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Early assessment of KRAS mutation in cfDNA correlates with
risk of progression and death in advanced non-small-cell
lung cancer
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BACKGROUND: Liquid biopsy has the potential to monitor biological effects of treatment. KRAS represents the most commonly
mutated oncogene in Caucasian non-small-cell lung cancer (NSCLC). The aim of this study was to explore association of dynamic
plasma KRAS genotyping with outcome in advanced NSCLC patients.

METHODS: Advanced NSCLC patients were prospectively enrolled. Plasma samples were collected at baseline (T1), after 3 or

4 weeks, according to treatment schedule (T2) and at first radiological restaging (T3). Patients carrying KRAS mutation in tissue were
analysed in plasma with droplet digital PCR. Semi-quantitative index of fractional abundance of mutated allele (MAFA) was used.
RESULTS: KRAS-mutated cohort included 58 patients, and overall 73 treatments (N =39 chemotherapy and N =34 immune
checkpoint inhibitors) were followed with longitudinal liquid biopsy. Sensitivity of KRAS detection in plasma at baseline was 48.3%
(95% confidence interval (Cl): 35.0-61.8). KRAS mutation at T2 was associated with increased probability of experiencing progressive
disease as best radiological response (adjusted odds ratio: 7.3; 95% Cl: 2.1-25.0, p = 0.0016). Increased MAFA (T1-T2) predicted
shorter progression-free survival (adjusted hazard ratio (HR): 2.1; 95% Cl: 1.2-3.8, p = 0.0142) and overall survival (adjusted HR: 3.2;
95% Cl: 1.2-8.4, p = 0.0168).

CONCLUSIONS: Longitudinal analysis of plasma KRAS mutations correlated with outcome: its early assessment during treatment

has great potentialities for monitoring treatment outcome in NSCLC patients.

British Journal of Cancer (2020) 123:81-91; https://doi.org/10.1038/s41416-020-0833-7

BACKGROUND

The outcome of advanced non-small-cell lung cancer (NSCLC) has
been substantially improving in the latest years, in parallel with
increased knowledge of its molecular bases and the introduction
of immune checkpoint inhibitors (ICls) in clinical practice.' Given
the availability of new therapeutic options, the possibility of
monitoring disease burden and effects of treatment by liquid
biopsy is acquiring more and more relevance.

Detection of cancer mutations in circulating cell-free DNA
(cfDNA) has been investigated by various techniques in several
solid tumours and it is meanwhile a diagnostic tool in advanced
NSCLC for two indications: detection of EGFR sensitising mutations
at baseline, when tissue analysis is not possible, and detection of
acquired resistance EGFR mutations at progression on EGFR
inhibitors.> Further potential applications including multiple
cfDNA genetic testing have already been included in NCCN
(National Comprehensive Cancer Network) guidelines, even
though tissue genotyping remains the gold standard for

diagnosis.> The feasibility to detect and characterise cancer
mutations in cfDNA has the potential to shed light on tumour
heterogeneity, acquired resistance mechanisms and provide
dynamic information on biological effects of anti-cancer treat-
ment.*” Theoretically, their detection in plasma could be relatively
less influenced by circulating non-tumour DNA and might be
more specific than other circulating biomarkers,%” even though
the presence of genetic alterations in peripheral blood cells
stemming from clonal haematopoiesis could represent a potential
challenge.®’

Specifically, in the field of immunotherapy, analysis of tumour-
specific genetic alterations in ¢fDNA may help to discriminate
pseudo-progression from true progression during treatment with
ICIs® and the dynamic quantification of tumour-specific genetic
alterations may provide more complete information, acting as
potential predictive biomarker.

We performed a prospective screening of genetic alterations in
tumour tissue of patients with EGFR-ALK-ROST wild-type advanced
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NSCLC. Here we describe the cohort of KRAS-mutated patients
treated with chemotherapy or ICls. Mutations in KRAS oncogene
are the most prevalent genetic alterations in Caucasian NSCLC.
While association with prognosis is controversial,” effective KRAS-
targeted therapies were not available until recently, when
evidence has emerged about therapeutic activity of the specific
inhibitor AMG-510 in G12C KRAS-mutated NSCLC.'°

We monitored the presence and the quantitative variation of
KRAS mutations in plasma samples collected at pre-planned time-
points during treatment using droplet digital PCR (ddPCR).
Tumour-specific genetic alterations analysed in plasma were used
as a surrogate marker of tumour load with the aim to monitor
biological effects of treatment and explore the impact of their
variation on outcome.

METHODS

Patients

We prospectively enrolled advanced NSCLC patients starting
systemic treatment at our Institution between January 2017 and
August 2019. Eligibility criteria were availability of tumour biopsy
material collected before starting any treatment, the planning of
systemic treatment and the possibility of adequate clinical and
radiological follow-up.

