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Immune checkpoint inhibitors (ICIs) targeting the PD-1/PD-L1 axis are

the main therapeutic option for patients with advanced non-small cell lung

cancer (NSCLC) without a druggable oncogenic alteration. Nevertheless,

only a portion of patients benefit from this type of treatment. Here, we

assessed the value of shallow whole-genome sequencing (sWGS) on plasma

samples to monitor ICI benefit. We applied sWGS on cell-free DNA

(cfDNA) extracted from plasma samples of 45 patients with metastatic

NSCLC treated with ICIs. Over 150 samples were obtained before ICI

treatment initiation and at several time points throughout treatment. From

sWGS data, we computed the tumor fraction (TFx) and somatic copy

number alteration (SCNA) burden and associated them with ICI benefit

and clinical features. TFx at baseline correlated with metastatic lesions at

the bone and the liver, and high TFx (≥ 10%) associated with ICI benefit.

Moreover, its assessment in on-treatment samples was able to better pre-

dict clinical efficacy, regardless of the TFx levels at baseline. Finally, for a

subset of patients for whom SCNA burden could be computed, increased

burden correlated with diminished benefit following ICI treatment. Thus,

our data indicate that the analysis of cfDNA by sWGS enables the moni-

toring of two potential biomarkers—TFx and SCNA burden—of ICI bene-

fit in a cost-effective manner, facilitating multiple serial-sample analyses.

Larger cohorts will be needed to establish its clinical potential.
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1. Introduction

Immune checkpoint inhibitors (ICIs) targeting the pro-

grammed cell death 1 (PD-1)/programmed death-

ligand 1 (PD-L1) axis have transformed the clinical

management of patients with metastatic non-small cell

lung cancer (NSCLC) whose tumors bear no druggable

oncogenic alteration. As a result, many patients are

treated with this type of ICIs, alone, in combination

with chemotherapy or in combination with other

checkpoint inhibitors [1]. However, a substantial por-

tion of patients do not benefit from this treatment,

hence many studies have attempted to identify molecu-

lar and clinicopathologic biomarkers of benefit to

these therapies [2–8]. PD-L1 expression assessed by

immunohistochemistry is used to select for pembrolizu-

mab (an anti-PD1 agent) monotherapy in first-line

[9,10], although PD-L1 remains a limited biomarker

predicting ICIs efficacy [4,11]. Tumor mutational bur-

den (TMB) determined on tissue biopsy is positively

associated with ICI benefit [2,12,13] and long-term

benefit in NSCLC [3]. Conversely, a high somatic copy

number alteration (SCNA) burden has been associated

with diminished benefit following ICI treatment in this

disease [14]. Nevertheless, the availability of tumor tis-

sue samples for comprehensive molecular testing in

advanced NSCLC often can be limiting, particularly to

assess disease evolution. To overcome this limitation,

molecular profiling of analytes using bodily fluids—so-

called liquid biopsy—is emerging as a powerful tool,

owing to its minimal invasiveness and serial testing

capacity. Utilizing this technology to detect circulating

tumor DNA (ctDNA) on cell-free DNA (cfDNA)

extracted from plasma has generated promising results.

Few studies have found a positive association between

baseline TMB, determined on cfDNA, and ICI benefit

in advanced NSCLC [15–17].
Furthermore, several studies have indicated that an

early on-treatment reduction in the levels of the muta-

tions detected on cfDNA is positively associated with

ICI benefit [17–21]. Additionally, undetectable ctDNA

at surveillance time points has been useful to identify

and better stratify long-term responders [22]. Neverthe-

less, these studies are based on relatively expensive

gene-panel sequencing or require previous knowledge

of the genomic landscape of the tumor to follow one

or several mutations [droplet digital PCR (ddPCR) or

amplicon-sequencing].

However, shallow whole-genome sequencing (sWGS)

on cfDNA is an inexpensive technique, does not

require previous knowledge of specific alterations

(unlike ddPCR), allows investigators to estimate the

tumor fraction (TFx) and delivers a genome-wide pro-

file of SCNAs [23], thereby enabling estimation of the

SCNA burden. Thus, to test the value of these two

molecular features (TFx and SCNA burden) on

cfDNA, we assembled a cohort of 45 patients with

metastatic NSCLC treated with ICIs, extracted cfDNA

from plasma samples obtained at different time points

(before and after treatment initiation until disease pro-

gression) and applied sWGS. We then examined the

association of these molecular features with the patient

clinical profile (i.e., histology, metastatic lesions loca-

tion) and treatment efficacy.

