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Abstract

Objective: To determine how patients with non-small cell lung cancer (NSCLC) with pro-
grammed death-ligand | (PD-LI)-negative and/or a low tumor mutation burden status benefit
from immune checkpoint inhibitors (ICl).

Methods: We determined the plasma cell-free DNA profiles of 25 patients with PD-L-negative
advanced NSCLC before ICI therapy using low-coverage whole-genome sequencing.

Results: Elevated cell-free copy number variations (CNVs) were associated with progressive
disease, with a cutoff CNV score of 0.10 evaluated with an area under the curve of 0.790 in PD-
LI-negative NSCLC. CNV changes were also correlated with poor survival. Progression-free
survival and overall survival were both significantly shorter in CNV"&" compared with CNV'*"
patients.
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Conclusions: Cell-free CNV may be a useful peripheral blood biomarker for predicting the

response to ICls in patients with NSCLC.
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Introduction

Immune checkpoint inhibitors (ICIs) tar-
geted to programmed cell death protein 1
(PD-1)/programmed death-ligand 1(PD-
L1) have demonstrated clinical activity in
many different malignant tumors, including
lung cancer and breast cancer.! Monoclonal
antibodies targeting inhibitory immune
checkpoints have been approved as a con-
ventional therapy and have changed the
practice of medical oncology.> Although
immunotherapy has demonstrated evident
effects in patients with non-small cell lung
cancer (NSCLC), there are obvious differ-
ences in responsiveness and efficacy among
patients.>  Establishing predictive  bio-
markers for immunotherapy is thus key to
understanding drug resistance and maxi-
mizing the therapeutic effect.

PD-L1 expression has been confirmed as
a common biomarker for immunological
therapy.* However, PD-1/PD-L1 blocking
antibodies have been administered based
on different PD-L1 statuses and using differ-
ent immunohistochemical antibodies, and
there is currently no gold standard assay
for the detection of PD-L1 expression.
Pembrolizumab was originally approved
for patients with PD-L1 expression >50%,
and the US Food and Drug Administration
subsequently approved its use as second-line
therapy in patients with PD-L1 >1%, based
on use of the Dako anti-PD-L1 22C3 anti-
body.” Nivolumab was approved for lung

cancer, irrespective of PD-L1 expression,
with PD-L1 status detected using the Dako
28-8 antibody as a complementary diagnos-
tic method.® A relatively high prevalence of
PD-L1-negativity of about 30% to 50% was
observed in NSCLC patients with PD-LI
expression below 1%.”* However, one com-
prehensive analysis revealed that about 10%
of PD-L1-negative patients showed tumor
responses to PD-1/PD-L1 monotherapy,’
indicating that PD-L1 testing alone may
mean that some patients lose the opportuni-
ty to benefit from immunotherapy.

The tumor mutation burden (TMB)
reflects the total number of mutations in
tumor cells and may act as a quantitative
biomarker for treatment with nivolumab in
patients with NSCLC.'"® TMB has been
shown to differentiate people likely to ben-
efit from immunotherapy.!' However, the
use of TMB as a biomarker to predict
immunotherapy resistance is limited by its
cost and the availability of suitable tis-
sues.'? In addition, dynamic changes over
time and tumor heterogeneity also make it
an imperfect marker.'>!?

Copy number variation (CNV), which is
one of the most common and prominent fea-
tures of solid tumors, was confirmed to
be associated with treatment failure and dis-
ease recurrence, and accelerated the devel-
opment of anticancer drug resistance.'®
Previous studies showed that CNV could
provide higher levels of genetic diversity in
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patients, resulting in the emergence of multi-
drug resistance.'”” Jamal-Hanjani et al.
reported that sustained dynamic CNV and
genome doubling were associated with
tumor heterogeneity and induced parallel
evolution of driver somatic copy-number
alterations, including BCL11A4, CDK4, and
FOXAIin NSCLC." In addition, CNV was
more likely to select driving events com-
pared with other mutation processes based
on the consistency in variation of mutation
levels. CNV therefore enables cells to adapt
to the selective pressure generated by thera-
py and to follow several evolutionary trajec-
tories leading to drug resistance.'’
Chromosome aneuploidy detection of
plasma cell-free DNA (cfDNA) has recently
been used as a noninvasive tool in prenatal
tests, with minimal false positive and false
negative results.'® Similar to fetal tissues,
tumors also continue to shed DNA frag-
ments into the bloodstream, referred to as
circulating tumor DNA  (ctDNA).
Although the proportion of ctDNA in
plasma is generally low, ctDNA testing
technology has been successfully applied
in the clinic to detect cancer somatic muta-
tions and other biomarkers, and chromo-
somal copy number changes were also
detected in patients with various cancers
including breast, liver, and lung cancer.'® !
In this study, we aimed to detect CNV in
the plasma of patients with PD-L1-negative
NSCLC treated with second- or third-line
therapy, using low-coverage whole-genome
sequencing (LC-WGS), to establish a new
index for evaluating molecular immune
response. We also analyzed the association
between ICI survival benefit and CNV score.