Tissue molecular analyses were performed at baseline accord-
ing to standard clinical practice and patients carrying EGFR
sensitising mutations or ALK, ROST rearrangements were excluded
from the analysis.

Patients were treated according to clinical practice with
chemotherapy or ICls, and palliative local treatment was allowed
according to treating physician’s choice. During systemic treat-
ment, radiological evaluation was performed with iodine contrast
computed tomography scan at baseline and during treatment
according to clinical practice.

The ethics committee of Istituto Oncologico Veneto evaluated
and approved study design and informed consent (2016/82, 12
December 2016). Written informed consent was obtained from all
patients before study entry. The study was conducted in
accordance with the precepts of the Declaration of Helsinki .

Tissue genetic analysis

Clinical diagnostic tissue genotyping was performed using the
Sequenom MassARRAY” (Sequenom MA) Myriapod Lung Status Kit
(Diatech Pharmacogenetics SRL, Jesi, Italy) (Supplementary
Table 1A).

In the absence of any previously determined mutations among
those screened according to clinical practice, tissue genetic
alterations were screened by next-generation sequencing (NGS)’
(lllumina, San Diego, CA, USA) using a custom panel of 30 lung
cancer related-genes that covers 25,741 bp for a total of 284
amplicons (Supplementary Table 1B).

All formalin-fixed, paraffin-embedded (FFPE) samples were
evaluated by a pathologist in order to assess the tumour tissue
quality and quantity.

Four FFPE sections were used for genomic DNA (gDNA)
extraction, using the Qiamp DNA Micro Kit (Qiagen, Hilden,
Germany). gDNA was quantified with Qubit 3.0 Fluorometer
(Invitrogen, Carlsbad, CA), and stored at —20°C before use.
According to the DNA quality assessed through the Trusses FFPE
DNA Library Prep QC Kit (lllumina), sequencing libraries were
generated from 80 to 200 ng DNA adopting the TruSeq Custom
Amplicon Low Input Kit with a Dual Strand Design (lllumina). Ten
samples per run were sequenced using the MiSeq Reagent Kit v3
on the lllumina MiSeq Sequencer in paired-end mode (2 x 125
cycles). FASTQ files were processed using the SOPHIA DDM
platform (SOPHIA GENETICS SA, Saint Sulpice, Switzerland).
Variants selection was performed considering a depth value =400

reads and a variant allele fraction >1%. Only the canonical variants
were taken into account as possible trackable mutations.

Plasma sample collection and DNA extraction

Plasma samples were collected at the time of first administration
of systemic treatment (baseline, T1), after 3 or 4 weeks of
treatment (according to the treatment schedule) (3 + 1 weeks, T2),
and at first radiological restaging (T3) (Supplementary Fig. 1a).
Samples were collected on the same day of administration of first
cycle of treatment (T1), second cycle of treatment (T2) or during
the clinical visit following radiological re-evaluation (T3). When
patients enrolled in the study started a new systemic treatment
after progressive disease (PD), they were re-considered for
longitudinal analysis, and a new baseline plasma sample (T1)
was collected.

At each time-point, 20 ml of blood was collected in two Helix
cfDNA Stabilization tubes (Diatech Pharmacogenetics SRL) and
processed within 24-72 h. Blood was centrifuged at 2000 x g for
10 min at 4 °C. Next, the supernatant was centrifuged at 20,000 X g
for 10 min and plasma was stored at —80 °C. cfDNA was extracted
from a total of 1 ml of plasma using the Maxwell” RSC ccfDNA
Plasma Kit (Promega, Madison, Wisconsin, USA), eluted into 60 pl
of buffer and stored at —20 °C.

Analysis of KRAS mutations in plasma
ddPCR was carried out on the QX200 ddPCR system (Bio-Rad
Laboratories)."" ddPCR probes matching KRAS codon G12/G13 and
Q61 mutations were purchased from Bio-Rad (the ddPCR KRAS
G12/G13 Screening Kit #1863506 and the ddPCR™ KRAS Q61
Screening Kit #12001626). These ddPCR assays detect mutations in
KRAS codon G12/G13 (G12A, G12C, G12D, G12R, G125, G12V,
G13D) and in codon Q61 (Q61H, Q61K, Q61L, Q61R), but they are
not able to distinguish among individual mutations. KRAS
mutations matching this list and identified in tumour tissue by
Sequenom MassARRAY” or NGS were tracked in plasma by ddPCR.
Twenty microlitres (ul) of PCR reaction was prepared according
to the manufacturer’s instructions with 7.5 pl ¢fDNA. Each sample
was analysed in triplicate. PCR reaction was portioned into a mean
of 15,000 droplets per sample using QX100 Droplet Generation
(Bio-Rad), transferred to the Bio-Rad QX200 droplet reader and
fluorescence intensity was analysed by QuantaSoft 1.7.4.0917 soft-
ware (Bio-Rad). In each test, at least three control wells with a
negative KRAS cfDNA, one negative control well without DNA and
one positive control were included. Amplification of each sample
was calculated as the number of total droplets (wild-type +
mutated droplets) and a mean of 1480 droplets per sample was
observed. A cut-off of three droplets is used to call a sample
mutant, according to the Poisson’s law of small numbers (as
reported in the manufacturer’s instructions). Semi-quantitative
index of fractional abundance of mutated allele (MAFA) was
calculated as follows: [no. of mutated droplets/(wild-type +
mutated droplets)]."’ ddPCR KRAS Screening Multiplex Kit allows
detection down to a MAFA of 0.2% for multiple mutations in
cfDNA samples, as reported in the manufacturer’s instructions.
Representative cases positive for KRAS mutation at T2 or T3, but
negative at previous baseline (T1) evaluation, were also analysed
in peripheral blood cells by ddPCR in order to exclude potential
confounding impact of clonal haematopoiesis.”'? All the samples
analysed were found negative for the presence of KRAS mutation
(data not shown).

