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Abstract

Purpose Anti-PD-1/PD-L1 blockade can restore tumour-specific T-cell immunity and is an emerging therapy in non-small-cell
lung cancer (NSCLC). We investigated the correlation between '*F-FDG PET/CT-based markers and tumour tissue expression of
PD-L1, necrosis and clinical outcome in patients receiving checkpoint inhibitor treatment.

Methods PD-Li expression in biopsy or resection specimens from 49 patients with confirmed NSCLC was investigated by
immunohistochemistry. Maximum standardized uptake value (SUVmax), mean SUV (SUVmean), metabolic tumour volume
(MTV) and total lesion glycolysis (TLG) were obtained from E_FDG PET/CT images. The ratio of metabolic to morphological
lesion volumes (MMVR) and its association with PD-L1 expression in each lesion were calculated. The associations between
histologically reported necrosis and '*F-FDG PET imaging patterns and radiological outcome (evaluated by iRECIST) following
anti-PD-1/PD-L1 therapy were also analysed. In 14 patients, the association between necrosis and MMVR and tumour immune
contexture were analysed by multiple immunofluorescent (IF) staining for CDS8, PD-1, granzyme B (GrzB) and NFATC2.
Results In total, 25 adenocarcinomas and 24 squamous cell carcinomas were analysed. All tumours showed metabolic '*F-FDG
PET uptake. MMVR was correlated inversely with PD-L1 expression in tumour cells. Furthermore, PD-L1 expression and low
MMVR were significantly correlated with clinical benefit. Necrosis was correlated negatively with MMVR. Multiplex IF
staining showed a greater frequency of activated CD8" cells in necrotic tumours than in nonnecrotic tumours in both stromal
and epithelial tumour compartments.

Conclusion This study introduces MM VR as a new imaging biomarker and its ability to noninvasively capture increased PD-L1
tumour expression and predict clinical benefit from checkpoint blockade in NSCLC should be further evaluated.
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Introduction

Non-small-cell lung cancer (NSCLC) accounts for approxi-
mately 85% of all lung cancer cases and has the highest inci-
dence amongst malignancies, reaching 13% of all new cancer
diagnoses. It is considered the leading cause of cancer-related
death worldwide, having a poor prognosis and a 5-year survival
rate of 15% in spite of therapeutic advances [1, 2]. Almost 80%
of patients with newly diagnosed NSCLC present with disease
that is either locally advanced (stage IIIB, 22%) or metastatic
(stage 1V, 56%), and therefore not amenable to surgical resec-
tion [3]. Treatment options available for patients with inopera-
ble disease who are candidates for systemic therapy include
platinum-based cytotoxic chemotherapy regimens, molecular
targeted agents for patients who carry specific driver mutations
and, more recently, immune checkpoint inhibitors [4].
Specifically, immunotherapy with antibodies that prevent the
interaction of the programmed death ligand-1 (PD-L1) with
the programmed cell death-1 (PD-1) receptor, thus releasing T
cells to eliminate tumour cells, has led to significantly improved
survival in patients with NSCLC [5-10].

PD-L1 appears to be the main PD-1 ligand expressed in
solid tumours, including NSCLC. PD-L1 upregulation in can-
cer may also be a result of constitutive expression by tumour
cells because of genetic alterations or activation of signalling
pathways, independently of inflammatory signals in the tu-
mour microenvironment (innate immune resistance) or hyp-
oxia [11], or may be an induced response to inflammatory
signals produced by an active antitumour immune response
(adaptive immune response) [12, 13].

The overall rate of response of NSCLC to PD-1/PD-L1
blockade is approximately 30% in an unselected population.
Thus, there is a need for biomarkers predictive of clinical
response. The expression of PD-L1 in formalin-fixed tumour
tissue has been shown to be increased in responder NSCLC
patients, and is a companion test for one of the commercially
available anti-PD-1 antibodies (pembrolizumab) for second-
line and even first-line therapy [11, 14]. Recently, the tumour
mutational burden, expressed as number of somatic mutations
per megabase of tumour DNA, has also been shown to be a
potentially useful predictor of response, irrespective of PD-L1
status, to combined CTLA-4 and PD-1 blockade in first-line
therapy of metastatic NSCLC [15].

