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Abstract

Purpose: We sought to examine the prognostic value of fluorodeoxyglucose-positron emission tomography (PET) imaging during
chemoradiation for unresectable non-small cell lung cancer for survival and hypothesized that tumor PET response is correlated with
peripheral T-cell function.

Methods and Materials: Forty-five patients with American Joint Committee on Cancer version 7 stage IIB-IIIB non-small cell lung
cancer enrolled in a phase II trial and received platinum-doublet chemotherapy concurrent with 6 weeks of radiation (NCT02773238).
Fluorodeoxyglucose-PET was performed before treatment start and after 24 Gy of radiation (week 3). PET response status was
prospectively defined by multifactorial radiologic interpretation. PET responders received 60 Gy in 30 fractions, while nonresponders
received concomitant boosts to 74 Gy in 30 fractions. Peripheral blood was drawn synchronously with PET imaging, from which
germline DNA sequencing, T-cell receptor sequencing, and plasma cytokine analysis were performed.

Sources of support: NIH/NCI R01CA204301. NIH/NCI Data sharing statement: All data from this study are available on
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Results: Median follow-up was 18.8 months, 1-year overall survival (OS) 82%, 1-year progression-free survival 53%, and 1-year
locoregional control 88%. Higher midtreatment PET total lesion glycolysis was detrimental to OS (1 year 87% vs 63%, P < .001),
progression-free survival (1 year 60% vs 26%, P = .044), and locoregional control (1 year 94% vs 65%, P = .012), even after adjustment
for clinical/treatment factors. Twenty-nine of 45 patients (64%) were classified as PET responders based on a priori definition. Higher
tumor programmed death-ligand 1 expression was correlated with response on PET (P = .017). Higher T-cell receptor richness and
clone distribution slope were associated with improved OS (P = .018-0.035); clone distribution slope was correlated with PET response

(P=.031).

Conclusions: Midchemoradiation PET imaging is prognostic for survival; PET response may be linked to tumor and peripheral T-cell

biomarkers.

© 2021 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The current standard of care for locally advanced, unre-
sectable non-small cell lung cancer (NSCLC) is concurrent
chemoradiation plus a year of adjuvant durvalumab, a pro-
grammed death-ligand 1 (PD-L1) immune checkpoint
inhibitor, which improved survival over chemoradiation
alone per the PACIFIC trial.”” However, patient outcomes
remain suboptimal even for well-selected clinical trial-eligi-
ble patients, with an overall survival (OS) at 2 years of
66.3%." Clinical trials seek to improve outcomes through
intensification of therapy, both in terms of additional
immune-modulating therapy as well as localized radiation
dose escalation. Beyond durvalumab, other checkpoint
inhibitors are also being tested as consolidation therapy
after chemoradiation, concurrent with chemoradiation,
and neoadjuvant to chemoradiation.” As treatment intensi-
fies, patient tolerance is increasingly challenged, with
29.1% of patients experiencing serious adverse events in
the PACIFIC trial and 15.4% of patients discontinuing
treatment due to adverse events. Although durvalumab
improved 3-year OS from 44.1% to 56.5% in the PACIFIC
trial, only a subset of the patients who received durvalumab
derived a survival benefit from the additional treatment (ie,
44.1% of patients were alive at 3 years without durvalu-
mab).* A prognostic test that could predict patient out-
come would help better select patients who need additional
therapies, and spare toxicity in patients who do not.

Fluorodeoxyglucose-positron ~ emission  tomography
(FDG-PET) imaging during chemoradiation for NSCLC has
been correlated with treatment response and survival.””
Van Elmpt et al'’ found that for patients whose mean tumor
standardized uptake values (SUV) decreased by >15% on
midtreatment PET, 2-year OS was 92% compared with 33%
for patients with a decrease in mean SUV <15%. Tumor
FDG-PET avidity has also been correlated with PD-L1
expression, with multiple clinical series suggesting SUV .y
may be associated with PD-L1 positivity and that SUV .,
could be a potential predictive marker of response to anti-
PD-1 therapy in patients with NSCLC.""?