Statistical analyses

To assess the sensitivity of ddPCR in detecting KRAS mutations in
plasma in advanced NSCLC patients, the sample size was
calculated considering that 41 mutated patients allow to estimate
a 95% confidence interval (95% Cl) of length 30% for a sensitivity
of detecting KRAS mutation at baseline of 60%. Because of the



exploratory nature of dynamic analysis of liquid biopsy, no sample
size calculation was defined before study initiation.

Results of liquid biopsy were considered both as a static
parameter (presence versus absence of KRAS mutation at each
time-points) and as a dynamic parameter (increase of MAFA from
baseline versus stable/decreasing value) and correlated with
clinical outcomes.""'> MAFA variations were considered as
difference from baseline to different time-points (T1-T2 and
T1-T3) and any change was considered for statistical correlations.

Quantitative variables were summarised as median and
interquartile range (lQ), categorical variables as counts and
percentages. The association with clinical variables was verified
using x> or Fisher's exact test as appropriate. The median follow-
up time was based on the reverse Kaplan-Meier estimator.

Radiological response (RR) was assessed by using RECIST criteria
v1.1. Progression-free survival (PFS) was calculated as the time
from the beginning of the systemic treatment (corresponding to
T1—the time of the baseline sample draw) to radiological PD or
death for any cause. Overall survival (OS) was calculated as the
time from the beginning of the systemic treatment to death from
any cause. Patients who did not develop an event during the
study period were censored at the date of last observation.
Median PFS and OS were estimated using the Kaplan-Meier
method.

Patients were evaluated for study endpoints every time they
started a new systemic treatment.

The impact of clinical characteristics, KRAS mutation and change
from baseline in KRAS MAFA on the probability of radiological PD
was evaluated in univariate mixed-effects logistic regression
models to account the multilevel structure of the data. Separate
multiple mixed-effects logistic regression models were estimated
for KRAS mutation at each time-point, and change in KRAS MAFA
from baseline together with clinical factors resulted significant at
univariate analysis.

The association of clinical and biological variables with PFS and
OS was investigated through univariate mixed-effects Cox
proportional hazards regression models to handle the clustered
nature of the data and the time-varying covariates, after checking
any deviation from the proportional hazards assumption.'* A
robust variance ‘sandwich' estimator was used to adjust for the
within-subject correlation. Hazard ratios (HRs) for KRAS mutation at
each time-point and variation of KRAS MAFA from baseline were
also adjusted for any clinical factor resulting statistically significant
at univariate analysis.

To assess potential predictive value of the presence of KRAS
mutation at T1, T2, T3 and MAFA modification during treatment,
interaction test with different treatment received (chemotherapy
versus ICls) was used.

All statistical tests used a two-sided 5% significance level and
association measures were provided with their 95% Cl. Statistical
analyses were performed using the SAS statistical package (SAS,
rel. 9.4; SAS Institute Inc) and RStudio (RStudio: Integrated
Development for R. RStudio, Inc., Boston, MA).

RESULTS
Patients and tissue genotyping
Study design is summarised in Supplementary Fig. 1a.

A total of 254 patients with EGFR-ALK-ROST wild-type advanced
NSCLC were enrolled and, until now, 138 patients completed
tissue genetic screening (Supplementary Table 2). Sixty patients
carried KRAS mutation in tissue: 49 patients in codon 12, five in
codon 13, while codon 61 was altered in six cases (Supplementary
Fig. 1b; Supplementary Table 2). Fifty-eight KRAS-mutated patients
were considered for the analysis. Patient #9 and #107 were not
considered for the analysis, because their mutations (KRAS G12F
and G13S, respectively) were not included the ddPCR Kit used for
the study (Supplementary Table 2).
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Clinical features and treatment details are summarised in
Table 1. When patients enrolled in the study started a new
systemic treatment after PD, they were re-considered for long-
itudinal analysis. Overall, KRAS-mutated patients received 73
treatments during the period of observation of the study: nine
patients changed treatment once and three patients twice. Thirty-
nine chemotherapy and 34 ICls treatments were followed
(Table 1b).