'8F_Fluorodeoxyglucose positron emission tomography/
computed tomography (‘*F-FDG PET/CT) is considered the
standard modality for staging and follow-up monitoring of
NSCLC patients, and has shown high prognostic value based
on the different functional parameters analysed, including stan-
dardized uptake value (SUV), maximum SUV (SUVmax), met-
abolic tumour volume (MTYV) and total lesion glycolysis (TLG)
[16, 17]. However, the relationship between these metabolic fac-
tors and tumour PD-L1 expression in NSCLC so far remains
unexplored. Ligation of tumour PD-L1 leads to mTOR activation
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and promotion of tumour glycolytic activity [18]. Whether such
PD-L1-mediated increase in tumour cell glycolysis is detectable
in patients by '®F-FDG PET/CT is an open question. Studies
have shown that PD-L1 may be upregulated in hypoxic tumour
tissue via the hypoxia-inducible factor-1x, making it not only
more glycolytic but also more resistant to the adaptive immune
system [19]. During aggressive tumour development, hypoxic
regions increase as a consequence of progressive restriction of
oxygen supply, leading to necrotic cell death in the central tu-
mour compartment [20].

These observations together with the fact that '*F-FDG PET/
CT has the ability to distinguish between viable and nonviable
compartments in tumour lesions [21] led us to hypothesize that
"®F_FDG PET/CT could be applied to determine the relative
extent of peripheral FDG-avid and central non-FDG-avid com-
partments as a surrogate marker of the extent of necrosis in
tumour lesions. In turn, such a tumour necrosis index might be
an indicator of tumour PD-L1 expression. The aim of this study
was to investigate the possible association between tumour PD-
L1 expression in biopsied or resected tumour lesions from
NSCLC patients and '*F-FDG PET/CT imaging parameters.
The relative extent of necrotic and nonnecrotic tumour compart-
ments in the biopsied lesions was also determined.

Materials and methods
Patient selection and evaluation of clinical data

We retrospectively analysed 49 patients (28 men, 21 women;
median age 68 years, range 40—88 years) diagnosed with
NSCLC and treated in a single centre (Thoracic Oncology
Clinic at Lausanne University Hospital) between January 2016
and March 2017. Only patients with an initial diagnosis, and not
those diagnosed with recurrence, were included in the analysis.
Clinical data including type of treatment were obtained in all
patients. Radiological outcome in patients undergoing treatment
directed at PD1/PD-L1 was evaluated by a board-certified radi-
ologist and a board-certified nuclear medicine physician using
iRECIST [22]. Patients were grouped as either experiencing pro-
gression of disease (iPD), stable disease (iSD) or partial response/
complete response (iPR/iCR). The local Ethics Research
Committee of the State of Vaud approved the research protocol
(CER-VD #2017-00758). Informed consent was waived due to
the retrospective nature of this study.

18E_FDG PET/CT

'"8F_.FDG PET/CT was performed in all patients as part of a
standard diagnostic work-up, and patients were categorized
based on the American Joint Committee on Cancer (AJCC)
TNM staging system. PET/CT was performed using a
Discovery D690 TOF (GE HealthCare, Waukesha, WI,
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USA) 50-70 min after intravenous injection of a planned 3.7

+0.5 MBg/kg of '"®F-FDG. Patients were required to fast for
>6 h before the scan. Blood glucose levels were verified with a
dedicated electronic glucometer to ensure levels of
<8.5 mmol/L. A low-dose helical CT scan (120-140 kV, 80—
200 mA) was first performed for anatomical correlation and
attenuation correction. Whole-body emission images were
then acquired using seven to nine overlapping bed positions
of 2 min each (starting from the top of the skull and ending at
the mid-thigh). Images were reconstructed using conventional
oncological iterative protocols with body weight-normalized
SUV computation.

The following '®F-FDG PET/CT parameters for the
biopsied or resected lesions were measured in each patient:
SUVmax of the lesion, SUVmean of the lesion, MTV and
TLG with a threshold of 42% of the maximum SUV signal
intensity. Morphological tumour volume (MoTV) was calcu-
lated based on lesion delineation on CT images [21, 23]. The
ratio of metabolically active volume to global lesion volume
(termed the metabolic-to-morphological volume ratio,
MMVR) was calculated by dividing MTV by MoTV and
expressed as a percentage (Fig. 1).