2. Materials and methods

2.1. Patient and non-cancer donor information

Fifty-six patients with metastatic NSCLC who were

going to be treated with ICI-based therapy

(excluding combinations with chemotherapy) at Hospi-

tal Vall d’Hebron were prospectively enrolled between

January 2017 and June 2019. Clinical information was

retrieved revising electronic clinical information. Clini-

cal data censoring was May 31st, 2022. Patients were

treated with ICI-based therapy administered as stan-

dard therapy or as part of a clinical trial. Responses

to ICIs treatment were assessed using the Response

Evaluation Criteria in Solid Tumors version 1.1 guide-

lines [24]. Metastatic lesions were recorded prior to

ICIs treatment initiation.

Twelve donors without cancer gave blood for this

study. Four were males and eight were females. Age was

available for eight donors; median age was 54 years.

This study involves human participants and was

approved by the ‘Comit�e de �etica de investigaci�on con

medicamentos del Hospital Universitario Vall

d’Hebron’ (PR(AG)308/2016). Participants gave writ-

ten informed consent to participate in the study. The

study methodologies conformed to the standards set

by the Declaration of Helsinki.

2.2. Blood sample collection and plasma

processing

Peripheral blood from patients and healthy donors was

collected in BD Vacutainer EDTA Tubes (10 mL). For

lung cancer patients, blood was collected at baseline, and

approximately every cycle of treatment (2 or 3 weeks,

depending on the protocol) until progressive disease.

Plasma was extracted within 2 h of blood collection

employing two centrifugation steps of 10 min at 200 g

and stored at �80 °C.
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2.3. Extraction times selection

Samples were considered baseline (B) when drawn

before ICI treatment initiation (up to 10 days prior to

treatment), T1 when collected between 10 and 25 days

after treatment initiation (aTI), T2 between days 30

and 50 aTI and T3 samples between days 60 and 100

aTI. Samples categorized as progression were obtained

between 15 days before and 50 days after the date of

radiological progression. Samples at T1, T2, and T3

were only considered if they preceded the date of

progression.

2.4. cfDNA extraction

Plasma samples were thawed in a 37 °C water bath and

centrifuged at 4 °C for 10 min at 16 000 g. cfDNA was

isolated from 1 to 2 mL of plasma using the QIAamp�

Circulating Nucleic Acid Kit (QIAGEN Strasse, Hilden,

Germany) and quantified with a Qubit Fluorometer

(ThermoFisher Scientific, Eugene, OE, USA).

2.5. sWGS sequencing

Between 4 and 20 ng of cfDNA was used for the prepa-

ration of barcoded libraries using the NEBNext�

UltraTM DNA Library Prep Kit (New England Biolabs,

Ipswich, MA, USA). For patients with less than 4 ng of

cfDNA available, all cfDNA extracted from 1 to 2 mL

of plasma was used for library preparation. Samples

were subjected to low-coverage whole-genome sequenc-

ing on a HiSeq2500 platform to generate single-end

reads (50 bp) at a target mean coverage of 0.29.

2.6. Shallow whole-genome processing

2.6.1. Sequence alignment

Sequencing reads were aligned to the GRCh38 refer-

ence genome using the mem algorithm of the BWA

V.0.7.17 software. Duplicates were marked using the

MARKDUPLICATES tool from PICARD V.2.21.2.

2.6.2. SCNA calling and processing

BAM files were transformed into WIG using HMMCOPY’s

[25] readCounter with the window parameter set to

1 000 000 and the quality set to 20. Next, ICHORCNA [23]

was used to call SCNAs, with the following parameters:

ploidy: 2, 3, normal: 0.5, 0.6, 0.7, 0.8, 0.9, maxCN: 5,

includeHOMD: False, chrTrain: 1 : 22, estimateNormal:

True, estimatePloidy: True, estimateScPrevalence: True,

scStates: 1, 3, txnE: 0.9999, txnStrength: 10 000,

maxFracCNASubclone: 0.9, maxFracGenomeSubclone:

0.6, chrs: 1 : 22, chrTrain: 1 : 22. A custom panel of nor-

mals built from 12 blood samples served as a reference.