The impact of clinical features on RR and outcome is depicted in
Supplementary Tables 3-5.

Table 1. Clinical features of KRAS-mutated patients.

(a) Clinical characteristics of KRAS-mutated patients

Age at diagnosis (years)

Median (Q1-Q3) 67.5 (61-73)
Follow-up (months)

Median (Q1-Q3) 13.1 (10.1-15.4)
Gender

Male 31 (53.4%)

Female 27 (46.6%)
Smoking

No 8 (13.8%)

Yes 21 (36.2%)

former 29 (50.0%)
PS

0 26 (44.8%)

1 28 (48.3%)

2 4 (6.9%)
Total 58

(b) Disease burden and treatment characteristics across lines

Extra-thoracic sites

No 31 (42.5%)

1 24 (32.9%)

>1 18 (24.7%)
Number of metastatic sites

0-1 38 (52.1%)

2-4 35 (47.9%)
Bone/liver

No 47 (64.4%)

Bone 9 (12.3%)

Liver 9 (12.3%)

Both 8 (11.0%)
Treatment lines

1 43 (58.9%)

>1 30 (41.1%)
Type of treatment

Immunotherapy 34 (46.6%)

12 (16.4%)
18 (24.7%)

Nivolumab
Pembrolizumab

Atezolizumab 4 (5.5%)
Mono-chemotherapy 14 (19.2%)
Docetaxel-Nintedanib 2 (2.7%)
Docetaxel 5 (6.9%)
Gemcitabine 2 (2.7%)
Vinorelbine 5 (6.9%)

25 (34.2%)
17 (23.3%)

Platinum-doublet
Platinum-pemetrexed

platinum-gemcitabine 6 (8.2%)
carboplatinum-paclitaxel 2 (2.7%)
Total 73

83
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The median follow-up of our study population was 13.1 (95% Cl:
10.1-15.4) months.

Baseline liquid biopsy

Fifty-eight KRAS-mutated patients were tested in plasma on the
same day of first administration of systemic treatment (baseline,
T1). KRAS mutation was found in 28 cases (Supplementary Fig. 1b;
Supplementary Table 6). The sensitivity of KRAS mutation
detection in plasma at baseline was 48.3% (95% Cl: 35.0-61.8).

In our series no significant association was found between the
presence and relative quantification of KRAS mutation in plasma
and tumour burden, in terms of the number of metastatic sites or
the presence of bone and/or liver metastases (Supplementary
Table 7).

The detection of mutation in plasma at baseline was also not
confirmed as negative prognostic marker. The presence of the
mutation in plasma was not statistically associated with RR and
PFS. The effect on OS was not confirmed when considering
potential confounding effects of confirmed clinical prognostic
markers (Table 2 and Supplementary Table 5).

Monitoring of plasma genotyping and RR

We evaluated the correlation of the results of liquid biopsy with RR
both considering liquid biopsy as a static parameter (presence
versus absence of KRAS mutation) and as a dynamic parameter
(increase of MAFA versus stable/decreasing value).

Even adjusted for clinical prognostic factors, the presence of
KRAS mutation detected at T2 (Supplementary Fig. 2) and at T3
was statistically associated with a higher risk of experiencing PD as
best RR: OR = 7.3 (95% Cl: 2.1-25.0, p = 0.0016) and OR = 9.8 (95%
Cl: 2.4-40.3, p =0.0015), respectively (Table 2a).

Interestingly, any increase in MAFA from T1 to T2 and from T1
to T3 was consistently associated with risk of PD: adjusted OR was
8 (95% Cl: 1.5-42.8, p = 0.0145) for MAFA variations from T1 to T2,
and 14.2 (95% Cl: 3.0-68.7, p = 0.0009) for MAFA variations from
T1 to T3 (Table 2b).

Monitoring of plasma genotyping and PFS

After observing the effect of liquid biopsy performed at baseline,
we tested the impact of its presence and variation at early time-
points during treatment (Table 2b and Fig. 1).

The presence of KRAS mutation in plasma at T3 was
associated with shorter PFS with HR adjusted for clinical
prognostic factors of 2.3 (95% Cl: 1.1-4.6, p =0.0198) (Table 2b
and Fig. 1b; Supplementary Table 3). Patients with KRAS mutation
in plasma at T3 had a median PFS of 3.8 (95% Cl: 2.1-6.7) versus 9.9
(7.9-13.1) months for patients with negative liquid biopsy
(Table 2b and Fig. 1b).