In addition to predicting for survival, FDG-PET avidity
may also be predictive for local recurrences,™'* both on
the prechemoradiation scan and the midchemoradiation

scan. Decades of trials to overcome local recurrence risk by
radiation treatment intensification in unresectable NSCLC
have yielded limited success. Results of Radiation Therapy
Oncology Group (RTOG) 0617 showing inferior outcomes
with 74 versus 60 Gy during concurrent chemoradiation
were unexpected, and 60 Gy continues to be the standard
of care radiation dose.” However, local control remains a
problem in stage III NSCLC, with locoregional failures of
around 20% to 30% by 2 years and rising to 50% by 3 to
5 years.”'®'® There are multiple hypotheses as to lack of
benefit with 74 versus 60 Gy in RTOG 0617. Higher radia-
tion dose to normal tissues such as the heart was highly
correlated with survival, as well as the degree of esophagitis
experienced during treatment."” Because dose escalation
for all patients with locally advanced NSCLC seems harm-
ful, many clinical trials are testing other strategies for dose
escalation. Some trials have tested giving all patients a radi-
ation boost based on pretreatment PET scans, targeting the
most FDG-avid regions with a higher dose of
radiation,'”*’ whereas other trials dose-escalate all patients
based on midtreatment PET.”' Because some patients are
cured with 60 Gy of radiation, not everyone benefits from
dose escalation. We designed a phase II trial FLARE-RT
(NCT02773238) where select patients undergo dose escala-
tion based on midtreatment FDG-PET response, and only
nonresponders undergo dose escalation (74 Gy) for the
second half of chemoradiation.””

We investigated whether early FDG-PET response imag-
ing during chemoradiation has prognostic value in patients
treated in the FLARE-RT trial, and hypothesized that a
robust tumor PET response is linked to peripheral T-cell
function, given the clinical and preclinical data that a robust
tumor response to radiation requires an intact immune sys-
tem, including the presence of CD8+ T-cells.”*”* The pur-
pose of this biomarker substudy under the parent clinical
trial was to (1) evaluate the prognostic value of previously
reported FDG-PET imaging biomarkers during chemora-
diation; (2) evaluate peripheral immunologic biomarkers
and correlates of PET imaging; and (3) identify comple-
mentary markers of tumor biology (PET response) and dis-
ease burden (total lesion glycolysis). Biomarkers of early
treatment response/resistance can support clinical manage-
ment decisions and inform the design of next-generation
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Fig. 1 FLARE-RT phase II trial schema of risk-adaptive chemoradiation for patients with unresectable locally advanced

non-small cell lung cancer.

biomarker-guided and risk-adaptive clinical trials to
improve outcomes in patients with LA-NSCLC.

Methods and Materials

Clinical trial protocol

The FLARE-RT phase II trial (NCT02773238) schema
is shown in Figure 1. This research was institutional
review board approved and conducted in accord with the
ethical standards of our institution. Patients with histo-
pathologically confirmed unresectable American Joint
Committee on Cancer v7 stage IIB-IIIB NSCLC and East-
ern Cooperative Oncology Group performance status 0 to
1 were enrolled from 2016 to 2020. Baseline FDG-PET
imaging was followed by initiation of definitive chemora-
diation planned for 60 Gy in 30 fractions. Chemotherapy
consisted of a platinum doublet per physician choice
(Table 1) and started at the same time as radiation. Con-
solidation immunotherapy was allowed postchemoradia-
tion once it became standard of care. During the third
week of chemoradiation (after 24 Gy delivered), FDG-
PET imaging was performed to assess early treatment
response. Patients prospectively classified as responders
continued to receive a total dose of 60 Gy in 30 fractions,
while those classified as nonresponders received a con-
comitant dose boost over the final 15 fractions (2.93 Gy
daily) to a total dose of 74 Gy in 30 fractions, as previously
described.”” The precision dose boost was spatially local-
ized and redistributed to conform to residual intratumoral
FDG avidity. All standard normal tissue dose constraints
were followed per protocol. Peripheral blood draws were
completed synchronously with PET imaging at baseline,
week 3 midtreatment, and 3-month posttreatment time
points. The primary trial endpoint was 2-year OS, while
secondary endpoints included 1-year progression-free
survival (PES), 1-year locoregional control (LRC), and
pulmonary toxicity (Common Terminology Criteria for
Adverse Events v4 grade 2 + pneumonitis).

