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Abstract

Enhanced tumor glycolytic activity is a mechanism by which tumors induce an immunosuppressive environment to resist
adoptive T cell therapy; therefore, methods of assessing intratumoral glycolytic activity are of considerable clinical interest.
In this study, we characterized the relationships among tumor ®F-fluorodeoxyglucose (FDG) retention, tumor metabolic
and immune phenotypes, and survival in patients with resected non-small cell lung cancer (NSCLC). We retrospectively
analyzed tumor preoperative positron emission tomography (PET) '®F-FDG uptake in 59 resected NSCLCs and investigated
correlations between PET parameters (SUV .y, SUVgan SUVyean, TLG), tumor expression of glycolysis- and immune-
related genes, and tumor-associated immune cell densities that were quantified by immunohistochemistry. Tumor glycolysis-
associated immune gene signatures were analyzed for associations with survival outcomes. We found that each 'F-FDG PET
parameter was positively correlated with tumor expression of glycolysis-related genes. Elevated '*F-FDG SUV,1,x Was more
discriminatory of glycolysis-associated changes in tumor immune phenotypes than other '*F-FDG PET parameters. Increased
SUV .« Was associated with multiple immune factors characteristic of an immunosuppressive and poorly immune infiltrated
tumor microenvironment, including elevated PD-L1 expression, reduced CD57% cell density, and increased T cell exhaustion
gene signature. Elevated SUV,,,, identified immune-related transcriptomic signatures that were associated with enhanced
tumor glycolytic gene expression and poor clinical outcomes. Our results suggest that '*F-FDG SUV,,, has potential value
as a noninvasive, clinical indicator of tumor immunometabolic phenotypes in patients with resectable NSCLC and warrants
investigation as a potential predictor of therapeutic response to immune-based treatment strategies.

Keywords Resected non-small cell lung cancer - Positron emission tomography - Tumor immunometabolic phenotypes -
Tumor glycolysis

Abbreviations DISTHG Downregulated Immune Signature of
BE.FDG BE_fluorodeoxyglucose Tumors with High Glycolysis
CI Confidence interval FFPE Formalin-fixed, paraffin-embedded
CT Computed tomography HR Hazard ratio
DFS Disease-free survival ICI Immune checkpoint inhibitor

IHC Immunohistochemistry
Electronic supplementary material The online version of this IQR Interquartile range
article (https://doi.org/10.1007/s00262-020-02560-5) contains NSCLC Non-small cell lung cancer
supplementary material, which is available to authorized users. 0S Overall survival

PET Positron emission tomography

D<K Weiyi Peng

wpeng2@central.uh.edu PROSPECT Profiling of Resistance Patterns and Onco-

genic Signaling Pathways in Evaluation of
Cancers of the Thorax
SUV Standardized uptake value

P4 Tina Cascone
tcascone @mdanderson.org

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-020-02560-5&domain=pdf
https://doi.org/10.1007/s00262-020-02560-5

Cancer Immunology, Immunotherapy (2020) 69:1519-1534

1520

TAIC Tumor-associated immune cell

TLG Total lesion glycolysis

UISTHG Upregulated Immune Signature of Tumors
with High Glycolysis

VOI Volume of interest

Introduction

Recent success in the treatment of locally advanced and
metastatic non-small cell lung cancer (NSCLC) with immu-
notherapy has provided a paradigm shift in the management
of this disease [1—4]. Unfortunately, however, many patients
with NSCLC are refractory to immune-based therapies and
the processes by which tumors evade the immune system
and become resistant to therapy have not been fully elu-
cidated. Much recent effort has been directed toward the
development of clinical methods that may provide tumor-
and immune-related information that could inform treat-
ment decisions and maximize the clinical effectiveness of
immunotherapy.

Accumulating evidence suggests that tumor metabolism
may play a critical role in determining tumor progression
and response to immune-based therapies. The activation of
oncogenic signaling pathways (e.g., mMTOR, BRAF, etc.)
has been shown to enhance cancer cell glycolysis and lead
to accumulation of lactate in the tumor microenvironment
and local immunosuppression [5]. Glucose consumption
by tumors may have a detrimental impact on an antitumor
immune response by dampening T cell mTOR activity, gly-
colytic capacity, and IFN-y production [6]. In addition, acid-
ification of the tumor microenvironment further impairs T
cell function [7], drives cancer cell invasion [8], and, moreo-
ver, predicts likelihood of metastases, tumor recurrence, and
poor patient outcomes [9]. Recently, we reported that tumor
glycolysis may impair T cell trafficking and effector func-
tions in human NSCLC and melanoma and that glycolytic
end products contribute to resistance of melanoma to T cell-
induced killing [10]. However, the approaches used in these
studies to characterize the tumor metabolic phenotype have
limited clinical applicability.

8F_fluorodeoxyglucose (FDG) positron emission tomog-
raphy (PET) measures the uptake of radiolabeled 'F-FDG
by cells and provides an accurate and noninvasive method to
evaluate pulmonary nodules and masses. PET may also be
used to guide cancer staging, facilitate the decision-making
process, and to quantify responses to therapy [11]. Pretreat-
ment '®F-FDG retention has been shown to have prognos-
tic value for a number of malignancies, including NSCLC
[11-14]. By measuring the level of uptake by cancer cells of
a radiolabeled glucose analog, '®F-FDG PET has appeal as
a readily available clinical method for the functional evalu-
ation of tumor burden, providing important information that
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can influence the management of several aspects of the dis-
ease and guide therapy [15]. However, whether analysis of
tumor metabolic phenotypes using '®F-FDG PET provides
additional clinical utility remains under investigation.

Here, we investigated whether preoperative 'SF-FDG
retention is associated with tumor glycolytic gene expres-
sion and tumor immune phenotypes in patients with oper-
able early-stage/locally advanced NSCLC. We also deter-
mined whether "*F-FDG PET metabolic parameters can be
used to identify patients with resectable NSCLC who are
at high risk of poor postoperative survival. To test this, we
retrospectively examined preoperative 'SF-FDG PET param-
eters, overall tumor expression of glycolysis-related genes
in cancer cells and other cell populations within the tumor
microenvironment, and immune cell infiltration of tumors
in patients who underwent surgical resection of NSCLC.