Methods
Patients
Patients treated with ICIs in the

Department of Oncology at the First
Affiliated Hospital of Zhejiang University

School of Medicine were enrolled in this
study to evaluate the clinical value of
CNYV in immunotherapy. The eligibility cri-
teria were: (1) age >18 years, (2) diagnosis
of NSCLC, (3) presence of either measur-
able or evaluable disease by imaging before
treatment initiation, and (4) negative PD-
L1 expression. The exclusion criteria were:
(1) loss to follow-up and (2) a history of
multiple tumors. Blood samples were col-
lected for cfDNA extraction. Disease pro-
gression and therapeutic response were
determined by Response Evaluation
Criteria in Solid Tumors (RECIST) version
1.1. Radiographic assessments were catego-
rized as progressive disease (PD), partial
response (PR), stable disease (SD), and
complete response (CR) at the end of the
second cycle of immunotherapy.
Progression-free survival (PFS) was defined
as the time from the start of treatment to
the first documentation of PD or death due
to any cause, whichever occurred first.
Overall survival (OS) was defined as the
time from the first dose of immunotherapy
to the date of death or the last follow-up.
All patients were followed up until 15
March 2020. Blood samples were collected
from all patients at baseline (before treat-
ment initiation) and during ICI treatment.

The protocol was approved by the
Institutional Review Board of the First
Affiliated Hospital of Zhejiang University
School of Medicine (No. 2017-873) on 30
December 2017. All recruited subjects
signed written informed consent.

Sample preparation

Blood samples were collected before immu-
notherapy. Ten milliliters of peripheral
blood was collected in a cfDNA protection
vacuum tube (AmoyDx, Xiamen, Fujian,
China) and centrifuged at 2500 xg for 10
minutes. The supernatant was then trans-
ferred to a new tube and the samples were
then centrifuged again at 15,800 xg for
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15 minutes. All the collection procedures
were performed at 4°C and the plasma
supernatant was stored at —80°C. cfDNA
was extracted from 4 to 5 mL plasma using
a QIAamp Circulating Nucleic Acid kit
(Qiagen, Hilden, Germany), according to
the manufacturer’s instructions. For each
patient, libraries were prepared with a
Kapa Hyper Plus Kit (Roche, Basel,
Switzerland), using 20 ng of cfDNA.
Amplification was carried out with five to
12 polymerase chain reaction cycles of 98°C
for 10 s and 65°C for 75 s, depending on the
DNA concentration. Paired-end 150 base-
pair (bp) sequencing was carried out
according to the manufacturer’s protocol.
WGS was performed using an Illumina
HiSeq2000 (Illumina) with an average
depth of 3x.

PD-L| expression analysis

Tumor tissues were obtained from biopsy
or surgery, fixed, embedded, and then cut
into 5-um sections and stained for PD-L1
(clone 22C3, Dako, Agilent, CA, USA),
using the Dako Link 48 platform (Dako).
The staining was evaluated by two indepen-
dent pathologists in a blinded fashion.
Positive expression was defined as expres-
sion in >1% of the tumor.

Gene-level copy number analyses

Sequencing coverage for each 200 kbp bin
was calculated followed by GC normaliza-
tion. Sequencing coverage was further nor-
malized by a set of control samples. The
Z-score for each bin was calculated accord-
ing to the formula: :%‘%”),
where Cyy; and Cepnro are the coverages
of the bins of testing samples and non-
tumor control samples, respectively. The
formula calculated the Z value of each
genome segment. Samples were excluded if
the standard deviation of copy ratios
between adjacent bins, genome-wide, was

>30, suggesting poor-quality sequence
data. The normalized bin values were then
sent to the segmentation calls algorithm
using the circular segmentation algorithm
provided by the R package DNAcopy.>
CNVs (log ratios and P values) were also
reported by DNAcopy. The copy number
of a gene was estimated based on the geno-
mic segment where the gene was located.
The CNV score was then calculated by
summation of all the changed segments
according to the following formula:
CNVSCO,? = ergmmt iCle(l — V,) X L,‘

(Formula 1), where V; is the segment value
and L; is the segment length in units of 200
kbp. This formula was used to calculate the
sum of Z-scores of the whole genome.

