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A B S T R A C T

Objectives: Tumor mutational burden is an emerging biomarker of response to immune checkpoint inhibitors
(ICI), whose clinical adoption is challenging. We hypothesized that targeting limited but relevant genetic al-
terations in plasma cell-free DNA along with early monitoring may non-invasively predict response to ICI in
advanced non-small cell lung cancer (NSCLC).
Material and methods: Plasma samples from patients with progressive NSCLC collected before ICI initiation and
at 1 month were profiled from responders (R: PFS > 6 months) and non-responders (NR: progressive disease at
first evaluation) using amplicon sequencing of hotspots and coding regions from 36 genes. The molecular profile
of ctDNA, and its early kinetics were analyzed.
Results: 97 patients were analyzed, of which 86 (39 R, 47 NR) were evaluable. Alterations in ctDNA were
detectable in 67/86 baseline samples (78%). The detection of a targetable oncogenic driver was associated with
a 2 months PFS. The presence of a PTEN or STK11 mutation was correlated with early progression (HR 8.9,
p= 0.09 for PTEN, HR 4.7, p=0.003 for STK11), while transversion mutations (Tv) in KRAS and TP53 pre-
dicted better outcomes (HR 0.36, p=0.011 for TP53 Tv; HR 0.46, p= 0.11 for KRAS Tv). Patients with a low
“immune score” (driver and/or PTEN or STK11 mutation and/or without KRAS or TP53 Tv) derived poor out-
comes (median PFS 2 months), compared with patients with a high immune score (no driver, no PTEN or STK11
and with KRAS or TP53 Tv (median PFS 14 months, p= 0.0001, HR 2.96). Early changes in the ctDNA allele
fraction (AF) of 65 specimens were correlated with clinical outcomes (14 months PFS if AF decreases vs. 2
months if AF increases, p < 0.0001).
Conclusion: Targeted sequencing of plasma ctDNA and monitoring its early variations can predict response to
ICI.

1. Introduction

The treatment landscape for NSCLC is rapidly changing with the
introduction of immune checkpoints inhibitors targeting PD-1/PD-L1
(ICI), but durable clinical benefit to these immune modulating agents is
limited to a subset of patients. Furthermore, treatment discontinuation
in non-responders is often delayed because of difficult imaging

interpretation. Patient selection is therefore crucial and identifying
reliable markers that can quickly predict sustained response is a major
challenge. PD-L1 expression, the most validated predictive biomarker,
is far from being perfect, due notably to operator interpretation varia-
bility [1] or its temporal [2] and spatial [3] heterogeneity.

Genomic profiling represents another emerging strong determinant
of response to immunotherapy. Exome analysis of tumors from patients
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treated with pembrolizumab, demonstrated that the best responses to
PD-1 blockade were observed in tumors harboring high tumor mutation
burden (TMB), and thus tumor-specific antigen load [4]. Since then,
TMB has been shown to be a strong marker of response to front-line
treatment with nivolumab in combination with ipilimumab in advanced
NSCLC [5].

However, whole-exome sequencing (WES) or the use of broad NGS
panels might be challenging to translate into routine clinical practice
due to cost, the lack of a standardized panel and cut-off, the limited
availability of tissue and high-quality DNA and required bioinformatics
analysis. There is thus a need to move beyond TMB and identify specific
genetic determinants of response to PD-1 inhibitors, especially since not
all point mutations will result in the genesis of highly immunogenic
peptides [6].

Correlations between KRAS mutations and durable response to
checkpoint inhibitors have been systematically observed [4,7]. On the
contrary, oncogenic drivers found in non-smokers (EGFR, ALK, BRAF
V600E) are associated with low tumor burden, resulting in a non-in-
flamed (“excluded”) tumor microenvironment, and low activity of ICI
[8,9].