Materials and methods
Study design, population, and treatment

Patients were considered eligible for analysis if they under-
went resection of primary NSCLC (stages I-III) at the Uni-
versity of Texas MD Anderson Cancer Center and were
enrolled in the Profiling of Resistance Patterns and Onco-
genic Signaling Pathways in Evaluation of Cancers of the
Thorax (PROSPECT) study, which has the benefits of full
clinical annotation, detailed immune profiling, and long
postoperative follow-up [10, 16—18]. To limit potential tem-
poral changes in tumor biology from the time of '*F-FDG
PET to that of resection, only patients who underwent PET/
computed tomography (CT) within 30 days prior to surgi-
cal tumor resection were included (Supplementary Fig. 1)
[19]. Postoperatively, all patients underwent periodic sur-
veillance in accordance with guidelines in effect at the time
of treatment. All tumors were retrospectively staged using
the seventh edition of the International Association for the
Study of Lung Cancer staging system [20].

Image acquisition and analysis

All images were obtained using a dedicated PET/CT sys-
tem (Discovery ST, STe, or RX; GE Medical Systems and
GE Healthcare). After fasting for a minimum of 6 h and
undergoing confirmation of a blood glucose level less than
200 mg/dL, patients received an intravenous infusion of
259-740 MBq'®F-FDG. A CT scan was performed for ana-
tomic correlation and attenuation correction; PET images
were subsequently obtained 60-90 min after '*F-FDG
infusion. All images were retrospectively reviewed by an
experienced board-certified radiologist (B. Amini) who was
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blinded to the patients’ clinicopathologic characteristics
and outcomes. Regions of interest and volumes of interest
(VOIs) were identified as pathologic areas on imaging with
BE_FDG uptake exceeding that of the background and seg-
mented using a semiautomated spatial derivative contour-
ing algorithm (MIMVista version 6.6; MIM software) with
high accuracy and reproducibility [21, 22]. This contouring
method has been validated in a multi-observer study that
showed superiority over manual and threshold methods [22].
The maximum standardized uptake value (SUV,,) was
defined as the greatest uptake in a single voxel within the
semiautomatically defined VOI. The total SUV (SUV .0
was calculated as the sum of the SUV throughout the VOI,
and the mean SUV (SUV\.,,) was defined as the average
SUV throughout the VOI. Total lesion glycolysis (TLG) was
calculated as the product of the SUV,,.,, and active tumor
volume within the VOI.

mRNA extraction and transcriptomic analysis

To delineate the relationship between '8F-FDG PET meta-
bolic parameters and tumor glycolytic gene expression,
expression of 18 genes (ALDOA, ALDOC, BPGM, ENO?2,
ENO3, FBPI, FBP2, GAPDH, GPI, LDHA, LDHB, PFKM,
PFKP, PGAMI1, PGAM4, PGK1, PGK2, SLC2A1) involved
in the glycolytic pathway was quantified in resected NSCLC
tumors [10]. These genes were selected for analysis because
our group previously identified their expression to be corre-
lated with tumor immune markers in resected NSCLCs [10].
mRNA was extracted from formalin-fixed, paraffin-embed-
ded (FFPE) NSCLC tumor tissues, and gene expression
was quantified using an [llumina Human WG-6 v3 Bead-
Chip according to previously described methods [16—18].
Microarray data have been previously deposited and are
publicly available (Gene Expression Omnibus, GSE42127)
[10, 16-18, 23]. A signature of overall tumor expression
of glycolysis-related genes was defined as the geometric
mean expression level of the representative genes GPI
and PGAM4, which we have previously shown to be well
correlated with increased tumor intrinsic glycolytic activ-
ity according to analysis of bioenergetic profiles of tumor
cell lines [10]. To further characterize immune phenotypic
changes associated with tumor glycolytic metabolism, we
analyzed expression of 708 genes well recognized as hav-
ing roles in antitumor immunity [24]. Pairwise associations
between expression of these 708 genes with 'F-FDG PET
parameters and overall tumor expression of glycolytic genes
were analyzed using Pearson’s correlations, with adjustments
for multiple comparisons using the Benjamini—-Hochberg
method [25]. Gene dysregulation analysis was performed
using the R package limma [26] to identify differentially
expressed genes (llog-fold changel> 1, P <0.05) according
to each parameter (overall tumor glycolysis gene expression,

SUVyiao SUViieans SUVoay TLG). Transcriptomic data
were additionally analyzed using Ingenuity Pathway Analy-
sis (QIAGEN Inc) [27], with significantly dysregulated
pathways defined as Iz scorel > 1.5 and —log,(P-value) >2.
To define transcriptomic profiles indicative of exhausted
T cell phenotypes, we used two gene signatures: the mean
expression levels of a subset of genes in the pan-cancer
Tumor Inflammation Signature (TIGIT, LAG3, CD274,
PDCDILG2, CD276) [28], and the mean expression level
of CTLA4, HAVCR2, LAG3, PDCD1, and TIGIT [29].

Immunohistochemical analysis of immune cell
infiltration of tumors

Immunohistochemical staining was performed using an
automated staining system (BOND-MAX; Leica Microsys-
tems) with 4-um-thick sequential histologic tumor sec-
tions of FFPE tumor samples with antibodies against CD3,
CD4, CD8, CD57, GZB, CD45R0O, FOXP3, CD68, and
PD-L1 [10, 30, 31]. Expression of all cell markers was
detected using a Novocastra Bond Polymer Refine Detection
kit (Leica Microsystems) with a diaminobenzidine reaction
to identify antibody labeling and hematoxylin counterstain-
ing. At the same time, tonsil tissue samples were analyzed
as positive controls according to the same protocol; negative
controls were incubated without primary antibodies.

Slides containing whole tumor sections were digitally
scanned at 200 X magnification using a ScanScope Aperio
AT Turbo slide scanner (Leica Microsystems) and visualized
using the ImageScope software program (Leica Microsys-
tems). Tumor-associated immune cells (TAICs) expressing
CD3, CD4, CD8, CD57, GZB, CD45RO0, FOXP3, or CD68
were evaluated by counting positive cells in five square areas
(1 mm? each) in the intratumoral compartment, using a
nuclear algorithm to identify subpopulations of lymphocytes
and a cytoplasmic algorithm to identify macrophages. Each
area examined was overlapped with sequential immunohisto-
chemical slides to quantify each marker at the same location
of the tumor. The average total number of immune cells pos-
itive for each marker in the five square areas was expressed
as immune cell density (number of cells/mm?) [30, 31]. A
cellular membrane detection algorithm was used to iden-
tify expression of PD-L1 by malignant cells using methods
that have been described previously; PD-L1 expression was
subsequently quantified as an H-score (product of staining
intensity [range 0-3 4] and percentage of cells expressing
PD-L1 [range 0—100]; possible range 0-300) [30].