Statistical analysis

Copy number changes were analyzed using
the R package DNAcopy. The absolute seg-
ment value was used for further analysis.
The predictive ability of the CNV score
was estimated by receiver operating charac-
teristic (ROC) curve analysis. Categorical
data were analyzed by x> test. PFS and
OS rates were analyzed according to the
Kaplan—Meier method and compared by
log-rank tests. The difference in response
rates between CNV"&" and CNV'©Y
patients were calculated using the prop
trend.test function of R 4.1.2. A P value
<0.05 was considered statistically signifi-
cant. All statistical analyses were performed
using SPSS 22.0 (IBM Corp, Armonk, NY,
USA).

Results

Patient characteristics

Twenty-five patients with advanced stage
non-small cell lung cancer, including 13
cases of adenocarcinoma and 12 cases of
squamous cell carcinoma, were recruited
according to the inclusion and exclusion
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criteria. The median age was 60 years, 28%
(7/25) were women, and 72% (18/25) were
current or former smokers. About 92% (23/
25) of patients received second-line therapy
and only 8% (2/25) received third-line ther-
apy. PD-L1 expression was negative in all
patients (Supplemental Figure 1). All
patients received IClIs, including nivolu-
mab, pembrolizumab, or camrelizumab,
with or without chemotherapy.
Pretreatments before ICI included chemo-
therapy, radiochemotherapy, or chemother-
apy combined with anti-angiogenesis
therapy (Table 1). One patient failed epider-
mal growth factor-receptor tyrosine kinase
inhibitor treatment. Peripheral blood was
collected from all patients at baseline
before ICI treatment, and post-treatment
blood samples during ICI therapy were
obtained from two patients.

Whole-genome copy number profiling
of cfDNA

Reads were mapped to the human reference
genome hgl9. Genomic coverage was
counted using samtoolsmpileup, and the
average coverage for each 200 kbp bin
was then calculated. A circular binary seg-
mentation algorithm was then used to
detect significant genomic breakpoints.
The overall chromosomal CNVs are
shown in Figure 1. Frequent copy number
changes were found in chromosome 3q
gains, 7p gains, and 17p losses in six
(24.0%), 12 (48.0%), and five (20.0%)
patients, respectively. The CNV score for
each sample was then estimated by the algo-
rithm, as described in the methods.

Predictive value of CNV in plasma for
therapeutic response

We also investigated the predictive value of
CNYV score in terms of therapeutic response
and disease progression. The patients were
divided into two groups: a PD group (n=15)

and a non-PD group (n=20). The CNV
score was able to distinguish the different
responses to immunotherapy, with an area
under the ROC curve of 0.790 (P=0.049)
and a cut-off value of 0.10. In this case,
patients with a high CNV score were defined
asa CNV .. >0.10, while alow CNV score
was defined as a CNV .. <0.10. Patients
were then divided into CNV"€" (n =8) and
CNV™™ groups (n=17) according to the
cut-off value. Four patients (50.0%) in the
CNV!Eh group experienced PD evaluated
after second cycle of ICI treatment, while
16 (94.2%) patients in the CNV'®™ group
experienced disease control (SD or PR)
(Figure 2).

Elevated CNV score in plasma cfDNA
predicted worse survival

Eight (47.1%) patients with SD and eight
(47.1%) patients with PR had low CNV
scores before treatment (Table 2), compared
with only one (12.5%) patient with PR and
three (37.5%) with SD with high baseline
CNV scores. These results suggest that
plasma ¢cfDNA CNV may be an indicator
of the benefits of ICI therapy. We also
followed-up the PFS and OS to evaluate
the predictive value of CNV assessment.
The median follow-up period for all patients
was 306 days (range 35-898 days). The
median PFS and OS for all patients
(n=25) were 197days (95% confidence
interval [CI]: 160-234 days) and 350 days
(95% CI: 150-549 days), respectively.
Kaplan—Meier analyses revealed that the
PFS rate was significantly poorer in the
CNVheh compared with the CNV'Y group
(P=0.042; Figure 3a). At the time of data
cut-off, 19 patients had died (76.0%, 19/25),
including seven in the CNV"&" group
(87.5%, 7/8) and 12 in the CNV'Y group
(70.6%, 12/17). The median OS was signifi-
cantly poorer in the CNV"&" compared with
the CNV!®¥ group (P=0.031, Figure 3b).
Univariate  analysis  indicated  that
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Figure 2. Waterfall plots of clinical responses to immunotherapy in patients with non-small cell lung cancer.
All patients were ranked on basis of the log values of copy number variation (CNV) score.
PD, progressive disease: SD, stable disease; PR, partial response.