PET response assessment and PET biomarker
definition

Week 3 PET response status was prospectively defined
by multifactorial radiologic interpretation for selective

treatment adaptation. Interval changes in SUV metrics
(SUVmax SUVieans SUVpear), metabolic tumor volume
(MTYV), and total lesion glycolysis (TLG) were used to
prospectively score PET response using semiautomatic
gradient-based segmentation of the primary tumor and
adjacent involved lymph nodes. PET responders were pre-
defined as patients with greater than 20% decrease in at
least 1 metric of FDG avidity (SUV a0 SUV yean, SUV-
peak) and at least 1 metric of FDG volumetric extent
(MTV, TLG). MTVs were delineated by a commercially
validated segmentation algorithm (PET Edge; MIM Soft-
ware, Cleveland, OH) that achieved improved interob-
server agreement compared with manual contouring and
reduced sensitivity to image reconstruction compared
with fixed threshold contouring.””** Protocol-defined
midchemoradiation PET response status showed substan-
tial agreement with retrospective midchemoradiation
PET response assessment by positron emission tomogra-
phy response criteria in solid tumors (PERCIST) 1.0
(kappa, 0.72 [0.51-0.93]).”"**

Beyond week 3 PET response status as a single binary
variable, we restricted prognostic evaluation of week 3
PET biomarkers to total lesion glycolysis (TLGyiarx [g]),
representing metabolic disease burden and the product of
MTV (mL) with SUV ,can (g/mL).“’g’29 Given the skewed
distribution of TLG 41 across patients, we dichotomized
the upper tail of the distribution from the bulk, which was
achieved at the 80th percentile and corresponding thresh-
old of TLGpiarx = 250 8. TLGpiarx defined risk strata in
univariable survival analysis for OS, PFS, and LRC end-
points. TLGy;ar multivariable survival analyses consisted
of individual effect size adjustments for baseline TLGpetx
clinical factors (age, histology, PD-L1 expression, driver
mutation presence), and treatment factors (radiation
modality, consolidation immunotherapy, radiation target
volume).

Peripheral blood genomic and immunologic
assays

Sequencing of peripheral germline DNA was con-
ducted using the Infinium Global Screening Array (Illu-
mina Inc, San Diego, CA), which included sample quality
control (QC), library prep + QC, cluster optimization,
and sequencing steps. Sequencing libraries were prepared
with a Covaris LE220 system and PerkinElmer Sciclone
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Table 1 Patient characteristics (N = 45)

Characteristic n (%) or
median (range)

Age (years) 63 (34-78)
Gender

Female 25 (56%)

Male 20 (44%)
Histology

Adenocarcinoma 29 (64%)

Squamous cell carcinoma 14 (31%)

Other 2 (4%)
Chemotherapy

Carboplatin-paclitaxel 25 (56%)

Cisplatin-etoposide 11 (24%)

Other platinum doublet 9 (20%)
Stage (AJCC v7)

1IB 2 (4%)

IITA 23 (51%)

111B 15 (33%)

N2 recurrence 5 (11%)
Radiation therapy

Photon IMRT 22 (49%)

Proton beam radiation 23 (51%)

Consolidation immune checkpoint inhibitor

Yes 23 (51%)

No 22 (49%)
PD-L1 tumor proportion score

>50% 6 (13%)

1%-49% 7 (16%)

<1% 7 (16%)

Unknown 25 (56%)
Driver mutation (EGFR/ALK/ROSI)

Yes 9 (20%)

No 19 (42%)

Unknown 17 (38%)
Mid-PET response

Responder 29 (64%)

Nonresponder 16 (36%)
Mid-PET PERCIST 1.0

Partial metabolic responder 27 (60%)

Stable metabolic disease 17 (38%)

Progressive metabolic disease 1 (2%)

Abbreviations: AJCC = American Joint Committee on Cancer; ALK
= anaplastic lymphoma kinase; EGFR = epidermal growth factor
receptor; IMRT = intensity modulated radiation therapy; PD-
L1 = programmed death-ligand 1; PERCIST = positron emission
tomography response criteria in solid tumors; PET = positron emis-
sion tomography; ROSI = c-ros oncogene 1.

