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ABSTRACT

Introduction Immune checkpoint blockers (ICBs)
revolutionized the treatment of patients with
advanced non-small cell lung cancer (NSCLC) but
only a fraction of them obtain a response, and clinical
benefit from these treatments is often difficult to
predict. The aim of our study is to unveil the potential
implications of antibody response to previous viral
infections in predicting response to ICBs in patients
with NSCLC.

Methods Sera from patients treated with ICBs

alone, chemotherapy (CT) or a combination of CT-
ICBs were analyzed with VirScan (CDI Labs, USA),

a high-throughput method that comprehensively
analyzes epitope-level antiviral 1gG antibodies via
programmable phage display and immunoprecipitation
sequencing.

Total number of unique positive peptides (tUP) was defined
as the total number of non-overlapping positive “is a hit”
peptides for each patient.

Results Overall, 387 patients were included. Of them,
129 were treated with ICBs alone, 66 with CT-ICBs
and 195 with CT alone. 90 out of 129 patients treated
with ICBs alone received ICBs as a subsequent line of
treatment, while CT-ICBs and CT were administered as
upfront therapies.

A higher tUP was correlated with improved overall survival
in patients treated with ICBs, and confirmed in the
multivariate model (HR 0.43, 95% Cl 0.24, 0.79, p=0.006),
while it was not in those treated with CT-ICBs (p=0.8) and
CT alone (p=0.1).

tUP was not correlated with programmed death-ligand

1 (PD-L1) expression, while at the transcriptome level it
was correlated with several immune-related pathways,
particularly involving B cells.

Conclusion A higher number of viral peptides
recognized by serum antibodies might reflect
increased immune fitness, resulting in improved
outcomes in ICBs treated patients with NSCLC.

,>® Tyler Hulett © 7

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Clinical benefit from immune checkpoint blockers
(ICBs) is difficult to predict and patient’s-based bio-
marker are needed. We hypothesized that antibody
response to previous viral infections might predict
response to ICBs in patients with non-small cell lung
cancer.

WHAT THIS STUDY ADDS

= We found that the number of viral peptider recog-
nized by serum antibodies and positivity for rhinovi-
rus are correlated with improved response to ICBs.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Future research should be performed to further re-
fine our findings and to better define the immune
fitness of patients with cancer, based on antiviral
immune response.

INTRODUCTION
While immune checkpoint blockers (ICBs)
have changed the therapeutic landscape
in advanced non-small cell lung cancer
(NSCLC), leading to a substantial improve-
ment in long-term outcome with an unprece-
dented rate of 5-year survivorship above 30%
for selected cases,' many patients still experi-
ence poor outcome under ICBs.

Programmed death-ligand 1 (PD-LI)
represents the only biomarker that is widely
approved by regulatory agencies, but its
positive and negative predictive values are
suboptimal.®

Moreover, there has recently been a
question raised as to whether an intensi-
fication strategy involving the addition of
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chemotherapy (CT) could improve the efficacy of upfront
treatment for advanced disease. However, little difference
has been observed in unselected patients, while a CT-ree
regimen is associated with better tolerability.

Novel biomarkers to adapt treatment are therefore
needed to improve tailoring for immune checkpoint-
based therapies.

Apart from PD-L1, several other putative biomarker has
been proposed, and many of them are based on tumor
biology. For example, an increase in tumor mutation
burden has been shown to be associated with an improved
response, while the presence of particular mutations such
as STKI11 or KEAP1 seems associated with a worse prog-
nosis under ICBs monotherapy. Other are based on tumor
burden, such as metabolic tumor volume, circulating
tumor DNA-based tumor fraction.” Anyway, as ICBs exert
an indirect action against the tumor by modulating the
immune system, their efficacy depends on the immune
system’s capacity to eliminate cancer cells. Despite the
widespread use of ICBs in anticancer therapy, there
remains an unmet need for an objective method to assess
the immune system fitness before ICBs administration.*

VirScan is a single-well phage display immunoprecip-
itation and sequencing assay, designed for the compre-
hensive detection of antibodies against the viral epitopes
associated with all viruses known to have human tropism.

We worked on the hypothesis that previous immune
responses against virus may reflect the ability of the
immune system to be activated by ICBs.

MATERIALS AND METHODS
Patients
Patients were retrospectively retrieved from two prospec-
tive trials, PREMIS study (NCT 03984318) for patients
who received ICBs alone or in combination with CT and
MSN study (NCT02105168) for those who received first-
line platinum-based CT.

Serum was collected at treatment start and stored at
-80°.