Statistics
Pairwise associations among '*F-FDG PET parameters,

tumor expression of glycolysis-related genes, and TAIC den-
sities were analyzed using Pearson correlation coefficients
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after log, transformation of all values. Differences in contin-
uous variables between groups were analyzed using unpaired
t tests. Overall survival (OS) was defined as the time from
surgical tumor resection to death due to any cause; patients
alive at last follow-up were censored on the date of last con-
tact. Disease-free survival (DFS) was defined as the time
from resection to recurrence or death; patients without a
DFS event were censored on the date of last contact. Sur-
vival was estimated using the Kaplan—-Meier method, and
differences between groups in time-to-event outcomes were
analyzed using the log-rank test. For identification of the
transcriptomic Upregulated Immune Signature of Tumors
with High Glycolysis (UISTHG), genes were selected if
they were significantly upregulated (log-fold change > 1,
P <0.05) according to elevated (> median) overall tumor
glycolytic gene expression and were associated with OS
(univariable Cox false discovery rate-adjusted P <0.10).
The Downregulated Immune Signature of Tumors with High
Glycolysis (DISTHG) included genes that were significantly
downregulated (log-fold change < —1, P <0.05) according
to elevated (> median) overall tumor glycolytic gene expres-
sion and were associated with OS (univariable Cox false
discovery rate-adjusted P <0.10). UISTHG and DISTHG
were defined as the mean overall expression of their con-
stituent genes, and the cohort was dichotomized according
to the median expression level of each signature. Given the
number of observed events in the study cohort, multivari-
able Cox analysis in the PROSPECT cohort was restricted
to adjustment for pathologic stage, histology, and receipt of
neoadjuvant and/or adjuvant platinum-based chemotherapy
in order to avoid model overfitting. For validation of these
signatures, we analyzed publicly available transcriptomic
data [32] via a web-based tool (https://kmplot.com/analysis).
For these analyses, UISTHG and DISTHG gene expression
signatures were again defined as the mean expression level
of their constituent genes and dichotomized according to
the observed median. Multivariable OS analyses were per-
formed with adjustment for stage and histology among the
samples with such data available. Statistical significance was
defined as a two-tailed P value less than 0.05. All statistical
analyses were performed using Python (version 2.7; Python
Software Foundation; seaborn [0.8.1] package was used for
plotting) and R [33].

Results

Patient characteristics

We identified 172 patients with stage I-III NSCLC in the
cohort who underwent curative-intent surgery, 123 (72%)

of whom had preoperative '®F-FDG PET and available
tumor microarray data (Supplementary Fig. 1). Of these
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patients, we included 59 (48%) who underwent PET within
30 days prior to surgery in the present study (median delay
from PET to resection 16.0 days, interquartile range [IQR]
12.0-24.0 days). The clinicopathologic and treatment char-
acteristics of these 59 patients are shown in Supplemen-
tary Table 1. Of the patients eligible for analysis, most
were men, white, former or current smokers, and treatment-
naive. Adenocarcinomas and early-stage tumors constituted
the majority of the tumors examined. Pairwise correlation
analysis showed that SUV, ., SUV ..., SUV., and TLG
parameters were positively correlated among each other
(Fig. 1a, b), with the strongest magnitudes of correlation
(as measured by Pearson correlation coefficient) observed
between parameters measuring the intensity of tumor '®F-
FDG uptake (SUVy,, and SUV .., ¥=0.953) and between
those reflecting overall tumor burden (SUV,,,; and TLG,
r=0.995).

'8F-FDG PET parameters correlate
with transcriptomic quantification of tumor
glycolytic gene expression

To investigate whether '®F-FDG PET parameters are clinical
indicators of tumor glycolytic metabolism, we first examined
the association of the '®F-FDG PET parameters with the
expression of 18 glycolysis-related genes in tumor tissues
from patients with NSCLC. We found that all four param-
eters were significantly positively correlated with elevated
expression levels of glycolysis-related genes, including
ALDOA, ALDOC, GAPDH, GPI, LDHA, PFKM, PFKP,
PGAM1, PGAM4, PGK1, and SLC2A1 (Fig. 1c, d). We also
observed a significant negative correlation between pre-
operative tumor '®F-FDG retention and the expression of
fructose-1,6-bisphosphatase 1 (FBP1), which opposes gly-
colysis and pyruvate production by catalyzing the conver-
sion of fructose-1,6-bisphosphate to fructose-6-phosphate.
We further stratified our cohort based on their histotype and
found a similar positive correlation between the expression
of glycolysis-related genes and FDG retention parameters in
patient with lung adenocarcinomas (n=43/59, Supplemen-
tary Table 1; data not shown). Due to limitations imposed
by the small sample size of patients with squamous cell car-
cinomas (n=16/59, Supplementary Table 1), the stratified
analyses among this subgroup were underpowered to make
definitive conclusions (data not shown). By analyzing bio-
energetic profiles of cancer cell lines, we previously demon-
strated that elevated overall tumor expression of glycolysis-
related genes, defined as the mean expression level of the
representative genes GPI and PGAMH4, is correlated with
increased tumor intrinsic glycolytic activity [10]. To exam-
ine whether the '®F-FDG PET parameters could be poten-
tial clinical indicators of overall tumor glycolysis, we tested
correlations between PET parameters and overall glycolytic
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Fig. 1 Preoperative tumor 'F-FDG uptake is associated with expres-
sion of genes encoding enzymes associated with glycolysis (n=159).
a, b Positive correlations between parameters measuring the intensity
of tumor *F-FDG uptake (SUV,y,, and SUV,,,,) and those reflect-
ing tumor burden (SUVr,,, and TLG). All '*E-FDG PET parameters
were log,-transformed. The values provided are Pearson correlation
coefficients; a two-tailed P value less than 0.05 was used to determine
significance. Blue cells in b reflect statistically significant positive
correlations; the intensity of cell color is scaled to the magnitude of
the Pearson correlation coefficient. ¢ Correlations of expression of
glycolysis-related genes with preoperative SUV),.. d Statistically
significant positive (blue) and negative (red) correlations of expres-
sion of glycolysis-related genes with four semiquantitative '®F-FDG
PET parameters. mRNA expression and all'®F-FDG PET parameters

gene expression (bulk transcripts from both cancer and
other components within the tumor microenvironment)
(Fig. 2a—d). These analyses revealed positive correlations