For each sample, the GC-Map correction median

absolute deviation (MAD) value was retrieved from

the ‘.params.txt’ file generated by ICHORCNA. Those

whose segmentation profiles had a MAD above 0.1

were discarded. ICHORCNA solutions were manually

inspected to identify cases where a suboptimal solution

had been chosen by the algorithm. When this hap-

pened, the apparently optimal solution was forced, as

recommended in the software documentation.

An amplitude filter of �0.05 was applied to the can-

didate SCNAs identified. Thus, we considered to be

gained those regions identified as gained or amplified

by ICHORCNA and whose amplitude was greater than

0.05, while we considered to be deleted those regions

called as deleted by ICHORCNA and whose amplitude

was lower than �0.05.

SCNA burden was computed as the sum of the

number of base-pairs affected by copy number alter-

ation events encompassing whole arms and chromo-

somes as in Frigola et al. [14].

2.7. Progression-free survival and overall survival

computing

Progression-free survival (PFS) was computed as the

number of days between the ICI treatment initiation

and the date of progression in those patients who pre-

sented a radiological progression. In those who did

not, PFS was computed as the number of days

between the ICI treatment initiation and the date of

last follow-up, where patients’ PFS was censored.

Durable clinical benefit (DCB) was defined as

remaining without disease progression for 6 months.

Overall survival (OS) was computed as the number

of days between the ICI treatment initiation and the

exitus date, when the event was considered to have

occurred. For the remainder of the patients, the OS

was computed as the number of days from the start of

ICI treatment to the date of the patient’s last follow-

up. The OS of these patients was censored at this date.

2.8. Survival models

Multivariate Cox proportional-hazards models were

built using the lifelines PYTHON library (10.5281/

zenodo.4579431) with the step-size parameter set to 0.5.

Categorical variables were transformed into dummy

variables, and numerical variables were standardized.

Kaplan–Meier curves were produced using the life-

lines PYTHON library, and log-rank tests to compare
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curves were performed using the lifelines.statistics log-

rank_test function.

2.9. Statistical analysis

Mann–Whitney Wilcoxon (MWW), Chi-squared, Wil-

coxon signed-rank and Kruskal–Wallis tests were per-

formed using the SCIPY PYTHON library [26].

3. Results

3.1. Patient cohort characteristics

Of the 56 patients prospectively enrolled, 45 patients

had confirmed metastatic NSCLC, were treated with

ICIs, had follow-up and at least a baseline plasma

sample, thus were included in the analysis. Thirty-two

patients (71.1%) were male, 43 (95.6%) were current

or former smokers, and 32 (71.1%) had adenocarci-

noma histology. Twenty-one patients (46.7%) were

treated in first-line therapy and the rest in second.

Patients were treated with different PD-(L)1 agents

alone or in combination with other checkpoint inhibi-

tors. Median progression-free survival (PFS) and over-

all survival (OS) were 4.6 (139 days) and 12.8 months

(383 days), respectively. Detailed clinicopathologic

characteristics can be found in Tables S1 and S2.

We retrospectively performed sWGS (average mean

coverage: 0.30, SD: 0.15) on 173 samples, correspond-

ing to 45 patients and 12 noncancer donors. Eight

samples were discarded; two due to insufficient cfDNA

quality and six because of elevated MAD (see

methods). Thus, 12 noncancer and 153 tumor high-

quality samples were used in subsequent analysis.

Among the tumor samples, 40 were taken prior to ICI

treatment (referred to as baseline (B)) and 113 after

treatment initiation (aTI). Specifically, 31 samples were

taken at T1, corresponding to between 2 and 3 weeks

aTI (median of 14 days aTI), 26 at T2 (median of

41 days aTI), 29 at T3 (median of 83 days aTI) and 27

near radiological progression (Fig. 1).