Table 2. Clinical response in relation to cell-free
tumor DNA concentration.

High CNV Low CNV
Response n (%) (n=8) n (%) (n=17)
PD 4 (50.0) I (5.8)
SD 3 (37.5) 8 (47.1)
PR I (12.5) 8 (47.1)

Prop.trend.test, P = 0.049.
CNYV: copy number variation; PD: progressive disease; SD:
stable disease; PR: partial response.

pretreatment, lines of therapy, histopathol-
ogy type, and ICI alone or combined with
other treatment were not associated with
PFS or OS (Table 3).

Dynamic changes in plasma CNV score
correlated with clinical response to ICls

Plasma samples from two patients were
analyzed after the first cycle of treatment.
The baseline CNV score in Patient 06 was
0.043, which had decreased to 0.038 at the
second visit (Figure 4a). Computed tomog-
raphy (CT) scanning also showed that the
tumor lesion had reduced compared with
baseline, and was mainly replaced by lung
tissue with atelectasis. The baseline CNV
score in Patient 19 was 0.109, which had
increased slightly to 0.128 at the second
visit after ICI treatment and CT showed
PD compared with the baseline tumor



Journal of International Medical Research

PFS

1007 - CNV low
= == CNV high
> 0.754
2 P=0.042
=
a
2 0.50-

s
B
& 0.254
'S
o'oc L] Ll Ll

T T
0 100 200 300 400 500
Time (days)

0s
1001 —— CNV low
— CNV high
0.75+ P=0.031

Fraction survival
o
2

o

L

o
t

g

200 400 600 800
Time (days)

o

Figure 3. Survival curves in the copy number variation (CNV)"8" and CNV'®* groups demonstrated by
Kaplan—Meier analyses. Comparisons of (a) progression-free survival (PFS) and (b) overall survival (OS) rates

in lung cancer patients with CNV"&" and CNV™".

Table 3. Univariate analysis of survival in all patients (n=25).

PFS oS
HR [95%ClI] P value HR [95%CI] P value
Age 0.932 [0411, 2.113] 0.867 2.089 [0.818, 5.336] 0.123
>60 years versus <60 years
Sex 1.09 [0.448, 2.655] 0.849 0.575 [0.205, 1.61] 0.292
Female versus male
Smoking status 0.631 [0.255, 1.559] 0318 2.912 [0.944, 8.978]  0.063
Ever/current versus never
Pre-treatment 0.192 0.598
Chemo
Chemo+RT 0.74 [0.23, 2.382] 0.614 0.446 [0.122, 1.629] 0.222
Chemo-+anti-angiogenesis 0.202 [0.038, 1.069] 0.060 0.549 [0.123, 2.447] 0.431
Treatment 0.655 [0.262, 1.633] 0.364 1.984 [0.675, 5.829] 0.213
IO versus 1O plus other treatment
Histopathologic type 1.226 [0.538, 2.794]  0.628 1.412 [0.571, 3.495] 0.455
Adenocarcinoma versus
Squamous carcinoma
Lines of chemo 0.617 [0.136, 2.79] 0.53 0.034 [0, 7.292] 0.217

3 versus 2

PFS, progression-free survival; OS, overall survival; HR, hazard ratio; Cl, confidence interval; Chemo, chemotherapy; RT,

radiotherapy; 10, PD1/PD-L| immunotherapy.

size. However, the patient’s clinical symp-
toms were relieved and they continued to
receive ICI treatment, and their CNV
score had decreased to 0.019 by the eighth
month, indicating potential clinical benefits
of the ICI treatment. CT scan confirmed
that the lesion had shrunk (Figure 4b).

Discussion

ICIs have resulted in unprecedented
response rates in various, intractable malig-
nancies. However, some patients fail to
respond to ICIs, which may also cause seri-
ous side effects.”® Credible biomarkers for
ICI therapy are therefore urgently needed
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Figure 4. Dynamic changes in plasma copy number variation (CNV) score correlated with clinical response
to immune checkpoint inhibitors. Computed tomography images and CNV scores at different times in (a)
Patient 06, (b) Patient 9. Red arrows indicate tumor lesions.

to improve the selection of patients likely to
benefit from this therapy. In addition,
establishing a predictive index could also
help to tailor therapy regimens and clarify
drug mechanisms.