SUViex (I0g5)

" SUViax (l0g2)

" SUViix (log2)

were log,-transformed. The values provided in a-d are Pearson cor-
relation coefficients; a two-tailed P value less than 0.05 was used to
determine significance. The gray cells in d represent absence of a
statistically significant correlation. Trends towards positive correla-
tions (0.05<P<0.10) are depicted as gray cells labeled with Pear-
son correlation coefficients. ALDOA and ALDOC, aldolase A and C;
BPGM, bisphosphoglycerate mutase; ENO2 and ENO3, enolase 2 and
3; FBPI and FBP2, fructose-1,6-bisphosphatase 1 and 2; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GPI, glucose-6-phos-
phate isomerase; LDHA and LDHB, lactate dehydrogenase A and B;
PFKM, phosphofructokinase, muscle; PFKP, phosphofructokinase,
platelet; PGAMI and PGAM4, phosphoglycerate mutase family mem-
bers 1 and 4; PGKI and PGK2, phosphoglycerate kinase 1 and 2;
SCL2A1, solute carrier family 2 member 1

between all four '8F-FDG PET parameters and the overall
glycolytic gene expression (SUVy,,: r=0.442, P <0.001;
SUVpean: 7=0.371, P=0.004; TLG: r=0.461, P <0.001;
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Fig.2 Correlations between overall tumor expression of glycolysis-
related genes and tumor '8F-FDG retention according to a SUVy,.,
b SUVyieans € TLG, d SUV i, (n=59). Overall tumor expression of
glycolytic genes was quantified as the geometric mean of GPI and
PGAM4 levels (log,-transformed); the BE.FDG PET parameters
were similarly log,-transformed. The values provided in the left pan-
els are Pearson correlation coefficients; a two-tailed P value of less
than 0.05 was used to determine significance. In the right panels, the

SUV s 7=0.469, P <0.001). Collectively, these findings
suggest that '®F-FDG PET analysis may also provide valu-
able information regarding glycolytic metabolic phenotypes
of tumors from patients with resectable NSCLC.

Preoperative SUV,,,, discriminates tumor glycolytic
phenotypes and is associated with tumor expression
of immune-associated genes

After having established that preoperative '*F-FDG PET
parameters are clinical indicators of tumor bulk glycolytic
metabolism, we next performed correlative analyses to eval-
uate whether tumor glycolysis, as determined by evaluation
of 8 F-FDG PET parameters, is associated with changes
in expression of genes involved in an antitumor immune
response. Our pairwise correlative analyses between the
expression of overall tumor glycolytic genes analyzed from
the bulk transcriptome and a panel of 708 immune-related
genes [24] identified significant associations with increased
mRNA levels of 33 genes (Pearson’s r> 0.0, FDR-adjusted
P <0.05) and reduced expression of 51 genes (»<0.0,
FDR-adjusted P < 0.05) in tumors with high glycolytic gene
expression (Fig. 3a, Supplementary Table 2), suggesting
that enhanced tumor glycolytic metabolism is associated
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cohort was dichotomized according to the observed median of each
BE_.FDG PET parameter (SUVy,,, 10.36; SUVy..» 643.26; TLG,
64.72; SUVpjeans 4.90). Boxes depict median and interquartile range
(IQR); bars represent minimum and maximum values excluding outli-
ers (median+ 1.5 IQR). P values in the right panels were calculated
using unpaired ¢ tests after log, transformation of glycolytic gene
expression levels. GPI, glucose-6-phosphate isomerase; PGAM4,
phosphoglycerate mutase family member 4

with immune-related transcriptomic changes in the tumor
microenvironment. Next, we sought to identify whether
any of the'F-FDG PET parameters SUV,;,., SUVyieun
SUV poa1» and TLG was a stronger indicator of tumor—glyc-
olysis-associated changes in immune gene expression. We
found that preoperative SUV,,,, had the greatest number
of significant pairwise correlations with immune-related
genes (9 positively associated [correlation coefficient range
r=0.421-0.543], 12 negatively associated [correlation coef-
ficient range r=-0.407 to —0.548] (Fig. 3b; Supplementary
Table 3), whereas SUV ., (15 total genes), SUV 1, (6 total
genes), and TLG (3 total genes) had fewer individual asso-
ciations with gene expression (Supplementary Tables 4-6).
Moreover, the number of identified overlapping genes sig-
nificantly associated with glycolytic gene expression was the
greatest with SUV,,, (12 genes [Fig. 3c—e, SUV,,,, posi-
tive correlation coefficient range r=0.421-0.543, SUV,,
negative correlation coefficient range r=—0.412 to —0.457]
versus SUV e, [6 genes], SUVy.,; [3 genes], and TLG [0
genes]).

To confirm the findings from the correlative analyses,
we next compared the expression of 708 immune-related
genes [24] between high and low glycolytic tumors and
identified differentially expressed immune-related genes in
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Fig.3 Preoperative semiquantitative SUV,,,  identifies changes in
transcription of immune-related genes in high and low glycolytic
tumors (n=59). a Hierarchical clustering of immune-related genes
that were most strongly associated (IPearson’s rI>0.3, false discovery
rate [FDR]-adjusted P <0.05) with enhanced overall tumor expres-
sion of glycolysis genes. b Hierarchical clustering of immune-related
genes associated with preoperative SUV,,, according to the same
criteria. ¢ Venn diagram depicting the overlap in genes that were
significantly correlated (FDR-adjusted P <0.05) with overall tumor
expression of glycolysis-associated genes and with SUV,,.. d, e
Genes that were significantly correlated (FDR-adjusted P <0.05) with
tumor glycolytic gene expression and SUV,,. f The ten most highly
upregulated (black, upward arrow) and downregulated (red, down-
ward arrow) gene signaling pathways among tumors with elevated
(>median) SUV,,,,. g-i Associations between preoperative SUV,,