3.2. Clinical correlates of baseline cell-free DNA

tumor fraction

We detected ctDNA in 19 patients (47.5%) from

whom a baseline (B) sample was available and passed

the different quality controls (Fig. 1). Their median

TFx was 9.2% and the maximum was 52.9%. Seven

patients had a TFx ≥ 10%.

First, we studied the relationship between TFx at

baseline and different clinical features, such as histol-

ogy, sex, smoking status, line of therapy, and none of

them exhibited statistical significance (Fig. S1A). How-

ever, we found an association between certain meta-

static lesions and TFx. Specifically, TFx was higher in

patients presenting bone or hepatic metastatic lesions

(Mann–Whitney Wilcoxon, P = 0.0062 and P =
0.0011, respectively, Fig. 2A).

Next, we examined the correlation between TFx at

baseline and ICI efficacy. When considering two

groups of patients, those with detectable ctDNA and

those with undetectable ctDNA, there was a nonsignif-

icant trend toward inferior PFS and overall survival

(OS) in those patients with the former (Log rank test,

P = 0.18, Fig. 2B; Log rank test, P = 0.22, Fig. S1B).

When we compared patients with durable clinical ben-

efit (DCB) to those with no durable benefit (NDB),

TFx was higher in the latter group, although it did not

reach statistical significance (Mann–Whitney Wil-

coxon, P = 0.0938; Fig. 2C). To further study the

value of TFx at baseline, we used a cut-off of 10% as

suggested by others [27,28], which can be applied

across different cohorts in contraposition to median or

tertiles. Thus, we established the following three cate-

gories: undetectable ctDNA, detectable TFx < 10%

and TFx ≥ 10%. When considering PFS as outcome,

patients with a TFx ≥ 10% had shorter PFS than

those patients with undetectable ctDNA or TFx <
10% (Log rank test, P = 0.0021 and P = 0.00089,

respectively), whereas no differences were observed

between the two latter groups (Log rank test,

P = 0.81, Fig. 2D). Although it did not reach statisti-

cal significance, a similar trend was observed when

using OS as the clinical endpoint (Fig. S1C, Table S3).

Only one patient, who had a TFx ≥ 10% at baseline

achieved DCB, whereas the rest of the patients with a

TFx ≥ 10% (n = 6) did not achieve DCB (Fig. S1D).

Importantly, after adjusting for several clinical param-

eters, TFx ≥ 10% retained a significant association

with diminished PFS in a multivariate Cox regression

model (P = 0.003, Table 1), also when incorporating

the presence of metastatic lesions on different tissues

(P = 0.0037, Table S4). A similar trend was observed

when using OS as the clinical endpoint (P = 0.066,

Table S5). For 30 patients, PD-L1 status as a binary

variable (positive vs. negative) was available, thus we

adjusted for it in the multivariate analysis. In this

model, TFx ≥ 10% remained significant (P = 0.04,

Table S6).

Altogether, our data indicate that, at baseline, high

TFx associates with diminished ICI benefit when using

a previously established threshold of 10%. Moreover,

TFx associates with the presence of certain metastatic

lesions, suggesting that it might provide useful prog-

nostic information.
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3.3. Value of on-treatment determinations

Several studies, employing gene-panel sequencing, have

established the importance of ctDNA kinetics to pre-

dict therapeutic efficacy [17–20]. We, therefore, applied

sWGS on plasma samples drawn at different on-

treatment time points (Fig. 1). As specified above, we

analyzed samples taken 2–3 weeks aTI (T1), around

40 days aTI (T2), and around 80 days aTI (T3).

To address the value of TFx at T1, as we had done

for baseline, we initially considered two groups of

patients according to whether we detected ctDNA or

not. Contrary to what we had observed at baseline,

patients positive for TFx had shorter PFS and OS

(Log rank test, P = 0.0023 and P = 0.00028, respec-

tively; Fig. 3A, Fig. S2A, Table S3). Next, we exam-

ined ICI benefit across the three groups of patients

using TFx = 10% as the cut-off. Patients with

undetectable TFx at T1 had substantially longer PFS

than the other two groups (Log rank test, P = 0.000017

and P = 0.12, undetectable vs. TFx ≥ 10% and

TFx < 10%, respectively, Fig. 3B), whereas shorter PFS

was observed in the TFx ≥ 10% compared to

TFx < 10% (Log rank test, P = 0.004, Fig. 3B). Similar

data were obtained when considering OS (Fig. S2B,

Table S3). Interestingly, none of the patients with objec-

tive response (partial response) had detectable TFx at

T1. When comparing patients who achieved DCB to

those who did not, TFx was significantly higher in the

latter group (Mann–Whitney Wilcoxon, P = 0.0047,

Fig. 3C), and indeed none of the patients with a

TFx ≥ 10% at T1 achieved DCB (Fig. 3D).