Dynamic variations from T1 to T2 and from T1 to T3 had
significant impact on PFS of the study population with statistical
significance: adjusted HR was 2.1 (95% Cl: 1.2-3.8, p = 0.0142) for
MAFA increase from T1 to T2 and 2.8 (95% Cl: 1.3-6.3, p =0.0119)
for increase from T1 to T3 (Table 2b and Fig. 1c-d; Supplementary
Table 4).

Median PFS for patients experiencing increase in MAFA (T1-T2)
was 5.2 (95% ClI: 2.1-9.2) months versus 8 (95% Cl: 5.6-9.9) for
patients with decreased/stable MAFA (T1-T2) (Table 2 and Fig. 1).

Monitoring of plasma genotyping and OS

The presence of KRAS mutation in plasma at early time-points
during treatment and its increase from baseline was associated
with worse OS, even when considering potential confounding
effects of clinical prognostic factors (Table 2 and Fig. 2;
Supplementary Table 5).

Detection of KRAS mutation in plasma at T2 was associated with
shorter OS with adjusted HR of 3.1 (95% Cl: 1.4-7.0, p = 0.0063)
(Table 2¢; Fig. 2a). Consistently, the adjusted HR for the positivity
at T3 was 5.0 (95% Cl: 1.6-15.0, p = 0.0044) (Table 2¢; Fig. 2b).

When we considered dynamic analysis of the KRAS mutation in
plasma, we observed that patients experiencing MAFA increase
T1-T2 and T1-T3 had increased risk of death, with adjusted HR of
3.2 (95% ClI: 1.2-8.4, p=0.0168) and 3.9 (95% ClI: 1.5-10.6, p =
0.0067), respectively (Table 2¢; Fig. 2¢, d).

Liquid biopsy and clinical outcome according to treatment
Patients enrolled in this study were treated in different lines of
treatment (Table 1B). In any case, statistical analyses demonstrated
that the impact of static and dynamic analysis on outcome was
independent from line of treatment (first line versus subsequent
line of treatment) (data not shown). Patients included in the
analysis received different kinds of treatment: we followed
longitudinally patients receiving chemotherapy (N =39) and ICls
(N = 34). Post hoc analyses depicted in Supplementary Fig. 3 and
interaction test analyses demonstrated that the impact of static
and dynamic analysis during treatment on outcome was
independent from type of treatment (chemotherapy versus ICls)
(Supplementary Figs. 3-5).

Details about RR and duration of response and results of liquid
biopsy according to treatment are depicted in Fig. 3 and
Supplementary Fig. 2.

Among patients treated with chemotherapy, the presence of
KRAS mutation at T2 and its increase from T1 to T2 were
associated with an increased risk of death with an HR of 4.5 (95%
Cl: 1.5-13.9) and 8.3 (95% Cl: 2.1-32.3), respectively (Supplemen-
tary Figs. 3, 4e and 6g).

When we considered patients treated with ICls, the evaluation
of liquid biopsy at T3 significantly impacts on PFS: HR of 5.5 (95%
Cl: 2.5-11.9) for the presence of KRAS mutation at T3 and 5.4 (95%
Cl: 2.5-11.9) for MAFA increase T1-T3 (Supplementary Figs. 3 and
5b, d). A clear trend for shorter OS was also seen when we
considered the increase T1-T2 (Supplementary Figs. 3 and 5g) and
became statistically significant when we evaluated the impact of
the presence of KRAS mutation at T3 and its increase T1-T3 (p =
0.0031 and p =0.018; Supplementary Figs. 3 and 5f, h).

Among patients treated with ICls, only one (#17 Il) experienced
radiological evolution consistent with the definition of hyper-
progression (HPD)'>'® and died within 12 weeks from the start of
ICls. Its MAFA changed from 0 to 10% from T1 to T2 (Fig. 4). In the
overall study population, no other cases of increase in MAFA
(T1-T2) superior to 5% and no other cases of hyper-progression
were recorded among patients evaluated for longitudinal analysis
(Supplementary Table 6). Interestingly, when considering patients
with negative plasma KRAS at baseline and not experiencing
hyper-progression, maximum MAFA increase at T2 was 1%,
observed in a patient (#5 Ill) treated with ICls, experiencing PD
as best RR and died 3 months after the start of treatment
(Supplementary Table 6).

On the contrary, even in the presence of high MAFA detected at
baseline, we observed RR and persistent clinical benefit in the
presence of dramatic reduction of MAFA during treatment (Fig. 4b;
Supplementary Table 6).

DISCUSSION

We report prospective evaluation of liquid biopsy performed at
pre-defined time-points with the aim to track biological effects of
anti-cancer treatment. Our study represents a proof of concept in
the frame of a project aimed to monitor all tumour-specific
genetic alterations in plasma and to assess their potential
predictive value in patients treated with immunotherapy.