Tissue PD-L1 expression and necrosis

In our institution, tissue from all patients is stained for PD- L1 as
a standard procedure. Available tumour tissue, obtained by either
biopsy or surgical resection (30 biopsies and 19 resections in 49
patients), was investigated by immunohistochemistry (IHC) for
PD-L1 on formalin-fixed paraffin-embedded (FFPE) samples.
PD-L1 expression in tumour cells was assessed using anti-PD-
L1 rabbit monoclonal antibody (clone SP263, ready to use;
Ventana Medical Systems, Tucson, AZ, USA) on 4-pm sections
obtained from FFPE tissue blocks. Immunohistochemical stain-
ing was performed using a BenchMark automatic immunostainer
(Ventana Medical Systems). Tumour cells expressing PD-L1
were scored by a board-certified pathologist, and the score was
expressed as the percentage of total tumour cells. The absence or
presence and the percentage of necrosis were recorded by a
board-certified pathologist (n = 13).

Multispectral immunofluorescent tissue staining and image
analysis

Available FFPE lung tumour tissue (4-pum sections) was subject-
ed to multiplexed staining using an automatic immunostainer
(DISCOVERY ULTRA; Ventana Roche, Tucson, AZ, USA).
First, heat-induced antigen retrieval in EDTA buffer (pH 8.0)
was performed for 92 min at 95 °C. Multiplex staining was
performed in consecutive rounds, each round consisting of anti-
gen retrieval, protein blocking, primary antibody incubation, in-
cubation with secondary antibody labelled with horseradish per-
oxidase (HRP), addition of OPAL reagents and then antibody

heat denaturation. The monoclonal mouse anti-human PD-1 an-
tibody (0.4 pg/ml, NAT105; Cell Marque, Rocklin, CA, USA)
and mouse monoclonal anti-human granzyme B antibody
(1 pg/ml, Monosan, GrB-7; Uden, The Netherlands) were incu-
bated at room temperature for 60 min, while the rabbit polyclonal
anti-human NFATC?2 antibody (1 pg/ml; Sigma-Aaldrich, Saint-
Louis, MO, USA), mouse monoclonal anti-pancytokeratin anti-
body (2 ug/ml, clone AE1/AE3; Dako, Santa Clara, CA, USA)
and rabbit monoclonal anti-CD8 antibody (4 pg/ml, clone SP16;
ThermoFisher Scientific, Waltham, MA, USA) were incubated at
37 °C for 60 min. The signal was revealed by incubation for
16 min with DISCOVERY OmniMap anti-rabbit HRP
(Ventana, 760-4311) or anti-mouse HRP (Ventana, 760-4310).
Next, the OPAL quality control reagents OPAL 690
(FP1497001KT), OPAL 520 (FP1487001KT), OPAL 540
(FP1494001KT), OPAL 650 (FP1496001KT), OPAL 570 (; all
PerkinElmer, Waltham, MA, USA) were added following the
manufacturer’s recommendations.

Nuclei were visualized by a final incubation with Spectral
DAPI (1/10, FP1490, PerkinElmer) for 20 min. Multiplex im-
munofluorescent (IF) images were acquired on a Vectra 3.0 au-
tomatic quantitative pathology imaging system (PerkinElmer).
Tissue-specific and panel-specific spectral libraries of individual
fluorophores and tumour tissue autofluorescence were acquired
for an optimal IF signal unmixing (individual spectral peaks) and
multiplex analysis. IF-stained slides were prescanned at x10
magnification. Using a Phenochart whole-slide viewer
(PerkinElmer), regions of interest containing tumour islets and
stroma were marked for high-resolution multispectral acquisition
of images at x20 magnification. IF signals were extracted using
inForm 2.3.0 image analysis software (PerkinElmer) enabling a
per-cell analysis of IF markers of multiplex-stained tissue sec-
tions. The images were first segmented into tumour and stroma
regions, based on cytokeratin staining using the inForm Tissue
Finder algorithms. Individual cells were then segmented using
the counterstained-based cell segmentation algorithm, based on
DAPI staining. Immune cells were quantified using the inForm
active learning phenotyping algorithm by assigning the different
cell phenotypes across several images or using the scoring tool
by defining the threshold of positive IF signal intensity. IF-
stained slides were then batch processed, and data were exported
and processed via an in-house developed R-script algorithm to
retrieve every cell population.