these two groups. Using overall tumor bulk glycolytic gene
expression to dichotomize our study cohort, we identified
25 differentially expressed immune-related genes (llog-fold
changel> 1, P <0.05; 15 genes upregulated, 10 downregu-
lated; Supplementary Table 7). When we dichotomized our
study cohort according to SUV,,,,, we observed 11 total
dysregulated genes (Supplementary Table 8; concordance
in classification of tumors between overall tumor glycolytic
gene expression and SUV,,,, provided in Supplementary
Table 9). Moreover, SUV,,,, was a more discriminatory
indicator of gene dysregulation than SUV ., (10 genes),
SUV o (5 genes), and TLG (1 gene), and had the greatest
overlap of dysregulated genes with tumor bulk glycolytic
gene expression (SUVyeans SUVio TLG, Supplementary
Table 10). Taken together, our findings suggest that pre-
operative SUV,,,, was more discriminatory of glycolysis-
associated changes in tumor immune phenotypes than the
other '*F-FDG PET parameters.

Examination of the most highly dysregulated pathways
in tumors with elevated SUV,,,, suggested upregulation
of several genes known to be involved in proinflamma-
tory signaling (Fig. 3f), including IL-17A [34, 35], IL-8

and expression of selected genes in resected NSCLC tumors. For a
and b, the study cohort was dichotomized according to the observed
median of overall tumor glycolysis gene expression (9.16, a) and
SUVy.x (10.36, b). The values provided in d, e, and g—i are Pearson
coefficients for pairwise correlations between log,-transformed val-
ues; a two-tailed FDR-adjusted P value of less than 0.05 was used to
determine significance. For f, dysregulated pathways (Iz-scorel> 1.5,
—log,o[P-value] >2 according to Ingenuity Pathway Analysis) were
ranked in descending order by —log,,(P-value). BIRCS, baculo-
viral IAP repeat containing 5; C5, complement C5; CCND3, cyclin
D3; CDIC, CDlc molecule; CD55, CD55 molecule (Cromer blood
group); CDKI, cyclin-dependent kinase 1; CTSH, cathepsin H; ILIA,
interleukin 1 alpha; PBK, PDZ binding kinase; RRAD, Ras-related
glycolysis inhibitor and calcium channel regulator; TFRC, transferrin
receptor; TTK, TTK protein kinase

[36], and NF-xB [37]. Examination of the 12 genes that
were significantly correlated with both tumor glycolytic
gene expression and SUV,,,, revealed that highly glyco-
lytic tumors were associated with reduced expression of
RRAD, a negative regulator of tumor aerobic glycolysis
[38], and CCND3, which shunts glycolytic intermediates
toward other metabolic pathways [39] (Fig. 3g). We also
observed decreased expression of CDIC and C5, which are
involved in antigen presentation and complement activa-
tion, respectively, in highly glycolytic tumors (Fig. 3h).
Other shared genes suggested that tumors with high gly-
colytic gene expression and elevated SUV,,,, were poten-
tially enriched in molecules involved in cell proliferation
and proinflammatory signals, including BIRCS and ILIA
(Fig. 31). Together, these analyses suggest that assess-
ment of tumor '8F-FDG uptake by SUV,,,  correlates
with tumor immunometabolic changes associated with
enhanced tumor glycolytic gene expression. Moreover,
these results suggest that resected NSCLC tumors with
enhanced '*F-FDG retention are potentially characterized
by overexpression of factors involved in tumor progres-
sion, local inflammation, and cell cycle dysregulation.
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Elevated tumor glycolytic activity as assessed
by SUV,,., is associated with enhanced expression
of PD-L1 and an immunosuppressive phenotype

To further confirm the correlations between preoperative
SUVy,,« and tumor immune phenotypes, we determined the
associations between SUV,,, and the expression of other
immune markers using immunohistochemistry (IHC). Pre-
vious reports demonstrated that tumor glycolytic metabo-
lism and PD-L1 expression are tightly interlinked [6]. We
next asked whether enhanced expression of PD-L.1 may be
associated with immune evasion within highly glycolytic

NSCLC tumors. Transcriptomic analysis of PD-L1 expres-
sion (CD274 mRNA) demonstrated statistically significant
positive associations with overall tumor bulk glycolytic gene
expression (Fig. 4a) and SUV,,,, (Fig. 4b), indicating that
BE_FDG quantification of tumor bulk glycolysis correlates
with enhanced tumor expression of PD-L1.

To validate our results at the protein level, we quantified
PD-L1 expression using IHC. We noted positive correla-
tions between PD-L1 and increased tumor bulk glycolytic
gene expression (Fig. 4c) and with '®F-FDG uptake SUV,,,
(Fig. 4d). Next, we analyzed correlations between tumor
PD-L1 protein levels and expression of 18 glycolysis-related
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Fig.4 Elevated tumor glycolytic activity as assessed by SUV,.
is associated with enhanced PD-L1 expression and an immuno-
suppressive phenotype (n=59). a, b Associations between tran-
scription of PD-L1 (CD274 mRNA) with (a, left and right panels)
overall tumor glycolysis and (b, left and right panels) preoperative
SUVyux- €, d Associations between tumor expression of PD-L1 (IHC
H-score, log,-transformed) with (c, left and right panels) overall
tumor expression of glycolytic genes and (d, left and right panels)
SUVy,- € Pairwise correlations between tumor PD-L1 IHC H-score
(log,-transformed) and expression of individual glycolytic genes. f
Elevated preoperative SUV,,,, was associated with reduced intratu-
moral infiltration by CD57* immune cells. g The association between
overall tumor glycolytic gene expression and an exhausted T cell gene
signature (mean expression of TIGIT, LAG3, CD274, PDCDILG2,
and CD276). h The association between SUV,,,, and exhausted T
cell gene signature. Pearson coefficients for pairwise correlations
between log,-transformed values are listed; a two-tailed P value
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of less than 0.05 was used to determine significance. In a-d (right
panels) and f (center and right panels), the study cohort is dichoto-
mized according to the observed median of each variable (SUVy,,,,
10.36; CD57, 330.4 THC* cells/mm?; overall tumor expression of
glycolytic genes, 9.16). Boxes depict median and interquartile range
(IQR); bars represent minimum and maximum values excluding outli-
ers (median+ 1.5 IQR). P values in the right panels were calculated
using unpaired ¢ tests. In e, the values provided are Pearson corre-
lation coefficients for statistically significant (two-tailed P <0.05,
blue cells) relationships between expression of individual glycolytic
genes and PD-L1 H-score. Gray cells represent absence of a statis-
tically significant correlation. Trends towards positive correlations
(0.05<P<0.10) are depicted as gray cells labeled with Pearson cor-
relation coefficients. LAG3, lymphocyte activating 3; PDCDILG?2,
programmed cell death 1 ligand 2; TIGIT, T cell immunoreceptor
with Ig and ITIM domains
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genes derived from tumor bulk transcriptome analysis
(Fig. 4e) [10]. That analysis revealed statistically signifi-
cant positive correlations between PD-L1 expression and
ALDOA, GAPDH, LDHA, PFKP, PGAMI1, PGAM4, and
PGK]1 levels (correlation coefficient range r=0.292-0.441).
Together, these findings suggest that resected NSCLCs with
high glycolytic gene expression and elevated '*F-FDG reten-
tion are characterized by enhanced expression of PD-L1.