We then addressed the value of TFx dynamics

between B and T1, therefore, we established three

groups: patients with undetectable TFx at both time

points, patients who had TFx at baseline but cleared
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Fig. 1. Swimmer plot showing the progression-free survival time, vital status, time points assessed by sWGS and the corresponding value

of Tumor Fraction. ctDNA, circulating tumor DNA; ICIs, immune check point inhibitors.
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at T1 and patients with detectable TFx at both time

points. Of note, none of the patients who had undetect-

able TFx at B exhibited detectable TFx at T1. Patients

with detectable TFx at T1 had diminished PFS (and OS)

compared to the two groups of patients with TFx unde-

tectable at T1, (B detectable and T1 detectable vs. B

detectable and T1 undetectable, and B detectable and T1

detectable vs. B undetectable and T1 undetectable, Log

rank test, P = 0.032 and P = 0.0083, respectively,

Fig. 3E,F). Interestingly, PFS was similar for those

patients with undetectable TFx at T1 regardless of their

TFx at baseline; OS followed a similar trend (Log rank

test, P = 0.92 and P = 0.89, PFS and OS, respectively,

Fig. 3E,F). These data indicate that TFx at T1 may

reflect ICI benefit more accurately than baseline

levels. Similar results were obtained when the groups

were established based on the 10% cut-off (Fig. S2C,

Table S3).

It is worth highlighting that at T1, there was no

association between TFx and the metastasis site, as

it was observed at baseline (Fig. 2A, Fig. S2D). In

fact, for few patients with liver metastasis (all had

detectable TFx at B) we did not detect ctDNA at

T1.

(A)

(B) (C) (D)

Y N
Brain

0.0

0.1

0.2

0.3

0.4

0.5

Tu
m

or
 F

ra
ct

io
n

P=0.1473

Y N
Bone

P=0.0062

Y N
Liver

P=0.0011

Y N
Lung

P=0.4131

Y N
Extrathoracic
lymph nodes

P=0.1663

Y N
Pleura

P=0.3471

Y N
Adrenal
gland

P=0.1101

NDB DCB

0.0

0.1

0.2

0.3

0.4

0.5
Tu

m
or

 F
ra

ct
io

n
P=0.0938

P=0.00089
P=0.81
P=0.0021

0 500 1000 1500
Time (days)

0.0

0.2

0.4

0.6

0.8

1.0

Pr
og

re
ss

io
n-

fre
e 

pr
ob

ab
ilit

y TFx(B) Dectectable
TFx(B) Undetectable

No. at risk (censored)
19
21

3
6(1)

2 2
6(1) 0(7)

0 500 1000 1500
Time (days)

0.0

0.2

0.4

0.6

0.8

1.0

Pr
og

re
ss

io
n-

fre
e 

pr
ob

ab
ilit

y TFx(B) ≥ 10%
TFx(B) < 10%
TFx(B) Undetectable

P=0.18

No. at risk (censored)
7 0 0 0
12 3 2 2
21 6(1) 6(1) 0(7)