Various types of immune biomarkers,
including circulating tumor and immune
cells, serum proteins, factors associated
with the tumor microenvironment, tumor-
specific receptor expression patterns, and
host genomic factors, have been explored
in previous studies.”* However, credible

biomarkers are still lacking because of our
poor understanding of how ICIs regulate
the immune response to cancer, as well as
their effects on the tumor microenviron-
ment, dynamic immune milieu, and the con-
tribution of immune editing. PD-LI
expression in the tumor microenvironment
has been shown to have predictive value for
the response to immunotherapy in patients
with advanced solid tumors.>> However,
many PD-Ll-negative patients may also
benefit from ICI treatment, and in addition,
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PD-L1 testing requires the availability of
suitable tumor tissue.

In this study, we investigated the whole-
genome CNV of ctDNA as a potential
biomarker candidate in patients with PD-
Ll-negative NSCLC. We found that
patients with low baseline CNV levels had
significantly better survival and better
responses than patients with high baseline
CNV. In addition, the dynamic changes in
CNV levels in two patients showed good
concordance with the clinical radiographic
assessments. In Patient 19, radiographic
evaluation showed PD while the CNV
score was only slightly increased, suggesting
that the patient may be experiencing pseu-
doprogression; continued ICI treatment
accordingly led to tumor shrinkage, con-
firmed by CT scan, and an obviously
decreased CNV score. CNV score could
thus help to differentiate between pseudo-
progression and true progression in patients
receiving immunotherapy. Several previous
studies also evaluated ctDNA at baseline or
longitudinal ctDNA dynamics to assess
the tumor response to systemic therapy,
including chemotherapy and targeted ther-
apy.”® ?® Especially in the case of immuno-
therapy, previous explorative studies have
mainly focused on using point mutations
to evaluate the blood TMB; however, the
suitable panel size and kind of variants
that should be included for TMB calling is
still controversial.

Several recent studies indicated that
chromosomal abnormalities might cause
dysregulation of the immune microenviron-
ment, and tumors with low CNV levels dis-
played more immune infiltration and a
better response to ICI treatment.?°
Detailed analysis of two published clinical
trials of melanoma patients treated with
immunotherapy showed that the somatic
CNV level was a stronger predictive
marker of cytotoxic immune cell infiltration
than TMB.* These findings suggest that
plasma CNYV score may become an effective

and accurate biomarker for predicting resis-
tance to immunotherapeutic agents in
patients with lung cancer. Several studies
have reported the value of detecting CNV
in ¢fDNA using LC-WGS. Weiss et al.
found that CNV scoring using cfDNA
could be used as an ecarly predictor of
immunotherapy response in patients with
advanced solid tumors.®' Cai and col-
leagues demonstrated that dynamic
plasma CNV levels detected by LC-WGS
correlated with tumor burden in patients
with hepatocellular carcinoma.’? We previ-
ously performed LC-WGS in 31 patients
with advanced stage lung cancer, and
showed that cfDNA CNV might be a
useful biomarker for predicting intrinsic
resistance to epidermal growth factor
receptor-targeted therapy.®® These studies
showed that CNV detection by LC-WGS
could be developed as a promising nonin-
vasive method for monitoring therapeutic
effects, prognosis evaluation, and auxiliary
diagnosis. The current results demonstrated
that the CNV score detected by LC-WGS
could be a good predictive biomarker of
ICI response.

LC-WGS is also relatively cost-effective
because of the simplified laboratory proto-
col and low volume of sequencing data,
which could increase the feasibility of its
clinical application.

This study had several limitations. First,
the sample size was limited. Further studies
with more patients are therefore needed to
validate the utility of ctDNA measurements
to assess the therapeutic effect of immuno-
therapy. Second, TMB testing of patients
was not conducted in parallel because of
the limited tissue samples, and we were
therefore unable to compare the predictive
abilities of CNV and TMB. The possible
complementarity of these two biomarkers
thus remains unclear. Third, in addition to
ICI monotherapy, some patients in the
study also received a combination of ICIs
and chemotherapy, which may have
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resulted in bias in
immunotherapy.

The results of this study thus indicate
that CNV score based on ctDNA can be
used to predict survival benefit and reflect
treatment response to immunotherapy in
patients with PD-Ll-negative NSCLC.
The findings also indicate the potential for
using dynamic CNV scores to assess the
efficacy of immunotherapy.
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