Recently, we demonstrated that increased tumor gly-
colytic metabolism impairs T cell trafficking and effector
function in NSCLC and melanoma tumors [10]. To evalu-
ate whether noninvasive assessment of tumor glycolysis
via '8F-FDG PET could provide a readout of reduced intra-
tumoral immune cell infiltration in resected NSCLCs, we
analyzed the correlations between '*F-FDG PET param-
eters and immune cell populations quantified by IHC in
resected tumors. We found that increased '®F-FDG reten-
tion, as determined by each PET parameter, was associated
with reduced tumor infiltration by CD57% immune cells
(SUVyuo ¥= — 0.398, P=0.002; Fig. 4f; SUVyieans '=
— 0.336, P=0.009; Supplementary Fig. 2a; SUV ., r=
—0.472, P<0.001; Supplementary Fig. 2b; TLG, r=0.459,
P <0.001; Supplementary Fig. 2c). We further noted inverse
correlations between CD4" immune cell densities and
SUV o (r= — 0.289, P=0.026) and TLG (r= — 0.295,
P=0.023). Although we did not find clear correlations
between '®F-FDG retention and intratumoral infiltration of
other immune cells (including CD8* and FOXP3* cells),
NSCLC tumor samples with elevated glycolytic gene expres-
sion and SUV,,,, had increased expression of transcrip-
tomic signatures suggestive of T cell exhaustion (r=0.401,
P=0.002, Fig. 4g; r=0.359, P=0.005, Fig. 4h; r=0.302,
P =0.020, Supplementary Fig. 3) [28, 29]. Considered in
the context of work revealing a relationship between tumor
glycolysis and T cell and natural killer cell hyporesponsive-
ness [6, 10, 40], the findings from this cohort suggest that
highly glycolytic resected NSCLCs are characterized by
features indicative of a poorly infiltrated and immunosup-
pressive phenotype and that noninvasive measurement of
tumor '8F-FDG retention according to SUV,,, may serve
as a potential clinical indicator of these characteristics (Sup-
plementary Fig. 4).

Tumor immunometabolic phenotypes are
associated with overall survival in patients
with resected NSCLC

Because pretreatment 'SF-FDG retention has been identified
as an adverse prognostic factor in NSCLCs and other solid
tumors [11], we evaluated whether local tumor glycolysis-
related changes are associated with prognosis in NSCLC
patients and whether 'F-FDG retention could represent a
clinical indicator of outcome in our dataset. By analyzing

dysregulated genes that were associated with tumor bulk
glycolytic gene expression, we identified a gene signature
that was upregulated in highly glycolytic tumors (Upregu-
lated Immune Signature of Tumors with High Glycolysis
[UISTHG]: BIRCS, F12, ILIA, PBK, TTK) and a gene sig-
nature that was downregulated in NSCLC tumors with high
glycolytic gene expression (Downregulated Immune Signa-
ture of Tumors with High Glycolysis [DISTHG]: C4BPA,
C5, DPP4, PLA2GIB).We tested whether these glycoly-
sis-associated immune gene signatures retained prognos-
tic significance after adjusting for tumor histology, stage,
and receipt of neoadjuvant and/or adjuvant platinum-based
chemotherapy in the PROSPECT cohort. That analysis
demonstrated independent associations between increased
(> median) UISTHG (adjusted HR 2.22,95% CI 1.19-4.15,
P=0.013, Fig. 5a) and DISTHG (adjusted HR 0.36, 95% CI
0.20-0.64, P <0.001, Fig. 5b) with postoperative OS, as well
as with postoperative DFS (UISTHG: adjusted HR 1.61,
95% CI 0.98-2.65, P=0.063; DISTHG: adjusted HR 0.68,
95% CI10.47-0.97, P=0.033). We next examined whether
assessment of '8F-FDG uptake according to SUV),,, identi-
fied tumor expression of these signatures. We identified a
strong positive correlation between SUV,,,, and UISTHG
(Fig. 5¢) and an inverse association between SUV,,,, and
DISTHG (Fig. 5d). To provide representative clinical exam-
ples of the prognostic significance of '3F-FDG retention as
quantified by SUV,,,, in the PROSPECT cohort, we identi-
fied two treatment-naive patients who underwent complete
resection of clinical stage I lung adenocarcinoma (Fig. Se, f;
both resected tumors were pathologic stage I). One patient
had a highly hypermetabolic tumor and poor survival
(SUV . 841, Fig. 5e; OS duration, 22 months), whereas
the other one had a tumor with low '8F-FDG retention and
longer survival following tumor resection (SUV ., 3.26,
Fig. 5f; OS duration, 48 months). Histopathologic exami-
nation of the resected tumor samples demonstrated that the
immune infiltrate of hypermetabolic tumor (Fig. 5e) was
much less than that of the tumor with low '®F-FDG retention
(Fig. 5f), further illustrating the association between tumor
BE_FDG retention and tumor immune phenotypes.