NGSx workstation. Library QC was ensured with 2 Agi-
lent Bioanalyzer 2100, an Agilent 2200 TapeStation, a Life
Technologies Qubit 2.0 fluorometer, and an ABI StepOne
Real-Time PCR system. Genotypes with GenCall scores
>0.15 were considered sufficient quality for inclusion.
Genome sequencing reports were filtered to include single
nucleotide polymorphism (SNP) genotypes from a list of
predefined relevant candidate genes (see Table El)
belonging to different pathway families: 96 DNA repair
genes,” 53 immunology genes,” ”’ 38 oncology
genes,””” and 27 lung biology genes.”

Molecular T-cell receptor (TCR) B chain CDR3 sequenc-
ing was carried out on the ImmunoSEQ platform (Adaptive
Biotechnologies, Snohomish, WA) with a survey sampling
depth of 120,000 T-cells. TCR richness was averaged over
the following measures due to high collinearity (Spearman r
> 0.93): iChaol,”” Efron Thisted estimator,”® and Daley
Smith estimator.” Clonality/evenness measures included
the following: Pielou evenness,"’ Simpson clonality and
evenness,”” and clone distribution slope.”'

Exploratory single immune cell functional assays were
performed using IsoCode Human Adaptive Immune
chips (Isoplexis, Branford, CT), which measure 25 + cyto-
kine secretions on a single cell base of approximately 1000
individual cells per chip. We restricted our analysis to pol-
yfunctional CD8+ T-cells, following stimulation and
secretion of at least 2 effector cytokines. Lastly, detectable
plasma concentrations from an immunologic panel of 43
cytokines were measured via a combination of the Lumi-
nex200 microbead system (Luminex, Austin, TX) and
standard enzyme-linked immunosorbent assay.

Statistical analysis

OS, PFS, and distant metastatic-free survival rates were
estimated by Kaplan-Meier. LRC and pneumonitis
(PNM) rates were adjusted for distant progression and
death as competing risks. Differences between risk strata
were evaluated with log rank or Gray’s testing. Univari-
able and multivariable hazard ratios (HR) were estimated
by Cox regression or Fine and Gray competing risk
regression. Hierarchical clustering of peripheral germline
DNA sequencing SNP genotypes was performed and
summarized with cumulative frequency distributions of
rank-ordered SNPs for each genetic pathway family
(DNA repair, immunology, oncology, lung biology).
Genotype associations with PET response status, survival
outcomes, and TLG,;qr, Were characterized by logistic
regression with Firth penalization, Cox regression with
Firth penalization, and Spearman rank correlation, as
appropriate. PD-L1 tumor proportion score (TPS) associ-
ations to PET response status, TLG 4t and clinical fac-
tors were summarized by logistic regression with Firth
penalization, Spearman rank correlation, and Fisher exact
testing, as appropriate. TCR diversity metric trends over
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pretreatment, midtreatment, and posttreatment time-
points were estimated by Spearman rank correlation and
pairwise changes by Wilcoxon signed rank testing. TCR
diversity metric associations to OS and PFS were assessed
by permutation testing of Harrell’s c-index, while TCR
diversity metric associations to PET response class and
TLGiare Were assessed by groupwise Wilcoxon rank sum
testing and Spearman rank correlation, as appropriate.
Hierarchical clustering of plasma cytokines was per-
formed and summarized with a 2-dimensional dendro-
gram heatmap of cytokine concentration z scores with
rugs for OS, PFS, PET response, and TLG g classes.
Associations of cytokines with PET response status, sur-
vival outcomes, and TLGar, Were assessed by Fisher
exact testing, Cox regression with Firth penalization, and
Spearman rank correlation, as appropriate. All statistical
analyses and data visualization were carried out in Origin-
Pro 2020b (OriginLab, Northampton, MA) and R version
4.0.3 (R Statistical Language, Vienna, Austria). Through-
out, 2-sided tests were used with P < .05 considered statis-
tically significant, without adjustment for the number of
comparisons across prespecified imaging and peripheral
immunologic biomarkers.