VirScan

VirScan complete methodology has been described else-
where? ¢ Briefly, all viral proteins in the UniProt data-
base with human tropism were collapsed on 90% identity
and bioinformatically parsed into 56 amino-acid peptide
sequences with 28 amino-acid overlaps between adja-
cent tiles to create a synthetic oligonucleotide library;
this library was packaged into a T7 phage display vector
and expanded in Escherichia coli. The expanded T7 phage
library quality is confirmed by sequencing to have >90%
of the library within one log of the overall average clonal
frequency. An aliquot from this library is then reacted with
diluted patient serum or other antibody-containing fluid.
Bound antibodies are immunoprecipitated with protein
A/G beads, the precipitate amplified by PCR, and the
sequences quantified by a next-generation sequencing
and analysis pipeline that compares patientsample

immunoprecipitation (IP) read counts to negative
controls with no antibody input (mock-IPs) in the context
of overall clonal frequency of individual peptides in the
parent library. Output data are then created at both the
peptide and whole-protein level, providing therefore
a quantitative measure of the amount of each epitope-
specific antibody.”®

The total number of unique peptide seropositivity (tUP)
was then calculated as the sum of the non-overlapping,
significantly enriched “is a hit” peptides for each patient.

A second analysis was run based on AntiViral Anti-
body Response Deconvolution Algorithm (AVARDA),
a software package developed to analyze VirScan data
sets results, giving a probabilistic assessment of infection
with species-level resolution by considering sequence
alignment of all library peptides to each other and to all
human viruses, accounting for antibody cross-reactivity
among sequences shared by related viruses and for the
disproportionate representation of individual viruses in
the library, as previously described.’

RNA sequencing

RNA sequencing was carried out using fresh frozen tissue
as previously described, as part of the MATCH-R study
(NCT02517892)."" RNA sequencing data were processed
using Trim Galore (V.0.4.4) for quality control and
transcript quantification was performed using Kallisto
(V.0.44.0) with GENCODE V.27 as a reference. Transcript-
level estimates were aggregated to the gene level (58,288
genes) using TxImport (V.1.16.0), generating both raw
counts and transcripts per million.

To analyze differentially expressed genes according to
tUP, we filtered out genes with very low expression using
a cut-off of 2 counts in 20% of samples and 50 counts in
the whole cohort. A principal component analysis (PCA)
was done on the top 500 variable genes. The R package
DESeq2 V.1.34.0 was then used to generate PCA plots to
detect and filter out outliers, then identify differentially
expressed genes with respect to tUP, adjusted on the
biopsy site. False discovery rates (FDR) were computed
using the Benjamini-Hochberg method and an FDR cut-
off of 0.05 was applied. Using log-fold change ranked
values from differentially expressed genes, we performed
enrichment analyses using the clusterProfiler package
(V.4.2.2) with the Hallmark Gene Sets and the ontology
gene sets from the Molecular Signatures Database using
an FDR of 0.1%.

Statistical analysis
Continuous variables were described by their median and
compared by a Student’s or Mann-Whitney test, when
appropriate. Associations between continuous variables
were analyzed with a Spearman test. Categorical variables
are presented as percentages and compared using a * or
Fisher’s exact test when appropriate.

Overall survival (OS) is defined as the time from treat-
ment initiation to death. Predictors of Progression Free
Survival (PFS) and Overall Survival (OS) were analyzed
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using univariate and multivariable Cox models. Penalized
smoothing splines approach was used to assess linearity
in a multivariable cox models. Log transformation was
applied for non-normally distributed variables.

For each test, a difference was considered significant if
p<0.05.

Leiden clustering was used for dimensional reduction
on peptides whose log-fold change was positive in at least
5% of the patients.'' For each of these clusters, the first

principle component was extracted in order to get one
feature per peptide-cluster, denoted as “group_X”, where
X is the identifier of the group.

For machine learning, all input features were stan-
dardized. These features were used to train a Cox model
from sksurv (Il ratio=0.9) to predict the OS. Three
different models were trained, based on three groups
of patients depending on their treatment (CT, immuno-
therapy, or the combination of the two). The best alpha

Table 1 Baseline characteristics of the three cohorts of patients treated with immune checkpoint blockers alone (ICBs), ICBs
in combination with chemotherapy (CT-ICBs) or CT alone (CT)
ICBs CT-ICBs CT
Characteristic N=126* N=66* N=195* P valuet
Sex 0.7
Female 49 (39) 22 (33) 74 (38)
Male 77 (61) 44 (67) 120 (62)
Bone metastasis (yes) 52 (41) 33 (50) 73 (38) 0.2
Liver metastasis (yes) 17 (13) 10 (15) 24 (12) 0.8
Brain metastasis (yes) 34 (27) 24 (36) 36 (19) 0.010
ECOG PS 0.012
0-1 93 (74) 46 (71) 164 (85)
>2 33 (26) 19 (29) 29 (15)
Unknown 0 1 1
Age 67 (58-73) 63 (56-70) 61 (54-68) 0.001
Smocking habits 0.6
current/former 113 (90) 62 (94) 179 (93)
Never 12 (9.6) 4 (6.1) 14 (7.3)
Unknown * 0 3
PD-L1 TPS 0.005
0% 32 (27) 24 (41) 25 (53)
1-49% 31 (26) 19 (33) 9(19)
>50% 56 (47) 15 (26) 13 (28)
Unknown 7 8 149
LDH >0.9
<ULN 82 (68) 41 (67) 106 (66)
>ULN 39 (32) 20 (33) 55 (34)
Unknown B 5 33
Number of metastatic sites 2.00 (1.00-3.00) 3.00 (2.00-4.00) 1.00 (1.00-2.00) <0.001
dNLR 2.9 (2.0-4.5) 4.0 (2.6-6.7) 2.7 (1.7-7.3) 0.005
Histology <0.001
Non-squamous 91 (72) 56 (85) 176 (91)
Squamous 35 (28) 10 (15) 18 (9.3)
Line of treatment
First line 45 (36) 66 (100) 195 (100)
Advanced lines 81 (64) 0 0
Unique peptide seropositivity count 277 (219-368) 261 (211-329) 351 (260-450) <0.001