In the present study, the determination and quantification of
tumour-specific mutations in plasma are used as surrogate marker
of tumour load. We first tested this effect independently of
treatment, among all the patients starting a systemic treatment
according to clinical practice. We thus found that early evaluation
of liquid biopsy is able to anticipate RR and is associated with PFS
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Table 2. Association of liquid biopsy results and radiological response, progression free survival and overall survival.

(a) Association of KRAS mutation status and RR

PD/N OR (PD) 95% Cl p Value Adjusted OR® 95% Cl p Value
T
KRAS positive 16/35 2.0 0.8-5.3 0.1534 1.8 0.6-5.5 0.3062
KRAS negative 11/37 1 1
T2
KRAS positive 15/28 53 2.0-13.9 0.0008 7.3 2.1-25.0 0.0016
KRAS negative 7/38 1 1
T3
KRAS positive 12/21 7.8 2.1-29.2 0.0023 9.8 2.4-40.3 0.0015
KRAS negative 4/40 1 1
A (T1-T2)
MAFA increase 9/17 3.5 1.1-10.9 0.0279 8.0 1.5-42.8 0.0145
MAFA stable/decrease 13/49 1 1
A (T1-T3)
MAFA increase 10/16 10.8 2.5-47.2 0.0015 14.2 3.0-68.7 0.0009
MAFA stable/decrease 6/45 1 1

(b) Association of KRAS mutation status and PFS

PD/N Median PFS (95% Cl) HR 95% Cl p Value Adjusted HRP 95% Cl p Value
T1
KRAS positive 28/35 5.6 (3.0-10.4) 1.0 0.6-1.7 0.9483 0.9 0.5-1.6 0.7302
KRAS negative 33/38 7.2 (5.4-9.2) 1 1
T2
KRAS positive 24/28 4.7 (2.8-8.6) 14 0.8-2.3 0.2483 14 0.8-24 0.1891
KRAS negative 31/39 8.1 (5.8-10.3) 1 1
T3
KRAS positive 20/21 3.8 (2.1-6.7) 29 1.5-5.9 0.0025 23 1.1-4.6 0.0198
KRAS negative 30/40 9.9 (7.9-13.1) 1 1
A (T1-T2)
MAFA increase 16/17 5.2 (2.1-9.2) 1.6 0.9-2.9 0.0925 2.1 1.2-3.8 0.0142
MAFA stable/decrease 39/50 8.0 (5.6-9.9) 1 1
A (T1-T3)
MAFA increase 15/16 2.8 (1.8-5.7) 33 1.4-7.5 0.0055 28 1.3-6.3 0.0119
MAFA stable/decrease 35/45 9.9 (7.9-11.0) 1 1

(c) Association of KRAS mutation status and OS

Death/N Median OS (95% Cl) HR 95% ClI p Value Adjusted HR® 95% ClI p Value
T
KRAS positive 19/35 11.2 (4.8-22.1) 24 1.1-5.1 0.0231 2.1 0.9-4.7 0.0746
KRAS negative 11/38 -
T2
KRAS positive 16/28 10.8 (4.5-22.1) 3.0 1.4-6.6 0.0066 3.1 1.4-7.0 0.0063
KRAS negative 11/41 -
T3
KRAS positive 13/21 10.7 (5.6-12.9) 6.6 2.4-18.2 0.0002 5.0 1.6-15.0 0.0044
KRAS negative 6/40 -
A (T1-T2)
MAFA increase 10/17 10.7 (3.4-) 24 1.1-54 0.0313 3.2 1.2-84 0.0168
MAFA stable/decrease 15/50 22.1 (11.9)
A (T1-T3)

MAFA increase 10/16 8.3 (4.4-11.2) 4.5 1.7-11.8 0.0027 3.9 1.5-10.6 0.0067
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Table 2 continued
(c) Association of KRAS mutation status and OS
Death/N Median OS (95% Cl) HR 95% ClI p Value Adjusted HR® 95% ClI p Value
MAFA stable/decrease 9/45 22.1 (21.5-) 1

PFS progression-free survival, OS overall survival, RR radiological response, MAFA mutated allele fractional abundance, PD progressive disease, N number of
treatments, AUC area under the curve, C/ confidence interval, OR odds ratio, HR hazard ratio.

Bold values indicate statistical significance p < 0.05.

?OR adjusted for clinical prognostic factors (see Supplementary Table 3).

PHR adjusted for clinical significant factors (see Supplementary Table 4).