More interestingly, some molecular alterations have been shown to
have a direct impact on the tumor microenvironment. In particular,
STK11 mutations, inactivated in ∼15% of adenocarcinomas, and often
associated with KRAS mutations [10], have been shown to be asso-
ciated with non-inflamed tumor microenvironment and reduced PD-L1
expression [11]. In contrast, tumors mutated for both KRAS and TP53
demonstrate increased PD-L1 expression along with prominently in-
creased mutation burden that is specifically enriched in a transversion-
high phenotype and show stronger inflammatory responses than tumors
harboring KRAS and STK11 mutations [10,12,13]. These preclinical
results have considerable clinical relevance, with KRAS/STK11 tumors
being associated with primary resistance to PD-1 inhibitors (0–7.4%
ORR), compared to KRAS/TP53 tumors (35.7%–57% ORR) [13]. Si-
milarly, loss of PTEN results in decreased T-cell infiltration and in-
creased immunosuppressive cytokines expression and poor outcomes
under ICI [14].

These correlations of highly prevalent genetic events with response
to ICI are of great interest and pave the way towards the use of more
targeted sequencing assays.

The lack of tumor tissue, the heterogeneous pattern of PD-L1 ex-
pression and of the dynamic molecular landscape through treatment
(with a few acquired mutations (JAK2, B2M) identified as mechanisms
of resistance to these agents [15,16]) render non-invasive approaches
valuable to predict and monitor response to ICI. While liquid biopsy
applications has been widely studied in the targeted therapy space, its
potential to guide and follow response to immune therapy is just be-
ginning to be investigated [17]. Several reports suggest potential of
cell-free DNA in assessing TMB [18] and monitoring response [19–21].
This last point is particularly appealing because TMB can only be as-
sessed in approximately 60% of tissue specimens [5], providing clinical
utility for blood-based approaches covering situations where no ade-
quate tissue is available. However, large gene panels are required for
bTMB and if low tumor cell content in tissue samples is a known con-
founding factor in assessment of TMB [22], with cell-free DNA, the
ctDNA fraction is dependent on tumor shedding and on the amount of
normal DNA in the plasma and thus is especially variable. Low levels of
ctDNA may not allow for an accurate determination of the TMB status
of a tumor.

Focusing on specific molecular events known to be associated with
response to ICI, reported above, we investigated the utility of a plasma
genotyping to stratify patients between durable responders and non-
responders, as well explore if early changes in ctDNA AF can serve as a
valid pharmacodynamics biomarker to predict sustained response.

2. Methods

2.1. Patients

Patients with stage IIIB/IV, progressive NSCLC, consented to receive
PD1 inhibitors were included in the study. Among 187 patients from the
IMMUNOPREDICT trial (NCT02827344, blood collection including
plasma, circulating tumor cells and peripheral blood mononuclear cells
from patients treated by ICI in second line setting), “responders”
(Objective response on first evaluation and PFS > 6 months) and “non-
responders” (progressive disease at first CT evaluation) patients were
selected. Plasma specimens were collected after informed consent, prior
to initiation of ICI and when feasible, at 1 month. Plasma analyses were
performed blinded to clinical information such as tumor histology,
genotype, smoking history, PD-L1 status, or response to ICI.

2.2. Plasma NGS

Amplicon-based plasma NGS was performed by Inivata (Morrisville,
NC), using the InVision First®-Lung technology [23]. 36 cancer-related
genes were sequenced using gene specific primers designed to hotspots
and entire coding regions of interest (Supp. Fig. 1). NGS libraries are
prepared from 2,000–16,000 amplifiable copies of the genome using a
two-step PCR amplification process incorporating replicate and patient-
specific barcodes and Illumina sequencing adaptors. Samples are
quantified and pooled to generate a normalized library of 12 nM.
1.8 pM libraries are sequenced on the Illumina NextSeq 500. Sequen-
cing files were analysed using Inivata’s proprietary Somatic Mutation
Analysis (ISoMA) and FUSP pipelines.

2.3. Monitoring of response using ctDNA kinetics

An early blood draw (before the second cycle of nivolumab, median
28 days) was studied in 65 patients to monitor the early kinetics of
plasma ctDNA burden through treatment. At baseline, a single somatic
change (a tumor driver when present, or the variant with the highest
allelic frequency) was chosen for subsequent monitoring.

2.4. Tissue PD-L1 expression

PD-L1 expression on tissue was assessed by immunohistochemistry
using an anti-PD-L1 rabbit monoclonal antibody (clone E1L3N, Cell
signalling Technology).