Statistical analysis

Continuous variables are reported as medians (interquartile
range) and dichotomous data as percentages. Metabolic and
morphological variables were tested by linear regression anal-
ysis as predictors of the percentage of tumour PD-L1 expres-
sion in corresponding tissue. The correlations between PD-L1
expression and different metabolic and morphological vari-
ables were evaluated using Spearman’s rank-order correlation.
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Fig. 1 Intratumoral FDG-avid
and FDG non-avid distribution
expressed in terms of the
metabolic-to-morphological
volume ratio (MMVR) in lesions
expressing high levels of PD-L1
(PD-L1 high) and low levels of
PD-L1 (PD-L1 low). MTV
metabolic tumour volume, MoTV
morphological tumour volume,
CV cold volume (FDG-negative)

PD - L1 High Lesions
HGVR Low Lesions

MMVR = (MTV /MoTV) * 100

PD - L1 Low Lesions
HGVR High Lesions

MoTV MoTV

Ccv

MTV MTV

MoTV : Morphologic Tumor Volume
MTV: Metabolic Tumor Volume
CV: Cold (FDG negative) Volume

The influence of tumour histological subtype on PD-L1 ex-
pression and correlation with measured biomarkers were de-
termined for each histological subgroup. Radiological out-
comes in patients receiving targeted anti-PD-1/PD-L1 therapy
were correlated with the above-mentioned metabolic parame-
ters using Spearman’s rank-order correlation. The presence or
absence of necrosis was correlated with PD-L1 expression,
MoTYV, FDG volume, SUVmax, SUVmean and MMVR using
the nonparametric Kruskal-Wallis test. The presence of necro-
sis described in the pathology report was correlated with all
investigated imaging factors and PD-L1 expression using
Spearman’s correlation. All statistical analyses were per-
formed using SPSS software (version 23 for Windows 2010;
IBM Corp., Armonk, NY, USA) and STATA version 13.2
(STATA Corp., College Station, TX, USA). Values of p
<0.05 were considered statistically significant.

Results

MMVR is inversely correlated with tumour necrosis
and PD-L1 expression at baseline

In total, 25 adenocarcinomas (ADC) and 24 squamous cell car-
cinomas (SCC) were analysed. All tumours showed metabolic

@ Springer

"F_.FDG PET uptake with a mean SUVmax of 13.3 (range 3.3—
28.1), SUVmean 7.4 (range 1.9-16.3), MTV 50.3 cm’ (range
1.2-456 cm®) and TLG 283.5 g cm’/ml (range 5-2,235 gcm’/
ml). SUVmax was significantly higher in patients with SCC than
in those with ADC (p=0.05). All other imaging parameters,
including MMVR (p =0.66), were independent of histological
status.

The mean percentage tumour PD-L1 expression in our
population of 49 patients was 21.1% (median 3%, range 0—
100%) with 19 patients (39%) exceeding 10% expression. The
percentage tumour PD-L1 expression was higher in stage [V
tumours than in tumours of lower stages (25.3% versus
16.5%, respectively, p = 0.03; Table 1). No significant differ-
ences in PD-L1 expression were noted among the different
histological subgroups (p =0.551).

The two-tailed Spearman’s analysis showed a statistically sig-
nificant negative correlation between the proposed MMVR and
PD-L1 tumour expression: tumours with high MMVR expressed
significantly lower PD-L1 (R=-0.618, p <0.005; Fig. 2). In
contrast, there was no significant correlation between PD-L1
tumour expression and any of the following parameters: MTV
(R=-0.042, p=0.77), TLG (R=0.139, p=0.34), MoTV (R=
0.21, p=0.15), SUVmax (R=0.171, p=0.24) or SUVmean
(R=0.119, p=0.42). Figure 3 shows a representative tumour
with a high MMVR and low PD-L1 expression, and Fig. 4
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shows a tumour with a low MMVR and high PD-L1 expression.
MMVR predicted PD-L1 expression independently of tumour
histological subgroup (ADC or SCC; R=-0.991, p=0.020 for
ADC and R =-0.760 for SCC, p <0.005).

As expected, MM VR was inversely correlated with the extent
of tumour necrosis (R =—0.570, p=0.042, Spearman’s correla-
tion). PD-L1 expression showed a trend for an association with
tumour necrosis (R =0.521, p = 0.068). None of the other factors
was correlated with the extent of necrosis. Interestingly, PD-L1
expression was not associated with tumour size (p =0.20) mea-
sured by the CT component.