Results

Patient characteristics

Patient characteristics are summarized in Table 1.
Forty-nine patients were enrolled but 4 patients did not
initiate any clinical trial therapy (3 were found to have
metastatic disease on repeat baseline imaging, and 1
patient chose to have surgery instead). In the intention-
to-treat population (n = 45) with median age of 63 years
(range, 34-78 years), most patients enrolled in the trial
had unresectable, stage III, multistation N2 positive
NSCLC. Approximately half of the patients received con-
solidation immune checkpoint inhibitor therapy when
the standard of care changed midpoint during this trial
(Table 1), and about half of the patients were treated with
proton beam radiation (Table 1) and half with photon
intensity modulated radiation therapy. Twenty-nine of 45
patients (64%) were prospectively classified as PET res-
ponders per protocol definition.

Clinical outcomes

Figure 2 summarizes clinical outcomes of the phase II
trial from the time of consent. The median time between
consent and start of chemoradiation was 11 days (range,
0-24 days). After a median follow-up of 18.8 months
(range, 3.0-49.9 months), 1-year OS was 82%, 1-year PFS
was 53%, 1-year LRC was 88%, 1-year distant metastatic-

free survival was 61%, and 6-month PNM cumulative
incidence was 25%. Two of 45 patients terminated chemo-
radiation early due to progressive disease during chemo-
radiation and switched to systemic therapy alone but
were included in the analysis. Patients who received dur-
valumab had numerically higher cumulative incidence of
grade 2 + PNM versus those who did not, though the dif-
ference was not statistically significant (1-year PNM 52%
vs 26%, Gray P = .20). Receipt of consolidation durvalu-
mab according to the PACIFIC regimen resulted in
numerically higher PFS but did not reach statistical signif-
icance in our trial cohort (median PFS 19.4 vs 10.9
months, log rank P = 45).

Week 3 midtreatment PET risk stratification

PET response status, representing midtreatment inter-
val changes in imaging biomarkers and the basis for adap-
tive radiation dose escalation in select patients, was not
associated with OS (log rank P = .63), PFS (log rank
P = .62), and LRC (Gray P = .25). Figure 3A-C shows that
larger residual TLG;qx on week 3 PET, dichotomized at
the 80th percentile (250 g), was significantly associated
with a detriment in OS (log rank P < .001), PFS (log rank
P = .044), and LRC (Gray P = .012). Figure 3D captures a
possible association between PET response status and
TLGpiarx that modulated PES (log rank P < .00001), in
which the highest risk of rapid disease progression was in
PET nonresponders with TLGax > 250 g. Of the 9
patients with TLG a4t > 250 g, 6/9 were classified as PET
responders and received standard chemoradiation with-
out PET-guided dose escalation. Given the modest sample
size, a formal interaction test between PET response and
TLGpiqex Was not performed. Forest plots summarize the
univariable associations of TLGyar With OS (Fig 3E) or
PFS (Fig 3F) as well as multivariable associations of
TLGniaex with OS (Fig 3E) or PES (Fig 3F) after individual
adjustment of relevant factors, including radiation target
volume (PTV), baseline metabolic disease burden
(TLGyprewr)> and PET response status. TLGjqec Was inde-
pendently prognostic for PES following all adjustments,
and independently prognostic for OS with the exception
of TLGpyerx adjustment. In this case, TLGy,ge had a rela-
tively larger effect size on OS compared with TLGp i
(HR 1.65 vs HR 1.00, P = .15).