Finally, to validate the prognostic significance of these
two gene sets (UISTHG, DISTHG) in an independent
cohort, we examined publicly available transcriptomic data
(compiled from GEO, TCGA, and caArray datasets) [32],
which indicated poor prognosis in patients with elevated
(> median) UISTHG (Fig. 6a; adjusted HR 1.66, 95% CI
1.30-2.12, P<0.001) and improved prognosis in patients
with elevated (> median) DISTHG signatures (Fig. 6b;
adjusted HR 0.60, 95% CI 0.46-0.76, P <0.001). Taken
together, the results of these analyses support further exam-
inations of the use of preoperative SUV,,, as a potential
pretreatment means of prognostication and suggest that
increased overall tumor glycolytic metabolism, measured
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Fig.5 Preoperative SUV,, correlates with tumor glycolysis-associ-
ated immune transcriptomic signatures that are prognostic in NSCLC
patients. a Reduced overall survival (OS) among NSCLC patients
with elevated (>median) overall expression of BIRCS, Fi2, ILIA,
PBK, TTK (Upregulated Immune Signature of Tumors with High
Glycolysis, UISTHG). b Improved postoperative OS among NSCLC
patients with elevated (>median) overall expression of C4BPA, C5,
DPP4, PLA2GIB (Downregulated Immune Signature of Tumors
with High Glycolysis, DISTHG). P values were calculated accord-
ing to the log-rank test. ¢ Pairwise correlation between preoperative
SUV .« and the overall expression level of UISTHG. d Inverse asso-
ciation between preoperative SUV),,. and the overall expression level
of DISTHG. Pearson coefficients for pairwise correlations between
log,-transformed values was listed. e Representative axial 'F-FDG

according to tumor '8F-FDG uptake by SUV,,,,, correlates
with poor immune cell infiltration and elevated expression of
immunosuppressive markers that portended poor prognoses
in patients with NSCLC.

Discussion

In this study, we identified a correlation between BR_EDG
PET parameters and tumor metabolic and immune phe-
notypes in patients with resectable NSCLC by retrospec-
tively analyzing tumor samples and preoperative PET/CT
imaging of patients undergoing surgical resection of their
tumors. We identified significant associations of '*F-FDG
PET parameters with tumor expression of a panel of gly-
colytic genes previously shown to be associated with a
poorly immune-infiltrated tumor phenotype [10]. We also
found that increased '®F-FDG PET retention, as quantified
by SUV,,,,. correlated with features associated with tumor
progression and immunosuppression. When we stratified
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PET/CT image (left panel) and hematoxylin and eosin staining
image of tumor sample (right panel) of a patient with a hypermeta-
bolic (SUVy,,,, 8.41) adenocarcinoma of the right lower lobe (clini-
cal and pathologic stage I; postoperative OS duration of 22 months).
f Representative axial 'F-FDG PET/CT image (left panel) and
hematoxylin and eosin staining image of tumor sample (right panel)
of a patient with hypometabolic (SUV,,,,, 3.26) adenocarcinoma of
the right upper lobe (clinical and pathologic stage I; OS duration of
48 months). Color scale bars indicate intensity of '®F-FDG uptake per
voxel according to SUV. BIRCS, baculoviral IAP repeat containing 5;
C4BPA, complement component 4 binding protein alpha; C5, com-
plement C5; DPP4, dipeptidyl peptidase 4; F12, coagulation factor
XII; IL1A, interleukin 1 alpha; PBK, PDZ binding kinase; PLA2GIB,
phospholipase A1 group IB; TTK, TTK protein kinase

patients according to the immunometabolic phenotypes of
their tumors, we were able to identify patient subgroups
with poorer postoperative survival. Collectively, our
results advocate for additional evaluation of PET parame-
ters as potential noninvasive clinical indicators of a highly
glycolytic tumor metabolism and an immunosuppressive
tumor microenvironment.

Over the past several years, it has become increasingly
apparent that metabolic dysregulation is a key driver of
oncogenesis and immunoediting [10, 41]. Some tumors
may favor glycolysis as a means to meet their metabolic
demands despite the presence of adequate oxygen content
within the tumor microenvironment [42]. Thus, enhanced
glycolytic flux within tumor cells may represent an appeal-
ing therapeutic target, and identification of a noninvasive
method of assessing the tumor metabolic state remains
clinically relevant. Not surprisingly, a variety of imaging
modalities using radiolabeled probes to target different
metabolic pathways are being explored. However, current
technical limitations prohibit ready implementation of
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Fig.6 Prognostic significance of tumor glycolysis-associated immune
signatures in NSCLC patients (7 =890) according to analysis of pub-
licly available transcriptomic data. a Reduced overall survival (OS)
among NSCLC patients with elevated (>median) overall expression

these experimental modalities in the clinic, and '*F-FDG
PET remains the most widely utilized metabolic imaging
modality in clinical practice.

Tumor uptake and intracellular sequestration of '3F-
FDG are dependent on transmembrane facilitated diffu-
sion, which is mediated by the SLC2A[ family of trans-
porters and subsequent phosphorylation by hexokinase
[43]. Accordingly, much investigative effort has focused
on analyzing the relationships between in vivo and in vitro
measures of '5F-FDG retention and expression of these
proteins in solid tumors [44—47]. However, the relation-
ships between '*F-FDG PET parameters and tumor bulk
expression of other glycolysis-related enzymes have not
been as fully characterized. Although '®F-FDG PET met-
abolic parameters identify anatomic areas of enhanced
glucose retention and intracellular concentration, whether
these parameters can provide information on the actual
patterns of intracellular glucose utilization is not well
characterized [48, 49]. Here, we identified a positive corre-
lation between increased preoperative '®F-FDG uptake and
enhanced tumor bulk glycolysis, as assessed by measuring
transcriptome levels of glycolysis-related genes within the
tumor tissue, demonstrating that tumors with high '8F-
FDG uptake possess elevated expression of genes involved
in the glycolytic pathway. Taken in the context of our
previous work, which demonstrated that tumor intrinsic
glycolysis is associated with the expression of glycolytic
genes in melanomas and NSCLCs [10], the results of the
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of UISTHG. b Improved postoperative OS among NSCLC patients
with elevated (>median) overall expression of DISTHG. P values
were calculated according to the log-rank test

present study demonstrate that '*F-FDG PET parameters
correlate with tumor glycolysis in resected NSCLC.