MMVR is inversely correlated with response to PD-1
blockade

Of the 49 patients, 19 were treated with targeted anti-PD-1/PD-
L1 therapy. Radiological follow-up was available in 17 of the 19
patients (14 patients, 6 with ADC and 8 with SCC, received anti-

Table 1  Population characteristics

Characteristic Value

Demographic parameters

Number of patients 49

Age (ycars) 67 (40-88)

Male 28 (57)

Female 21 (43)
Sampling

Surgical resection 19 (39)

Biopsy 30 (61)
Histological type

Adenocarcinoma 25 (51)

Squamous cell carcinoma 24 (49)
Stage

Ia 24

Ib 2(4)

Ila 3 (6)

1Ib 5(10)

Mla 8 (16)

1IIb 3 (6)

v 26 (53)

Morphological tumour volume (cm?)
Metabolic tumour volume (cm>)
Tumour SUVmax
TLG (g cm’ /ml)
MMVR
PD-L1 expression (%)

>10

<10

77.69 (1.4-522)
50.3 (1.2-456)
13.3 (3.3-28.1)
283.5 (5.04-2230)
0.74 (0.13-0.96)
21.4 (0-100)

19 (38)

30 (62)

The values presented are median (interquartile range) or number (%)

TLG total lesion glycolysis, MMVR metabolic-to-morphological volume

ratio

PD-1 therapy including nivolumab or pembrolizumab; 3 pa-
tients, 2 with ADC and 1 with SCC, received anti-PD-L1 therapy
including atezolizumab or durvalumab). The remaining 30 pa-
tients received chemotherapy (adjuvant or palliative), tyrosine
kinase Inhibition or resection only in small tumours according
to the guidelines. Using iRECIST, 10 of 17 patients showed iPD,
21SD, 5 iPR, and 1 iCR. Patients with disease control, i.e. either
iSD or iPR/iCR, had a lower MM VR (p =0.043, 95% CI —0.797
to —0.042) on initial PET/CT than patients with iPD (Fig. 5).
None of the other imaging parameters (MTV, TLG, morpholog-
ical volume, SUVmax and SUVmean) assessed in this analysis
was predictive of radiological outcome (p =0.224, p =0.836,
p=0.69, p=0.567 and p=0.586, respectively). As expected,
patients with disease control also showed higher PD-L1 tumour
expression (p = 0.033, 95% CI —0.807 to —0.070).

Multispectral immunofluorescence tissue staining
and image analyses

To further investigate the microenvironment in tumours with
high and low MMVR, we performed multispectral IF tissue
staining assessing T-cell parameters, i.e. the presence of
intratumoral and stromal CD8 tumour-infiltrating lymphocytes
(TILs) and their activation status in situ based on expression of
granzyme-B (a feature of activated effector cells [24]), expression
of PD1 (a feature of antigen-activated TILs [25]), and/or nuclear
localization of the transcription factor NFATC2 (a feature of re-
cent engagement of the T-cell receptor by cognate antigen). Of 14
samples available for analysis, nine showed necrosis detected by
clinical pathologists, and five showed no necrosis.

A higher density of stromal CD8*PDI1* (p=0.01),
CD8*GrzB* (p=0.031), CD8"GrzB™PD1* (p=0.0081) and
CD8*NFAT*GrzB*PD1" (p =0.0109) (Fig. 6a) was apparent
in tumours with necrotic areas reported than in tumours with
no necrotic areas reported (Supplementary Figs. 1 and 2).
Moreover, higher densities of intratumoral CD8*PD1* (p =
0.0023), CD8*GrzB™ (p =0.0016), CD8*GrzB*PD1* (p =
0.004) (Fig. 6a) were also found in tumours with necrotic
areas reported than in tumours with no necrotic areas reported
(Supplementary Figs. 1 and 2). The analysis of tumours with a
high MMVR in relation to those with a low MMVR based on
median cutoff (11.4%) revealed higher mean values for all
CDS8" subgroups in tumours with a low MMVR, although
the difference did not reach significance (all p > 0.1, Fig. 6b).