2.5. Statistical analysis

Statistical analysis was performed with MedCalc Statistical Software
ver 18.10. Specific statistical tests are indicated. Sensitivity of plasma
NGS for detection of driver and resistance mutations were calculated
using clinically performed tumor genotyping as reference standard. The
median survival time and its 95% CI is calculated according to
Brookmeyer et al. [24]. Results of the logrank test are used in the
comparison of survival curves.

3. Results

3.1. Detection of known driver and resistance mutations in ctDNA

Samples from 42 responders and 55 non-responders patients were
available and analyzed. Characteristics of the patient cohort are listed
in Table 1. 86 specimens were evaluable for a baseline molecular profile
(7 NR patients received less than 2 cycles due to toxicity and were
excluded from analysis and 4 runs failed). Of these 86 baseline samples,
at least one variant was detected in 67/86 samples (78% sensitivity).
Using tissue genotyping as a reference standard, sensitivity was 74%
(25/34) for the detection of KRAS mutations and 100% for EGFR
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mutations (6/6, 2/2 exon 19 deletion, 1/1 T790M, other 3/3) and MET
amplifications (2/2). The only ALK fusion specimen tested using the
fusion assay was not detected. Two ALK resistance mutations (G1202R
and F1174C) were detected in another ALK patient with acquired re-
sistance to crizotinib, in agreement with tissue.

3.2. Targeted profiling of cfDNA to predict outcomes under PD-1 inhibitors:
Correlation of an algorithm for prediction of response

Of the 86 evaluable patients, 39 patients exhibited clinical benefit to
ICI (PFS > 6 months) while 47 patients exhibited progressive disease.
Based on preclinical and clinical observations reported in the in-
troduction, we tested the ability of specific molecular events to stratify
responders and non-responders. Median PFS for the overall evaluable
population (n=86) was 7 months. Patients with no detectable ctDNA

had a 3.5 months PFS (progression-free survival) and were considered
non-evaluable with regards to the predictive algorithm. In agreement
with previous reports [8,9], patients with a targetable alteration de-
tected in blood (1/1 ALK, 5/5 EGFR) progressed on the first clinical
evaluation (PFS 2 months). All of them had received multiple targeted
therapies before ICI. Patients with a PTEN or a STK11 mutation derived
poor outcomes compared with patients without (HR 8.9, p= 0.09 for
PTEN; HR 4.7, p= 0.003 for STK11; Fig. 1A). In contrast, patients with
a KRAS Tv mutation or a TP53 Tv mutation derived better outcomes
compared to patients without (HR 0.36, p= 0.011 for TP53 Tv; HR
0.46, p=0.11 for KRAS Tv; Fig. 1B). Median PFS for each cohort are
detailed in Fig. 1.

An algorithm was built blinded to patients’ results combining these
molecular alterations known to be associated with good or poor out-
comes. A “High immune score” was defined as follow: no targetable
driver (EGFR, ROS1, ALK, BRAF V600E), no PTEN or STK11 mutations,
but a transversion mutation in KRAS or TP53. A “Low Immune Score”
was defined as follow: presence of a targetable alteration, a PTEN or
STK11 mutation or in the absence of KRAS or TP53 transversion mu-
tation) (Fig. 1C). Patients with “High Immune Score” had a median PFS
of 14 months (HR 2.89, 95%CI 1.63–5.83) compared to 2 months
(95%CI 1.5- months, p= 0.0008) in the “Low Immune Score” (Fig. 1D).
6-month PFS was 76% vs 33% for those with high immune score vs low
immune score (p= 0.0006).

3.3. Comparison with tissue PD-L1 expression

PD-L1 expression was not statistically associated with response to
ICI, using either a cutoff of 1% (HR 1.73, 95%CI 0.93–3.23) or 50% (HR
1.35, 95%CI 0.73–2.49), and was less predictive of response than
ctDNA profiling (Sup. Fig. 3).

3.4. Early detection of response through serial plasma NGS

Patients with any decrease of ctDNA AF at one month had longer
PFS (median 10 (95%CI 8–18) months) than patients with early in-
crease (median PFS 2 months (95%CI 1.5-ND)). 74% of patients with
early molecular response were still responding to treatment after 6
months compared to 16% of patients with plasma increase (Fig. 2A).
Using cut-offs of 50% or 30% for AF variations to define molecular
response or progression, correlation between early ctDNA kinetics and
clinical response was stronger, with only 11% and 6.3% of patients with
plasma progressions still responding at 6 months for 30 and 50%
thresholds, respectively (Fig. 2B and C).