Fig. 2. Clinical correlates of Baseline Tumor Fraction (A) Tumor fraction levels according to the presence (Y) or absence (N) of the indicated

metastatic lesion. Mann–Whitney Wilcoxon, P-values are shown. The boxes show the quartiles of the dataset, whereas the whiskers extend

to show the rest of the distribution, except for points that are determined to be ‘outliers’ by the seaborn library. (B) Kaplan–Meier survival

curves of progression-free survival (PFS) in patients with undetectable ctDNA versus detectable ctDNA at baseline. Log rank test, P-value is

shown. (C) Tumor fraction according to no durable benefit (NDB) and durable clinical benefit (DCB). Mann–Whitney Wilcoxon, P-value is

shown. The boxes show the quartiles of the dataset, whereas the whiskers extend to show the rest of the distribution, except for points

that are determined to be ‘outliers’ by the seaborn library. (D) Kaplan–Meier survival curves of progression-free survival (PFS) in patients with

undetectable ctDNA, patients whose Tumor Fraction (TFx) was < 10% and patients whose TFx was ≥ 10%. Log rank test, P-values are

shown.
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When considering two other time points, T2 and T3,

we obtained similar results to those obtained for T1

(Fig. S2E,F, Table S3), although the number of

patients with plasma samples was lower, since some

patients had already progressed. Considering these

data and because patients may display different

dynamics of response to ICIs, we addressed the value

of TFx determination for any of the surveillance time

points. None of the patients, who had a TFx ≥ 10%

at any time point, experienced DCB. In fact, this

patient group had substantially shorter PFS and OS

compared to those patients who did not present a

TFx ≥ 10% at any of the time points assessed (Log

rank test, P = 0.000012 and P = 0.000017, respectively,

Fig. S3A,B, Table S3).

Collectively, these data indicate that the study of

ctDNA, using sWGS at different on-treatment time

points (even at 2–3 weeks aTI), provides valuable

information with regard to the patient’s clinical benefit

following ICI treatment, regardless of the patient’s

values at B.

Finally, as we had samples drawn at baseline and at

progression, we examined possible changes in the levels

of TFx between both time points as the result of the

treatment. We observed that samples at progression

(n = 27) had a trend toward higher TFx than those at

baseline (n = 40), although the increase did not reach

statistical significance (Mann–Whitney U test, P = 0.2,

Fig. S3C). In fact, this trend was not observed when

restricting the analysis to the 24 patients with paired

samples from both timepoints (Wilcoxon Signed-

Ranked test, P = 0.73, Fig. S3D); this is likely because

patients, who had not progressed (and who tend to

have lower TFx (B)), were only included in the

unpaired analysis.

3.4. High SCNA burden correlates with

diminished ICIs benefit

We had previously shown that high SCNA burden (of

those events encompassing arms and chromosomes,

that is aneuploidies), determined by sWGS on tissue

biopsy, is associated with diminished PFS in patients

with NSCLC treated with ICIs [14]. We, therefore,

assessed its value when determined on baseline plasma

samples. As we had detected reliable ctDNA in only

19 patients, we assessed its value as a continuous vari-

able, using a univariate cox model. Our data indicate

that SCNA burden of those events encompassing arms

and chromosomes negatively associated with ICI bene-

fit is significant for OS (P = 0.03) and close to signifi-

cant for PFS (P = 0.07).

4. Discussion

In this study, we performed sWGS on plasma samples

to evaluate the value of two distinct molecular param-

eters—TFx and SCNA burden—as biomarkers of ICI

benefit in metastatic NSCLC. Owing to the minimally

invasive nature of liquid biopsy, biomarkers that can

be assessed with this approach have a great potential,

since they can be easily determined over the course of

the treatment. Thus, we applied sWGS on samples

obtained prior to ICI initiation and at several time

points during treatment until disease progression.

Several studies have explored different analytes

employing liquid biopsy as a tool to evaluate treat-

ment efficacy. Specific to NSCLC and ICI benefit,

most studies have utilized gene-panel sequencing on

cfDNA from plasma. For example, baseline blood

TMB (bTMB) has been shown to associate with ICI

benefit [15–17], although its determination requires rel-

atively large gene-panels and may require correction

for clonal hematopoietic mutations [29,30]. Others

used gene-panels to monitor ctDNA kinetics to assess

ICI benefit in NSCLC [17–20] and found that an

early-on reduction of ctDNA levels is associated with

more favorable clinical outcome. In fact, what has

emerged from these and other studies is the concept of

molecular response, as a decrease in the detection of

ctDNA (using different thresholds).