“HR adjusted for clinical significant factors (see Supplementary Table 5).

a Progression-free survival in whole population b Progression-free survival in whole population
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Fig. 1 Association of liquid biopsy results and progression-free survival (PFS). Kaplan—Meier curves showing progression-free survival (PFS)
of the overall study population according to the presence or the variation in mutated allele fractional abundance (MAFA) of KRAS mutation.
The hazard ratios (HR) with 95% confidence interval (Cl) and p values are also reported in the figure. a PFS according to the presence of KRAS
mutation at T2; b PFS according to the presence of KRAS mutation at T3; ¢ PFS according to MAFA variation from baseline (T1) to T2; d PFS
according to MAFA variation from T1 to T3.

and OS. Since the treatments performed were heterogeneous, we mutations in plasma to mirror biological behaviour of tumour in a
also tested the hypothesis of a differential effect according to non-invasive manner.
treatment, but the impact of liquid biopsy on outcome overlaps Patients enrolled in the study and carrying KRAS mutation in

between the two subgroups (chemotherapy versus ICls). This point tissue were analysed in plasma using ddPCR, a method
supports the idea of the dynamic quantification of tumour-specific characterised by high specificity and sensitivity. The sensitivity
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Fig. 2 Association of liquid biopsy results and overall survival (0OS). Kaplan-Meier curves showing overall survival (OS) of the overall study
population according to the presence or the variation in mutated allele fractional abundance (MAFA) of KRAS mutation. The hazard ratios with
95% confidence interval and p values are also reported in figure. a OS according to the presence of KRAS mutation at T2; b OS according to the
presence of KRAS mutation at T3; ¢ OS according to MAFA variation from baseline (T1) to T2; d OS according to MAFA variation from T1 to T3.

found at baseline (48%) is slightly inferior to what has been
observed in previous reports.'”'® To the best of our knowl-
edge, this is the largest series of lung cancer patients evaluated
in both tissue and plasma for the presence of KRAS mutation
and dynamically analysed during treatment for the presence
and quantitative change of KRAS mutation. Evidence about
KRAS detection in plasma is rather limited and potential
applications include the detection of acquired resistance
mechanisms in ALK-rearranged disease.'®?° Overall, data about
the potential prognostic/predictive role of KRAS mutation
detected in cfDNA at baseline are controversial.?'?? In our
experience, the presence of the KRAS mutation at baseline has
no clear prognostic value in the overall study population,
although we cannot exclude that this result might be due to
the relatively low number of patients included. It is also not
associated with clinical parameters commonly used to identify
negative clinical prognostic factors (number of metastatic sites,
presence of extra-thoracic disease and presence of liver or
bone metastasis).

In our study, dynamic modification of KRAS mutation in plasma
evaluated at early time-points was associated with outcome
endpoints. In particular, patients who are negative at baseline and
become positive after 3 or 4 weeks from the start of systemic

treatment showed shorter PFS and OS. In this context, the absence
of KRAS mutation at baseline might be not only related to
technical limits but also to biological reasons, such as tumour
burden and levels of tumour shedding. In any case, relatively low
sensitivity of the method at baseline does not limit the potential
applications of the findings, since the increase in MAFA from
negative to positive value has the strongest impact on outcome in
our experience. The analysis was performed at early time-point
and before radiological evaluation and permitted to add informa-
tion with respect to baseline evaluation. Overall, the results
indicate potential usefulness of early monitoring through liquid
biopsy and a potential stronger effect of dynamic analysis, when
compared to static analysis.

The concept of monitoring tumour burden and therefore
biological effects of treatment by analysing circulating biomarkers
has been known for long, but only recently the availability of
techniques able to detect circulating tumour DNA has opened
new perspectives.>® In lung cancer, the first experiences concern
EGFR-mutated disease.'’?>™?” Recently, Kruger et al.'* explored
the role of KRAS mutation in plasma and its changes at different
time-points as a marker of early prediction of response to
treatment in advanced pancreatic cancer patients treated with
first-line chemotherapy. On the other hand, the most useful
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Fig. 3 Clinical benefit according to longitudinal liquid biopsy analysis in patients treated with chemotherapy (CT) or immune checkpoint
inhibitors (ICls). The figure depicts the duration of treatment, persistence of clinical benefit and radiological response according to MAFA
variation from T1 to T3 in patients treated with CT (a) or ICls (b). MAFA variation from T1 to T3 are plotted as horizontal bars; the timing of T2
and radiological evaluation (corresponding to T3) are indicated by the asterisk and diamond, respectively. Radiological response at T3 is
reported, as specified in the figure caption. Lines interrupted by black triangle and arrows represent progressive disease and persistence of
response after T3, respectively. PD: progressive disease; SD: stable disease; PR: partial response.
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Fig. 4 Specific pattern of response according to longitudinal liquid biopsy analysis in patients treated with immune checkpoint
inhibitors (ICls). a The figure shows the dynamic monitoring of patient #17 Il harbouring KRAS G12D mutation, during immunotherapy. She was a
48-year-old woman, heavy smoker. Baseline CT scan was acquired 28 days before the administration of nivolumab and first liquid biopsy (T1). After
4 weeks (T2), liquid biopsy revealed an increase in allelic fraction (10.8% versus 0%). The patient thus presented worsening clinical conditions and a
CT scan was performed ahead of schedule showing disease progression. Patient died only 23 days later. Radiological review of CT scans confirmed
that the radiological changes are consistent with the definition of 'hyper-progression. Diamond symbols indicate liquid biopsies. b The figure
shows dynamic monitoring of patient #112, a woman with active smoking habit. At baseline, liquid biopsy showed a MAFA of 32.8%. After 3 weeks
(T2), MAFA dropped to 1.2% and liquid biopsy was negative for KRAS mutation at the time of radiological evaluation (T3). The patient had partial
response (T3) and she is currently under treatment, experiencing persistent clinical benefit. Diamond symbols indicate liquid biopsies.
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application of dynamic monitoring of biological effects of
treatment in plasma is likely to be in patients treated with ICls.
While results of clinical trials highlight the urgent need to define
predictive markers, heterogeneous and dynamic mechanisms can
shape immune response during treatment, thus limiting the
potential of static predictive markers. A recent report including
longitudinal analysis of 15 patients diagnosed with different solid
tumours and treated with immunotherapy confirmed the concept
that monitoring tumour-specific mutations in plasma may be a
useful clinical tool. Patients were monitored at baseline and after
8 weeks, underlying potential applications of early monitoring
through plasma genotyping.'" In addition, Goldberg et al.*® have
recently shown that cfDNA response correlates with RR and
prolonged survival in a cohort of 28 NSCLC treated with
immunotherapy. In parallel, longitudinal evaluation of cfDNA also
showed encouraging results in predicting relapse for early-stage
disease NSCLCs.'**®