4. Discussion

TMB, measured whether in tissue or blood, is correlated with re-
sponse to ICI but integration into routine clinical practice is challenging
due to lack of tissue availability, high costs associated with WES or
broad panels exhibit high and time-consuming approaches.
Furthermore, less than 10% of non-synonymous mutations will harbor
MHC class I bindings motifs capable of recognition by T cells as
neoantigens [6,25].

In parallel of efforts to develop TMB analysis platforms, an in-
creasing number of specific alterations that correlates to ICI outcomes
have been investigated, suggesting an opportunity to use more re-
strictive sequencing assays. A good concordance between targeted NGS
covering more than 200 genes and WES for TMB evaluation was de-
monstrated [26], demonstrating the ability of NGS panels to stratify
patients between responders and non-responders with high accuracy.
We herein show that more limited, carefully selected genes panel can
accurately predict response to ICI, using a simple algorithm. Moreover,
this molecular profiling was done in plasma, offering a rapid, tissue-
sparing and repeatable access to the tumor genomics. If previous studies
have demonstrated that TMB can be accurately estimated in cfDNA

Table 1
Characteristics of the population.

Sex (n=97)
Male 60 62%
Female 37 38%

Histology (n=97)
Adenocarcinoma 72 74,2%
Squamous 21 21,7%
Sarcomatoid 2 2,1%
Mesothelioma 1 1,0%
Unknown 1 NA

Genotype (limited to EGFR, KRAS, ALK, ROS1, BRAF, HER2, cMET, n=97)
Wild type 34 35,1%
EGFR 5 5,2%
KRAS 31 32,0%
ALK 2 2,1%
cMET 2 2,1%
2 mutations (KRAS/cMET) 1 1,0%
Unknown 22 NA

PDL1 expression (n=97)
In tissues
0% 40 41,2%
1–49% 16 16,5%
≥50% 19 19,6%
Unknown 22 NA

In immune cells
0% 33 34,0%
1–49% 33 34,0%
≥50% 4 4,1%
Unknown 27 NA

Smoking status (n=97)
Smokers Active smokers 22 22,7%

Ancient smokers 63 64,9%
Non smokers 7 7,2%
Unknown 5 NA

Performans status (n=97)
0–2 87 89,7%
3–4 4 4,1%
Unknown 6 NA

Stage at ICI initiation (n=97)
IIIA 1 1%
IIIB 10 10,3%
IV 86 88,7%

Previous treatment (n=97)
Thoracic surgery 16 16,5%
Chemotherapy 97 100,0%
Targeted therapy 18 18,6%
Thoracic radiotherapy 20 20,6%

Number of previous lines of treatment (n=97)
1 57 58,8%
≥2 40 41,2%

Immune Checkpoint inhibitor ((n=97)
Anti PD-1 (Nivolumab) 90 92,8%
Anti PD-1 (Pembrolizumab) 7 7,2%
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(blood TMB, bTMB) with good concordance with tissue and response to
ICI [18]; a more targeted analysis of cfDNA focusing on specific al-
terations known to alter or increase response to ICI has never been
investigated.

Interestingly, patients with no detectable ctDNA tended to experi-
ence poor outcomes (PFS 3.5 months), even though the presence of
ctDNA is usually of detrimental prognostic impact. The limited number
of patients does not allow for definitive conclusion, but the absence of
ctDNA could be an indirect indication of low TMB. This is consistent
with what was observed using bTMB, the “biomarker-evaluable popu-
lation” (patients with MAF > 1%) experiencing the best outcomes
[18].

We here confirm the significant impact of the subtype of mutations
(transversion vs transitions) on ICI outcomes, a phenomenon already
clearly demonstrated in tissue [4,25] but not used routinely in clinical
practice nor on a specific group of genes. This work also shows that the
detrimental effect of STK11 and PTEN mutations on ICI outcomes re-
ported in tissue is relevant in liquid biopsy. The combination of all these
specific markers, along with known targetable oncogenic drivers, al-
lows guiding patient treatment towards either targeted therapy or ICI
(depending on the molecular event(s) detected) with one and only, non-
invasive and rapid assay.