However, fewer studies have employed sWGS on

cfDNA—particularly in the context of NSCLC or

ICIs. This approach was used to study PI3K inhibitors

and chemotherapy efficacy in squamous NSCLC [27]

and also in a pan-cancer cohort of patients to study

Table 1. Multivariate Cox proportional-hazards survival model of

progression-free survival at baseline.

Variable HR HR lower 95% HR upper 95% P-value

Histology

Other

ADK 0.71 0.19 2.64 0.61

SCC 1.24 0.26 6.01 0.76

Smoking

No

Yes 0.79 0.18 3.54 0.76

Sex

Male

Female 2.42 0.95 6.18 0.065

ICIs treatment line

First

Second 4.08 1.52 10.93 0.0052

Tumor Fraction (TFx)

TFx < 10%

TFX ≥ 10% 4.44 1.66 11.88 0.0030
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ICI benefit [31]. In fact, to the best of our knowledge,

our study is the first ever to assess the value of apply-

ing sWGS on cfDNA in a cohort of patients with met-

astatic NSCLC treated with ICIs.

Our results suggest that the value of TFx, deter-

mined by sWGS, at baseline and in on-treatment sam-

ples may provide different information. While at

baseline, TFx might have a prognostic role, its value

in the case of on-treatment samples might be predic-

tive of treatment efficacy, a concept already suggested

by Zhang et al. [32] in a pan-cancer cohort of patients

with advanced disease who were treated with check-

point blockade. First, we found that at baseline only

high levels of TFx (≥ 10%) correlated (negatively) with

ICI clinical efficacy. Conversely, its determination in

on-treatment samples seems to reflect ICI efficacy

more closely. In fact, our results indicate that regard-

less of the levels of TFx at baseline, early-on treatment

TFx values were associated with ICI benefit. For

instance, none of the patients that presented a

TFx ≥ 10% at any of the surveillance time points

achieved DCB. Secondly, we found that at baseline,

there is a positive correlation between TFx and certain

metastatic lesions (bone and liver), but this association

was lost when treatment was initiated, indicating that

TFx on-treatment would reflect treatment efficacy.

These data align with previous observations using

gene-panel sequencing, as discussed by Zhang et al.

[32]. Furthermore, when using sWGS, other investiga-

tors found a positive association between bone metas-

tasis and TFx in prostate cancer [33] and TFx and

liver metastases in breast cancer [28].

Thus, sWGS may indeed represent a cost-effective

approach (compared to more expensive gene-panels) to

monitor the disease course, allowing multiple serial-

extractions without extensively increasing the financial

costs. Furthermore, it does not require previous

knowledge of the tumor’s genome, nor is it limited by

the detection of few mutations such as small panels or

ddPCR.

Importantly, we in NSCLC [3,14] and others [34–36]
in other tumor types, have described a negative corre-

lation between SCNA burden, determined in tissue

biopsy, and ICI benefit. As sWGS on cfDNA enables

us to estimate the SCNA burden, we have assessed its

value as a biomarker of ICI benefit, using plasma sam-

ples. Although we could only determine the SCNA

burden in half of our cohort, our data indicate that

the SCNA burden is negatively associated with ICI

benefit, even when adjusting for different features in a

multivariate model. Interestingly, a recent study in

urothelial cancer, applying an alternative technique to

identify chromosomal aberrations on plasma samples,

also found a negative association between aneuploidy

burden (alterations in the copy number of chromo-

some and arms) and pembrolizumab (anti-PD1) benefit

[37]. Taken overall, results obtained with tissue sam-

ples and cfDNA, point to the value of SCNA burden

(aneuploidy) as a pan-cancer indicator of diminished

ICI benefit. Nevertheless, its value in other ICI-based

therapies, such as ICIs plus chemotherapy, remains

unexplored and should be addressed in future studies.

As there are no currently reliable biomarkers identified

that would definitively point to the best therapy for a

given patient, the value of SCNA burden as a specific

biomarker in this respect could, in fact, differ between

ICI-based therapies. Thus, the search for reliable bio-

markers to support such clinical decisions is essential.

It is fair to say that our study has several limita-

tions. After appropriate quality controls and (blind)

manual curation of the SCNA profiles to maximize

reliability of the data, we detected ctDNA in ~ 50% of

patients in our cohort. This finding aligns with the

concept that sWGS is less sensitive than other tech-

niques (gene-panel, amplicon-sequencing or ddPCR).