Discussion

Although '"®F-FDG PET/CT is used as a standard imaging
modality for staging NSCLC, few data are available address-
ing its potential utility in the evaluation of immune regulatory
molecule expression, in particular PD-L1 [26]. Importantly,
we showed in this study that MMVR (but not MTV or TLG)
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Fig. 2 Relationship between
metabolic-to-morphological
volume ratio (MMVR) expressed
as a percentage and the “
percentage PD-L1 tumour

expression assessed using anti-

PD-L1 rabbit monoclonal 90,00
antibody (clone SP263, ready to
use; Ventana Medical Systems,
Tucson, AZ, USA) (Spearman’s
rho=-0.618, p <0.005).
Outcomes using iRECIST on
follow-up CT in various patients
are coded as follows: diamonds
complete response, partial
response or stable disease,
squares progressive disease. N/A
not available

100.00

Wxx x

60.00

MMVR (%)

40.00

20.00

R* Linear = 0.695

iRECIST
# iCR/iPR/iSD
" iPD
* NIA

.00
00 20.00

is negatively correlated with tumour PD-L1 expression. To the
best of our knowledge, this is the first study to investigate the
utility of "*F-FDG PET/CT metabolic biomarkers in the eval-
uation and characterization of PD-L1 expression in NSCLC
[27]. In this specific patient population, predictive markers of
response to anti-PD-1/PD-L1 therapies would be highly

Kot Y

Fig. 3 Representative tumour with a high MMVR and low PD-L1
expression. a, b PET (a) and PT/CT (b) images show homogeneously
high FDG uptake within the pulmonary mass (SUVmax 24.1, tumour
morphological volume 8.7 cm?, tumour metabolic volume 8.2 cm®) and
high MMVR (94%). ¢, d Pathological examination of the resected mass
shows (¢) adenocarcinoma with a solid growth pattern (H&E, x20)
demonstrating (d) 5% PD-L1 expression (PD-L1 SP263 immuno-
histochemical staining, x100)

@ Springer

40.00 60.00 80.00 100.00

PD - L1 Expression (%)

valuable, as they are the cornerstone for the selection of pa-
tients likely to respond to these immunotherapies. Indeed,
albeit in a small number of patients, our findings indicate that
among all "*F-FDG PET imaging parameters at baseline, only

: S . \i:;*ﬂ : ki ghets
Fig. 4 Representative tumour with a low MMVR and high PD-L1 ex-
pression. a, b PET (a) and PT/CT (b) images show high peripheral FDG
uptake within the pulmonary mass, with central regions lacking tracer
uptake (SUVmax 17.2, tumour morphological volume 291 cm?, tumour
metabolic volume 38.6 cm3) and low MMVR (13.3%). ¢, d Pathological
examination of the resected mass shows (c¢) a poorly differentiated
NSCLC at the border of the necrotic core and viable cells (H&E, *x20)
demonstrating (d) 80% PD-L1 expression (x100)

i)
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Fig. 5 Mean PD-L1 expression
and MMVR in tumours showing
benefit by immune-related
response criteria (iCR complete

response , PR partial response, 400

iSD stable disease) and tumours 90
showing progression of disease
(iPD). p=0.033 and p =0.043,
respectively

80

70

60

50

40

30

MMVR or %PD - L1 Expression

20

10

MMVR was able to predict radiological response to PD-L1/
PD-1 blockade, as assessed by the iRECIST criteria. This
suggests that a low MMVR at baseline is a promising param-
eter for the identification of patients who have a higher chance
of responding to immunotherapy with anti-PD-L1/PD-1
blocking antibodies, and this application should be explored
further.

Our findings likely reflect the underlying biology linking
steady-state biological activity of tumours with baseline immune
recognition and response to checkpoint immunotherapy. Indeed,
we found an inverse correlation between MM VR and expression
of PD-L1 in tumours, an established biomarker that can predict
response to PD-1 blockade in NSCLC patients [28-30].
Furthermore, a correlation between PD-L1 expression and re-
sponse has been shown in the KEYNOTE-001 trial, and our
finding that PD-L1 expression (and consequently MMVR) pre-
dict response in a mixed ADC/SCC population is in accordance
with the finding of the KEYNOTE-001 study [8]. Importantly,
no correlation was found between PD-L1 expression and other
imaging parameters including MTV, TLG, SUVmax and
SUVmean of tumour tissue. These findings indicate that the
presence of important areas of reduced metabolic activity in tu-
mours, which lead to low MMVR, predict immunoreactivity at
baseline and consequently response to PD-1 blockade. We hy-
pothesized that such an imaging pattern would reflect tumour
necrosis [21], and in fact, low MMVR was found in tumours
with documented necrotic areas by H&E, whereas tumours lack-
ing features of necrosis exhibited high MMVR.