In our series, the effect of dynamic variation of liquid biopsy at
early time-points is independent of treatment. Indeed, the model
was tested for further evaluation among patients treated with
different kinds of systemic treatments and confirmed that early
evaluation during treatment might affect outcome in both
patients treated with chemotherapy and patients treated with
ICls. Anyway, the most important potential applications concern
the group of patients treated with ICls. Among them, baseline
evaluation has no prognostic value (Supplementary Fig. 3), but
dynamic analysis in plasma at early time-points was able to
identify the risk of progression and death. This kind of analysis
might provide additional information with respect to radiological
imaging, help in the interpretation of RR and anticipating long-
term clinical benefit.

The observation that the only patient experiencing hyperpro-
gressive disease had a different dynamic pattern of KRAS increase
in plasma after 4 weeks also suggests the potential of liquid
biopsy in early identification of patients who may have
detrimental effect from immunotherapy (Fig. 4).">'° In parallel,
patients with extremely elevated levels of MAFA at baseline might
drop during ICI treatment and this was associated with a
favourable outcome, outlining the importance of longitudinal
analyses in the study of further application of liquid biopsy in
patients treated with ICls or ICl plus chemotherapy (Fig. 4).

Measurement of levels of tumour-specific mutations in ¢fDNA at
early time-points could permit to change treatment before
radiological assessment and potentially improve outcome, even
though further analyses are warranted to confirm the observation
in larger case series.

The main limitation of the study is the relatively limited number
of patients analysed per type of treatment received. Indeed, larger
series treated with homogeneous treatment will permit to draw
solid conclusions on the role of this dynamic biomarker. For this
reason, we collected samples from a larger cohort of patients
treated with ICls for further analyses, and we are going to test the
hypothesis also in patients treated with chemotherapy and
pembrolizumab in first-line setting. Another limitation of this
study is represented by the fact that we did not assess the
influence of other potential predictive biomarkers. In this series,
we could not test the impact of co-mutations, such as STK11/LKB1
mutations, or tumour mutational burden, potentially affecting
immunotherapy sensitivity,*® due to the low number of samples
with available data. Larger homogeneous series of patients treated
with immunotherapy will evaluate their impact on our model
when detected in both tissue and plasma. Similarly, due to the
limited number of samples, we could not integrate the model by
including information about PD-L1 expression, and for the same
reason we could not analyse the clinical behaviour of different
KRAS mutations. Follow-up studies will demand exploitation of
NGS to track multiple tumour-specific genetic alterations in
plasma. We are also retrospectively selecting a group of patients

experiencing HPD or early death to confirm our data in this clinical
setting. Finally, an interventional clinical trial has been planned to
verify whether early assessment of KRAS mutation in plasma
during treatment can be used to customise first-line systemic
treatment and decide between monotherapy and combination
therapy with chemotherapy and ICls. In this context, validation
and replacement of the research-use-only ddPCR assay used here
with an in vitro diagnostic assay could reduce turnaround time
and enable real-world use of this dynamic test.

In conclusion, we demonstrated that tracking KRAS mutation in
plasma at early time-points during treatment identifies the risk of
progression and death in advanced NSCLC. This effect was
independent from treatment, but has greater potential applica-
tions in patients treated with ICls. The results open new
perspectives in monitoring systemic treatment in advanced non-
oncogene-addicted NSCLC.
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