We also show that early kinetics of ctDNA burden strongly predicts
durable responses, as previously demonstrated in 2 reports where a
complete [21] or partial [20] ctDNA clearance at 8 weeks was strongly

predictive of sustained response. These observations are of great value
in the space of immune therapy, early radiological changes being
challenging to interpret. Plasma genotyping has the potential to early
distinguish pseudo from true progression during ICI treatment, as re-
ported in limited series [19,27]. Other applications of cfDNA are likely
to emerge, such as the detection of MRD for adjuvant immunotherapy,
or detection of mechanisms of resistance, like acquired JAK1/2 or B2M
mutations [17].

The first major limitation of this study is its retrospective nature.
Even though the ctDNA analysis was performed blinded to clinical re-
sults, the study was enriched in responders’ patients (45% of the po-
pulation), partially explaining the unusual PFS in the overall population
(7 months) and in the “High immune score” cohort (14 months). These
promising data will need to be validated prospectively in larger and
unselected populations. A second limitation is the lack of a non-ICI
treatment arm to discriminate a true predictive value from a prognostic
effect of the algorithm. However, KRAS [28] and TP53 [29] are known
to be of detrimental effect in NSCLC, whereas oncogenic drivers like
EGFR mutations [30] or ALK fusion [31] are of better prognosis. The
opposite results observed in this work are thus very likely due to a
predictive value of these alterations more than to a simple prognostic
impact.

Another limitation of our study is the incomplete tissue genotyping
data available. Although we could test and demonstrate a good con-
cordance with tissue for major driver alterations, no tissue was left to

Fig. 1. Proposed algorithm of interpretation of cfDNA molecular profile in order to guide ICI initiation. 1A: Patients harboring STK11 or PTEN mutations
derive poor benefit from PD-1 inhibitors compared with patients who don’t (HR 4.7, p= 0.003 for STK11; HR 8.9, p= 0.09 for PTEN). 1B: Patients with a KRAS or
TP53 transversion mutation showed better responses compared to patients without (HR 0.36, p=0.011 for TP53 Tv; HR 0.46, p=0.11 for KRAS Tv). 1C: Algorithm
genesis: If a targetable oncogenic driver is detected, the probability of response is low and targeted therapies (or chemotherapy if already received) must be favored
over immunotherapy. The presence of PTEN or STK11 mutations also predicts primary resistance to ICI, while transversion mutations in KRAS, TP53 or other genes
(“immune high” somatic signature) is associated with good outcomes. 1D: Correlation of the algorithm with outcomes: An “Immune High Score”, defined by the
absence of targetable driver, PTEN or STK11 mutation but the presence of KRAS and/or TP53 mutations, strongly predict favorable outcomes under PD-1 inhibitors
(p=0.0008).
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analyze other alterations such as PTEN, STK11 or TP53. However, this
is, in our opinion, an interesting point of our study, demonstrating that
ctDNA can be a powerful tool to identify biomarkers when no tissue is
available (a frequent situation in NSCLC where there is a current
paradox between the development of minimally invasive diagnostic
tools leading to small samples and the multiplication of markers for
targeted therapy and ICI. The concordance of the plasma genotyping
platform used in this work with tissue has however been studied in a
prospective manner in another study and appeared very high (97.8%;
with 82.9% positive predictive value, 98.5% negative predictive value,
70.6% sensitivity, and 99.2% specificity) [32].

In conclusion, plasma NGS using limited panel can accurately

predict sustained responses under PD-1 blockade. This approach has the
unique ability to select patients for either genotype-directed therapies
or ICI using one unique assay, in particular when tissue is not available.

Availability of data and materials

The datasets during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Consent for publication

The manuscript doesn’t include any individual person’s data.

Fig. 2. Early changes in ctDNA level to predict sustained responses under PD-1 inhibitors. 2A: A decrease in ctDNA burden at one month is strongly predictive
of durable response (74% PFS at 6 months), while an early increase indicates progression (84% progressive disease at 6 months). Using cut-offs of 30% (2B) and 50%
(2C) for allelic fractions changes enhances this predictive effect.
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