Also, it is important to mention, that due to the

nature of the approach taken (sWGS plus IchorCNA

[23]), the TFx and the SCNA burden are interdepen-

dent, and thus a combined analysis of both of these

parameters was not possible. From a clinical perspec-

tive, the patients included in this study received differ-

ent anti-PD(L)1, and some were treated with

combinations of checkpoint inhibitors. Furthermore,

owing to the enrollment period of our patients, PD-L1

expression was not available for all the patients and so

we could only evaluate positive versus negative levels.

Fig. 3. On-treatment value of Tumor Fraction determination. (A) Kaplan–Meier survival curves of progression-free survival (PFS) in patients

with undetectable ctDNA versus detectable ctDNA at T1. Log rank test, P-value is shown. (B) Kaplan–Meier survival curves of progression-

free survival (PFS) in patients with undetectable ctDNA, patients whose Tumor Fraction (TFx) was < 10% and patients whose TFx was

≥ 10% at T1. Log Rank test, P-values are shown. (C) Tumor fraction according to no durable benefit (NDB) and durable clinical benefit (DCB)

at T1. Mann–Whitney Wilcoxon, P-value is shown. The boxes show the quartiles of the dataset, whereas the whiskers extend to show the

rest of the distribution, except for points that are determined to be ‘outliers’ by the seaborn library. (D) Fraction of patients with Undetect-

able ctDNA, TFx < 10% and TFx ≥ 10% according to NDB and DCB. (E, F) Progression-free survival (PFS) and overall survival (OS) in

patients with undetectable ctDNA at baseline and undetectable ctDNA at T1 (TFx(B) Und - TFx(T1) Und), detectable ctDNA at baseline and

undetectable at T1 (TFx(B) Det - TFx(T1) Und), or detectable ctDNA at both (TFx(B) Det - TFx(T1) Det). Log rank test, P-values are shown.
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Nevertheless, when adjusting for PD-L1 expression in

a multivariate model, TFx retained its significance.

Although it would be beyond the scope of this work,

it would certainly be interesting to establish the value

of combinatorial biomarkers and jointly assess TFx

dynamics, SCNA burden, TMB and some immune-

related biomarkers in plasma samples. The basis for

such an assessment would be the suggestion that

SCNA burden and TMB are likely independent bio-

markers of response—at least in the case of tumor tis-

sue samples [3], and that combining some biomarkers

appeared to effectively predict DCB [17]. Finally, our

analysis was retrospective and was based on our previ-

ous findings of the value of SCNA burden as a bio-

marker of ICI benefit, as shown with tissue samples

[14].

5. Conclusions

Employing sWGS on cfDNA, our analysis suggests

that TFx and SCNA burden are potential biomarkers

of ICI benefit. TFx determination in on-treatment

samples may be more informative of therapy efficacy,

whereas its determination at baseline may have more

prognostic value (i.e., for certain metastatic lesions).

Considering this and owing to its cost-effectiveness,

sWGS of plasma samples may very well be a useful

tool to complement other biomarkers, especially for

monitoring the disease course. Moreover, our data

confirm previous observations regarding the negative

correlation between SCNA burden and ICI benefit.

Further studies with larger cohorts and combinatorial

biomarkers will potentially help us to establish its

value in NSCLC.
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Fig. S1. Overall survival results based on ctDNA

detection at baseline.

Fig. S2. On-treatment values of Tumor Fraction.

Fig. S3. On-treatment values of Tumor Fraction and

Tumor Fraction comparison between baseline and pro-

gression samples.

Table S1. Summary of clinical characteristics of the

cohort.

Table S2. Detailed clinical characteristics of individual

patients.

Table S3. Kaplan–Meier pairwise statistics for the dif-

ferent conditions related to supplementary figures.

Table S4. Multivariate Cox proportional-hazards sur-

vival model (Progression-free survival at baseline).

Table S5. Multivariate Cox proportional-hazards sur-

vival model (Progression-free survival at baseline).

Table S6. Multivariate Cox proportional-hazards sur-

vival model (Progression-free survival at baseline).

Data S1. Legends.
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