By competing for nutrients within the local environment
and secreting immunosuppressive metabolites, cancer cells
can effectively diminish immune cell trafficking, stimula-
tion, and cytotoxic activity [5-7, 10, 40, 50]. Investigators
have demonstrated that tumor infiltration by effector immune
cells has prognostic significance in patients with resectable
NSCLC [51] and that augmentation of T cell infiltration
can be used to overcome resistance to immunotherapies
[52]. Consequently, metabolic suppression of the immune
response can be expected to have deleterious prognostic
effects. Our findings of associations between increased '*F-
FDG tumor retention and decreased intratumoral densities of
immune cells expressing CD57* immune cells are consistent
with previous reports of inverse correlations between tumor
glycolytic metabolism and/or '®F-FDG uptake and tumor
infiltration by effector immune cells [14, 40, 53]. Together,
our findings indicate that increased '®F-FDG retention may
reflect an elevated tumor glycolytic metabolism and an atten-
vated immune cell-infiltrated tumor microenvironment in
patients with resected NSCLC.

Previous mechanistic investigations showed that PD-
L1-mediated signaling induces enhanced glycolytic flux in
tumors [6]. Therefore, tumor PD-L1 expression contributes
to evasion of T cell-mediated adaptive immunity both via
direct ligation of PD-1 and promotion of a metabolically
unfavorable microenvironment. We found that increased
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overall tumor bulk glycolysis, expression of individual
glycolytic genes, and noninvasive quantification of tumor
glycolytic gene expression by SUV,,,. are all associated
with enhanced expression of PD-L1in resected NSCLCs.
These findings suggest that '*F-FDG retention may serve as
a potential indicator of tumor PD-L1 expression in NSCLC
patients; however, whether this association varies across dif-
ferent stages and hystotypes of NSCLC and after different
types of therapies remains to be determined. These data are
intriguing in their potential application to identify patients
for therapies that target the PD-1/PD-L1 axis, as PD-L1
inhibition suppresses tumor glycolytic metabolism [6].
The extent to which response to various immunotherapies,
and their mechanisms of action, is a function of glycolysis-
driven tumor immunometabolic features requires additional
investigation.

Elevated baseline values of PET parameters have been
shown to predict a higher risk of recurrence or death in
patients with surgical NSCLC [11, 13]. Also, recent stud-
ies suggest that '8F-FDG retention early during treatment
with immune checkpoint inhibitors (ICIs) or chemoradiation
is an independent factor of poor survival and/or response
in patients with locoregionally advanced and metastatic
NSCLC [54-56]. In this study, we identified SUV,,,, as
the '®F-FDG PET parameter that is most indicative of gly-
colysis-associated changes in tumor immune phenotypes.
Preoperative SUV),,, correlated with tumor bulk gene sig-
natures that were independently associated with survival
outcomes, supporting the use of SUV,,,  as a prognostic
factor in our cohort. However, the differences in tumor
response to cytotoxic therapy and immunotherapy and their
effects on the tumor immune microenvironment are incom-
pletely understood and may depend on several factors, such
as tumor molecular and histopathologic features, stage, and
prior treatment regimens [57]. As immune-based strate-
gies continue to be explored in the perioperative setting for
localized NSCLC [4, 58—60] and gain wider clinical use for
metastatic disease [3, 61, 62], further investigations will be
needed to delineate the ability of '*F-FDG PET parameters
to predict outcomes of these diverse disease groups, with
respect to tumor stage, histology, genomic aberrations and
prior treatments, as well as responses to ICIs in the perio-
perative setting for NSCLC and other types of cancer [37,
54, 58]. Also, it should be noted that glucose may not be
the only or dominant metabolic fuel utilized by NSCLCs.
Faubert et al. recently provided direct evidence that tumor
cell-autonomous lactate, rather than glucose, uptake is a
major contributor to central metabolism in human NSCLCs
with high '8F-FDG PET uptake and aggressive oncological
behavior [63]. It remains to be determined whether NSCLCs
in different stages and with different biological features and
PET retention rely on different substrates as major metabolic
fuels.
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Using the PROSPECT cohort, which has the unique
advantages of full clinical annotation, long follow-up,
and comprehensive molecular profiling, we confirmed the
prognostic relevance of preoperative '*F-FDG retention
in surgically resected tumors and identified two prognos-
tic gene expression signatures. However, our analysis has
some limitations that include the biases inherent in a ret-
rospective study design and a bulk tumor mass analysis.
First, the gene signatures (UISTHG, DISTHG) identified
in the present study were derived from bulk transcriptomic
analyses and it is unknown whether the expression levels
of individual genes are driven by tumor cells or immune
cells. It remains to be determined whether cancer cells
or immune cells (or both) are the predominant cell type
responsible for the metabolic events depicted by FDG
retention in resected NSCLC. A more detailed dissection
of the contributions of immune cells and cancer cells to the
intratumoral metabolic phenotype requires further studies.
Second, metabolic reprogramming in NSCLCs is complex
and may be heterogeneous across different histologic sub-
types, molecular profiles, and within separate regions of
individual tumors [64—66]. Therefore, detailed characteri-
zation of immunometabolic differences between NSCLC
histologic subtypes, disease stages, tumor genomic fea-
tures, prior therapies, and the impact of these differences
on noninvasive assessment of tumor phenotypes according
to '8F-FDG uptake requires investigation in larger cohorts
[6-8]. Lastly, we previously identified increased tumor
glycolytic metabolism to impact the efficacy of adoptive
T cell therapy [10]. However, it is challenging to use gene
expression levels to assess tumor glycolytic metabolism
in the clinical setting. The goal of our study was to iden-
tify potential noninvasive approaches to define the immu-
nometabolic phenotype of tumors. This approach can be
potentially used to determine the association between
tumor glycolytic features and clinical responses to cancer
immunotherapy in future studies. Therefore, in the present
work, we focused our analyses on indicators of tumor gly-
colytic phenotypes. An in-depth radiomic assessment of
alternative glucose metabolic pathways will be performed
as part of future studies.

In summary, our findings establish that elevated '®F-
FDG retention is associated with highly glycolytic metabo-
lism, enhanced PD-L1 expression, and an immunosuppres-
sive phenotype in surgically resected NSCLCs. The results
of our study suggest that '8F-FDG PET may serve as a non-
invasive clinical indicator of tumor metabolic and immune
phenotypes in patients with resectable NSCLC.
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