Tumour necrosis has been described as a predictor of ag-
gressive tumour behaviour and reduced survival in patients
with NSCLC, even though the independent prognostic signif-
icance of this biomarker in NSCLC has not yet been firmly
established [31]. The prognostic significance of necrosis has
been demonstrated statistically in several studies [32-36].
Necrosis has also been correlated with tumour recurrence

1865
PD-L1 MMVR
p =0.033 p =0.043
| | |
3
o
X
o
x
X
j_
o
iCR/IPR/ISD iPD iCR/iPR/iSD iPD

Radiological Outcome

and with metastatic disease [26, 37, 38]. Moreover, other stud-
ies have shown that a high apoptotic index (Al) in NSCLC is
an independent prognostic factor for shortened survival with
worse local control and a higher number of distant metastases
[32, 39]. Furthermore, it has been reported that NSCLC pa-
tients with very high Al values combined with a very high
proliferating cell nuclear antigen (PCNA) labelling index have
a particularly poor overall prognosis [40].

Necrosis can trigger inflammation, facilitating influx of T
cells and upregulation of PD-L1 [41] over local tumour ne-
crosis factor o (TNF-). TNF-« is a major inflammatory cy-
tokine that was first identified because of its ability to induce
rapid haemorrhagic necrosis, which might be a relevant factor.
Indeed, PD-L1 is upregulated in hypoxic tissue [19]. In our
patient population there was a trend for PD-L1 expression to
be correlated with the presence of necrosis. This is in agree-
ment with the finding of a recent study in 122 patients with
pulmonary pleomorphic carcinoma showing a significant cor-
relation between high PD-L1 expression and tumour necrosis
[42]. Another study has also shown that inflammatory cyto-
kines IL-17 and TNF-« directly upregulate PD-L1 expression
in human prostate and colon cancer cell lines [43].

To further explore whether necrosis and increased PD-L1
expression was associated with increased infiltration and acti-
vation of CD8" T cells in NSCLC, we analysed the tumour T-
cell contexture using multiplex cellular staining. We found a
significantly higher influx of activated CD8" T cells in the
stromal compartment as well as in the tumour compartment
of tumours that exhibited areas of necrosis than in tumours
that exhibited no necrosis on histological examination. This
finding may be related to necrosis triggering the release of
tumour antigens and boosting the tumour immunity cycle
[44]. In turn, effective T-cell activation may feed forward the
immunity cycle thus amplifying the necrotic process and, by
virtue of the localized released of IFN-y, induce additional
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Fig. 6 Multispectral Immunofluorescence tissue staining of (a) tumour samples with and without necrosis (*p <0.05, **p <0.01) and (b) tumour

samples with a high MMVR (n=4) and a low MMVR (n=9; all p>0.1)

PD-L1 on viable tumour cells. While low MMVR did not
significantly predict influx of activated CD8" T cells, there
was a trend for tumours with low MMVR to exhibit higher
CD8" TIL subpopulations. We suspect that the low number of
samples available for this study led to the analysis being un-
derpowered. We aim to overcome this shortcoming resulting
from the retrospective nature of this exploratory analysis by
establishing a large prospective database analysing these im-
aging markers in a broader population. This might also eluci-
date how possible bias towards earlier disease because of the
analysis of resectable cases might have played a role in the
present analysis.

@ Springer

MMVR, introduced here, is an expression of the per-
centage of tumour volume that is metabolically active,
most likely indirectly reflecting the extent of complemen-
tary regions that are metabolically inactive and presum-
ably prone to necrosis and apoptotic events in the global
tumour volume. The current analysis thus identified a new
biomarker, MMVR, as a predictor of tumour PD-L1 ex-
pression and clinical outcome following PD-1/PD-L1
blockade in lung cancer. In clinical practice, it could be
used to guide biopsy testing for PD-L1 expression, and to
identify patients who could potentially benefit from ther-
apy directed at PD-L1/PD-1.
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Conclusion

This study identified a new non-invasive imaging-based bio-
marker which correlates with the expression of PD-L1 and
response to PD-1/PD-L1 blockade in patients with advanced
stage NSCLC. The negative correlation between tumour PD-
L1 expression and the FDG-avid tumour volume expressed by
MMVR could reveal intratumoral necrotic and/or apoptotic
changes and their possible association with tumour inflamma-
tion, T-cell infiltration and PD-L1 expression. Further investi-
gation is needed to confirm these possible associations and to
elucidate in a larger number of patients the role of MMVR as a
predictor of PD-L1 expression and clinical response to
targeted anti-PD-1/PD-L1 therapy.
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