Peripheral germline DNA sequencing

Figure 4 depicts the cumulative frequency of SNP gen-
otypes of different genetic pathway families (DNA repair,
immunology, lung biology, oncology) in 19 patients rank
ordered by their effect size on unsupervised hierarchical
cluster membership (A), risk of death (B), PET response
class membership (C), and residual total lesion glycolysis
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correlation (D). A larger frequency of SNP gene altera-
tions in the immunology pathways belonged to the main
hierarchical cluster and had significant association with
OS (Fig 4A,B) relative to other pathway families that
resided closer to the diagonal reference line of equal fre-
quency contribution. Differences in gene alteration fre-
quency between PET nonresponder and responder
subgroups were observed across several pathway families,
particularly immunology and oncology (Fig 4C). By con-
trast, there was no preferential correlation of specific
pathway families with TLG ,41x, which all had cumulative
frequency distributions that closely followed the diagonal
reference line (Fig 4D). Of the top 30 SNPs ranked by
association with PET response status (P < .016), a plural-
ity (13/30) came from immunologic pathways, while none
of these same SNPs were associated with total lesion gly-
colysis (P > .11). Immunologic pathway genetic differen-
ces in JAKI associated with PET response status and PFS
(P = .033-.040), while differences in STATI (P = .001-
.030) and interferon gamma (IFNy) (P = .002-.060) asso-
ciated with PET response status and hierarchical cluster
membership. Other associations with PET response status
included germline genetic alterations in vascular endothe-
lial growth factor C (VEGFC) (P = .002), anaplastic

lymphoma kinase (ALK) (P = .018), and epidermal
growth factor receptor (EGFR) (P = .047). Associations
with OS included immuno-oncogene alterations in ALK
(P =.012), PIK3CA (P = .013), and tumor necrosis factor
(TNF) (P = .041). None of these gene alterations were
associated with TLG ;a4 (P > .38). Without adjustments
for multiple comparisons, our results are hypothesis gen-
erating and require definitive independent validation.

PET response versus tumor PD-L1 expression

PET response status was correlated with PD-L1 TPS in
20 patients: 6/6 patients with high PD-L1 TPS (>50%)
were PET responders and 6/7 with moderate PD-L1 TPS
(1%-49%) were PET responders. By contrast, 4/5 patients
classified as PET nonresponders had PD-L1 TPS <1%.
The association between PET response and PD-L1 TPS
was statistically significant as a trend across 3 expression
levels (<1%, 1%-49%, >50%, Firth P = .017), rank correla-
tion (Spearman r = 0.54, P = .014), and categorical fre-
quency (<1% vs >1%, Fisher P = .031). The association
with PET response status was not confounded by avail-
ability of PD-L1 testing results: 15/20 were PET
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Fig. 3 Kaplan-Meier OS, competing risk-adjusted LRC, and Kaplan-Meier PES stratified by week 3 midtreatment FDG-
PET total lesion glycolysis (TLGiatx) (A-C), along with association of total lesion glycolysis with PET response status for
PFS (D). Forest plots of total lesion glycolysis OS and PFS univariate and bivariate hazard ratios, adjusted for individual
clinical and treatment factors (E,F). Abbreviations: FDG-PET = fluorodeoxyglucose-positron emission tomography;
LRC = locoregional control; OS = overall survival; PET-NR = PET nonresponder; PET-R = PET responder;
PES = progression-free survival.

responders when PD-L1 was available compared with 14/ distribution slope (Fig 5D, permutation P = .035), and
25 PET responders when unavailable (Fisher P = .22). smaller decline in clone distribution slope (permutation
Tumor PD-L1 expression was neither correlated with P = .050) were associated with improved OS. Pretreat-
midtreatment total lesion glycolysis (Spearman r = 0.04, ment TCR clone distribution slope, pre- and midtreat-
P = 88) nor associated with histology, stage, or presence ment clonality, and midtreatment evenness were
of a driver mutation (P > .28). correlated with PET response status (Wilcoxon rank-sum

P = .031-.048). None of the TCR diversity metrics were
strongly correlated with midtreatment TLG qr (median
Spearman |r| = 0.17 [0.04-0.52]). Patients classified as

