansion from bone marrow and spleen
[35]. As an example, MDSCs represent less than 3% of
splenocytes in healthy mice compared to nearly 20% in
tumor-bearing mice. Further studies could explore the corre-
lation between bone marrow and spleen glycolytic activities
features on FDG-PET, TAN and TAM density within the tu-
mor and serum levels of circulating MDSCs and G-CSF
expressed by tumor cells.

In addition to potentially helping guide patient categoriza-
tion and treatment, FDG-PET may also offer insight into the
biology and pathophysiology of advanced melanoma and its
susceptibility to ICI treatment thanks to a growing number of
non-invasive immune-diagnostic approaches [36]. Indeed, the
link between cancer, inflammation and immunosuppression is
well-recognized [37], as well as tumor-host immune interac-
tions in melanoma [38, 39]. Accumulation of inflammatory
factors leads to immunosuppression which is associated with
cancer progression. Prolonged exposure to pro-inflammatory
cytokines and hematopoietic stimulating factors may poten-
tially result in the induction of C-reactive protein synthesis,
which is considered a prognostic marker in advanced melano-
ma [40]. Because only a fraction of patients experience long-
term benefit of ICI, additional investigations, including imag-
ing, are needed to explore immune suppressive features that
may be occurring in the tumor microenvironment and lym-
phoid or hematopoietic organs [41].

Surprisingly, in our cohort, pretreatment tumor glucose me-
tabolism, appraised using SUVmax, did not serve as a prog-
nostic biomarker. In daily clinical routine, the SUVmax is
used as a reference for subsequent response evaluation, such
as in the PERCIST criteria, and is considered as a surrogate of
tumor aggressiveness. Higher SUVmax is associated with tu-
mor cell proliferation and poor prognosis [42]. Our results
contrast with recent studies on non-small cell lung cancer
and gastric cancer, which have revealed a relationship be-
tween tumor SUVmax and the expression of tumor-related
immunity markers, suggesting a potential role for 18F-FDG
PET in characterizing the tumor microenvironment and
selecting patient candidates for ICI [43]. Similarly, the hetero-
geneity index of SUV (HISUV), which is a marker that is
simple to measure, describing one aspect of global intra-
tumor heterogeneity [16], was not a prognostic biomarker;
however, more advanced radiomics approaches using texture
analysis could be investigated.

On a wider perspective, other pilot studies showed that the
outcome of metastatic melanoma patients treated with anti-
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CTLA-4 ICI could be predicted with 18F-FDG PET imaging
biomarkers deciphering the characteristics of non-melanoma-
involved organs. First, a low physiologic colonic FDG uptake
that is a surrogate of the gut microbiota was associated with
higher clinical benefit through a T cell-mediated immune re-
sponse [44]. Second, the behavior of benign lymphoid tissues
revealed a relationship between the appearance of mediastinal
and hilar lymph nodes (“sarcoid-like” lymphadenopathy) and
response to treatment, unlike splenic uptake/appearance,
which was not significantly different between responders
and refractory patients [18].

The main limitations of this study include its retrospective
design. The cohort was heterogeneous, perhaps including pa-
tients with inherently different prognostic factors independent
of metabolic tumor burden and FDG uptake in the BM. We
also acquired images on two different PET devices which
could influence the measurement of PET features. However,
the estimation of spleen and bone marrow uptakes was
assessed by standardizing values with liver background,
allowing for the harmonization of PET features and potential
generalizability of our model to different centers. Finally, we
could not consider immune RECIST (iRECIST) as an end-
point for PFS since it would have introduced a chronological
bias. The RECIST working group developed iRECIST (i.e., a
modified version of RECIST version 1.1) criteria in 2017
while our data was gathered from January 2012 to
September 2017 [45]. Patients allocated earlier to anti-PD1
treatment are therefore expected to have a lower rate of
pseudoprogression due to a lower rate of evaluation by CT-
scans beyond progression than participants who are recruited
more recently. However, this did not alter our primary end-
point (OS) and recent studies demonstrated an excellent agree-
ment between RECIST and iRECIST [46].

Our study provides new perspective on the immunological
discussion on melanoma and offers a springboard to exciting,
new research opportunities for the future. Based on our re-
sults, a potential approach for novel therapies going forward
may be to block immune cells in the inflammatory microen-
vironment, such as MDSCs [47]. This approach may possibly
be used to potentiate immune checkpoint inhibitors [33]. Our
innovative methodology might furthermore be an interesting
tool to evaluate medullary and extra-medullary hematopoiesis
triggering tumor-induced immune suppression. For instance,
pre-immunotherapy 18F-FDG PET that explores BM and
metabolic tumor burden might be a relevant assay to predict
response to MDSCs-blockade therapies, in combination with
ICI [48]. In the near future, we plan to explore immune chang-
es in hematopoietic organs induced by ICI therapy, using 18F-
FDG PET imaging.

As a conclusion, since tumor biopsy-directed clinical trials
suggest that a single pretreatment biomarker cannot reliably
predict outcome of melanoma patients treated with anti-
Programmed Death-1 antibody (anti-PD1), we used 18F-
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FDG PET biomarkers to improve pretreatment risk stratifica-
tion. Metabolic tumor burden (TMTV) and hematopoietic tis-
sue metabolism, in particular bone marrow to liver glucose
metabolism ratio (BLR), had significant and independent val-
ue in prognosticating survival. These imaging metrics provide
a promising new way to predict anti-PD1 efficacy and offer a
novel method for stratifying and selecting the metastatic mel-
anoma patient candidates who would most benefit from anti-
PD1. Low-risk patients (low TMTV and low BLR)
encompassed 34% of the population with median overall sur-
vival of 52 months. Additionally, increased BLR was associ-
ated with transcriptomic profiles including regulatory T cell
markers. TMTV and BLR could provide clinicians an early
indication of treatment success or failure using standard of
care 18F-FDG PET scans.
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