TCR diversity metrics and CD8+ T-cell midtreatment PET responders had higher percentage of

polyfunctionality peripheral polyfunctional CD8+ T-cells compared with

midtreatment PET nonresponders (Fig 5C, 0.7%-1.3% vs

TCR sequencing was performed at pretreatment 0%-0.1% expressing MIP1b and IFNy). There was no

(n = 15), midtreatment (n = 15), and 3-months posttreat- association between TLG ;41 and peripheral CD8+ T-cell
ment (n = 10) time points. No patients received immuno- functionality.

therapy prechemoradiation treatment or midtreatment,
and 10/10 patients were receiving immunotherapy (dur-

valumab) at the posttreatment time point. TCR average Plasma cytokine levels

richness declined significantly across time points (Fig 5A,

P =.001). Pairwise changes were most significant between Figure E1 displays the midtreatment peripheral blood
pre- and posttreatment time points (Wilcoxon signed plasma cytokine hierarchical clustering dendrogram with
rank P = .037). Higher pretreatment TCR richness heatmap scaled by z scores of cytokine concentration lev-

(Fig 5B, permutation P = .018), higher pretreatment clone els and rugs for OS, PFS, and PET response status. While
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Fig. 4 Peripheral DNA microarray cumulative frequency distribution of SNP gene alterations by pathways (DNA repair,
immunology, lung biology, oncology). The SNPs are ordered based on (A) OR for membership in unsupervised hierarchi-
cal clusters, (B) HR for OS endpoint, (C) OR for PET nonresponder group, and (D) Spearman correlation (r) to PET total
lesion glycolysis (TLG4ix)- The diagonal reference line represents equal frequency contributions from all SNPs across
pathways. Immunologic pathway gene alteration frequency has an outsized effect on risk of death (B, blue curve) relative
to other pathways. PET response status shows highly significant association to gene alterations across several pathways (C,
blue, yellow, green curves), while PET TLG,yqix correlations to gene alterations are more randomly distributed near the
diagonal reference line without linkages to specific pathways (D). Abbreviations: HR = hazard ratio; OR = odds ratio;
OS = overall survival; PET = positron emission tomography; r = Spearman rank correlation; SNP = single nucleotide poly-
morphism.

the 23 patients were not distinctly clustered by cytokine significant correlation we identified was that lower mid-
levels, hierarchical clusters of cytokines included the fol- treatment TNFR1 plasma concentration relative to base-
lowing: (1) MIP1b, IFNy, TNFR1, TNFR2, TNFa; (2) line plasma concentration was associated with worse PFS
VEGF, TGFbl. Among these select cytokines, the only (HR 0.43, P =.005).
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Fig. 5 T-cell receptor (TCRb CDR3) richness boxplots over pre/mid/posttreatment timepoints (A), TCR richness and
clone distribution slope boxplots grouped by overall survival status (no event = alive, event = deceased) with Kaplan-Meier
insets (B,D), and pretreatment CD8+ T-cell polyfunctionality for pairs of positron emission tomography (PET) respond-
ers and PET nonresponders (C).
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Discussion

We conducted a phase II trial testing selectively adap-
tive radiation dose escalation in patients classified as non-
responders on midchemoradiation PET/computed
tomography, with the objective of improving OS. All of
the patients received concurrent platinum doublet chemo-
therapy, and approximately half of the patients received
durvalumab postchemoradiation in accordance with the
PACIFIC trial results that changed the standard of care
for this population.” The focus of this manuscript is on
the prognostic value of midchemoradiation FDG-PET/
computed tomography, and possible associations between
PET response and immunologic biomarkers. This bio-
marker substudy has a number of limitations, including a
modest trial cohort, small sample sizes for the biomarker
assays, and reduced statistical power for exploratory cor-
relative analysis beyond the primary endpoint of the trial.

We found that total lesion glycosis on the midchemor-
adiation PET is associated with OS and PFS. Multiple
prior series have found changes in SUV ., during chemo-
radiation to be prognostic for survival.'’ In our trial, being
a PET responder versus nonresponder no longer con-
ferred a difference in OS or PFS, perhaps due in part to
our adaptive dose escalation in patients based on PET
interval changes during chemoradiation, which may have
mitigated the prognostic power of the PET response.
However, in agreement with other published
reports,”'*** we found that midtreatment TLG was asso-
ciated with OS and PFS, potentially serving as a marker of
disease burden, even after adjustments for clinical and
treatment factors. Patients classified as PET nonrespond-
ers on the midtreatment scan who also presented with a
high residual TLG had the worst outcomes. This strategy
could potentially help risk-stratify patients for further
treatment intensification.

Our findings suggest a correlation between midtreat-
ment PET response and PD-L1 expression, with PD-L1
positive tumors likely to be PET responders and PD-L1
negative tumors likely to be PET nonresponders. Tumor
response to radiation treatment requires an intact
immune system with functional T-cells,” and radiation
has been shown to induce a proinflammatory tumor
microenvironment via the induction of an immunogenic
cell death.””"* Because PD-L1 expression plays a major
role in suppressing adaptive immunity, it is possible that
radiation treatment could produce a proinflammatory
environment that helps overcome PD-L1 induced
immune suppression.

Our analysis of germline DNA SNPs found differences
in gene alteration frequency between PET responders and
nonresponders, particularly in immunology pathways,
which also correlated with survival. The JAK-STAT sig-
naling pathway plays critical roles in cytokine receptors
and can modulate the polarization of T helper cells. A

recent report by Shahamatdar et al*’ analyzing germline
variants in the TCGA cohort demonstrated that host
genetics are associated with phenotypes that describe the
immune component of the tumor microenvironment;
they found 1 SNP associated with the amount of infiltrat-
ing follicular helper T cells and 23 candidate genes, some
of which are involved in cytokine-mediated signaling.
Our patient cohort supports prior findings that patients
with greater TCR richness in the peripheral blood had
improved survival compared with patients with less clonal
richness.”*** TCR richness declined with chemoradiation
although a smaller midtreatment decline in TCR diversity
was associated with improved survival. Pretreatment TCR
clone distribution slope, among other diversity metrics,
was correlated with PET response status, but none of the
TCR diversity metrics were correlated with midtreatment
residual TLG. This suggests that PET-response status may
be a marker of cancer/patient biology, but TLG is an inde-
pendent measure of cancer disease burden. Single cell
functional assays were performed on the peripheral blood
for a small subset of patients, suggesting midtreatment
PET responders had higher percentages of peripheral pol-
yfunctional CD8+ T-cells compared with nonresponders.
We also saw that select plasma cytokines are associated
with OS and PFS and correlated with PET response,
including TNFe, TNFR1, TGFb, and MIP1.

Although our trial population is not identical to the
PACIFIC trial population (which only included patients
who recovered from toxicity of chemoradiation) or to the
patients in RTOG 0617 (none received durvalumab post-
chemoradiation),"” our results compare favorably against
both trials: our 1-year OS was 82% (vs 83.1% in PACIFIC
and 80.0% in RTOG 0617), our 1-year PFS was 53% (vs
55.9% in PACIFIC and 49.2% in RTOG 0617), and our 1-
year LRC was 88% (vs 83.7% in RTOG 0617, and 12.6%
lung recurrence plus 6.5% nodal recurrence in PACIFIC).
We saw an increase in both PFS and PNM with durvalu-
mab, although neither were statistically significant in our
modest cohort. In our trial, disease recurrence was driven
primarily by distant metastatic progression, with distant
metastasis being a site of first recurrence in 19/23 (83%)
patients. This suggests improvement in systemic disease
control is needed in a subset of patients to further
improve patient outcomes.

Conclusions

Within a prospective phase 2 trial of response-adaptive
radiation dose escalation for patients with unresectable
NSCLC, we found in this biomarker substudy that mid-
chemoradiation PET imaging has prognostic value for
survival outcomes and that PET response status may be
linked with peripheral T-cell function. The combination
of PET response and peripheral blood biomarkers could
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be used to guide further clinical trials of treatment intensi-
fication by identifying patients at highest risk of treatment
failure.

Supplementary materials

Supplementary material associated with this article can
be found, in the online version, at doi:10.1016/].
adro.2021.100857.
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