*n (%); median (IQR).
tPearson’s x2 test; Kruskal-Wallis rank sum test.

dNLR, derived neutrophil to lymphocyte ratio; LDH, lactate dehydrogenase; PD-L1, programmed death-ligand 1 ; ECOG PS, Eastern
Cooperative Oncology Group performance status; TPS, tumor proportion score; ULN, upper limit of normality.
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parameter of the Cox model is computed with 10-fold
cross-validation.

Statistical analyses and figures were performed using R
studio software V.2022.12.0+353 and Python, V.3.9.

RESULTS

Overall, 387 patients were included. Of them, 129 were
treated with ICBs alone, 66 with ICBs in combination with
CT and 195 with CT alone. The main characteristics of
the three cohorts are summarized in table 1.

Patients treated with ICBs had an older age at treat-
ment start as compared with other treatment groups (67
years vs 63 and 61 for CT-ICBs combination and chemo,
respectively), a higher proportion of PD-L1 high tumors
and squamous subtype. Moreover, 90 out of 129 patients
treated with ICBs alone received ICBs as a subsequent
line of treatment, while CT-ICBs and CT were adminis-
tered as upfront therapies.

Median follow-up was 40.1 months for ICBs (95% CI
35.9, 45.3), 31.4 months for combination of CT and ICBs
(95% CI 31.2, 35.1) and 48.7 months for CT alone.

Median OS for patients treated with ICBs alone was
11.8 months (95% CI 7.9, 14.6) versus 24.4 months for
CT-ICBs combination (95% CI 12.3, 30.9) versus 12.1 for
CT alone (95% CI 8.6, 16.3).

Unique peptide seropositivity count
We first analyzed the tUP. Median tUP was 277 for ICBs
(IQR 219-368), 261 for CT-ICBs (IQR 211-329) and 351
for CT alone (IQR 260-450).

tUP was inversely correlated with age (rho -0.28,
p<0.0001) while no correlation was seen with other
parameters such as lactate dehydrogenase (p=0.3), liver

metastasis (p=0.14), bone metastasis (p=0.12), Eastern
Cooperative  Oncology Group Performance Status
(ECOG PS) 2 or more (p=0.28), smocking status (p=0.24)
or PD-L1 tumor proportion score (p=0.09).

We also analyzed, in a subset of 179 patients, the correla-
tion of tUP with serum immune globulins concentration,
finding none for IgG (p=0.876), IgM (p=0.611) and IgA
(p=0.488).

In patients treated with ICBs, tUP was correlated with
OS in univariate analysis, and confirmed in the multivar-
iate model (HR 0.43, 95% CI 0.24, 0.79, p=0.006), while
it was not in those treated with CT-ICBs (p=0.8) and CT
alone (p=0.1), table 2 and online supplemental figure SI.

We then analyzed the UP for each species. We selected
only those species with at least 5% positivity of the popula-
tion (at least one peptide) and an average of two peptides
or more in positive patients as previous work highlighted
the need to improve specificity,” and we did not find any
significant enrichment after FDR correction, although
a trend was seen with increased UP against common
viruses such as coxsackievirus, rhinovirus and influenza
virus being generally associated with improved prognosis
under ICBs (online supplemental table S1).

AVARDA algorithm
With the aim to determine if serum positivity against
specific viruses was responsible for the observed correla-
tion, we used the AVARDA algorithm to deconvolute
VirScan results, obtaining a list of viruses for each patient
with a high probability of serum positivity (p<0.05).

As expected, the most represented virus were Epstein-
Barr virus (98%) followed by rhinovirus A (93%), rhino-
virus B (80%).

Table 2 Multivariate analysis for overall survival (OS) in immune checkpoint blockers (ICBs) alone, ICBs in combination with

chemotherapy (CT-ICBs) or CT alone (CT)

ICB OS CT-ICBs OS CT OS
Characteristic HR 95%CI Pvalue HR 95%Cl Pvalue HR 95%ClI P value
tUP(log) 0.39 0.21,0.74 0.004 2.48 0.38,14.3 0.4 0.70 0.46,1.06 0.10
PD-L1 TPS 0.98 0.97,0.99 <0.001 0.99 0.96,1.01 0.3
Histology (Sq vs nSq) 1.37 0.77,2.45 0.3 3.94 1.56,16.8 0.007 0.88 0.47,1.64 0.7
Smocking (never vs current/former) 1.24 0.56,2.72 0.6 0.94 0.15,2.17 0.4 2.12 1.28,3.52 0.004
ECOG PS (>2vs 0-1) 1.81 1.05,3.13 0.034 049 0.29,8.17 0.6 0.75 0.42,1.35 0.3
Liver metastasis (yes vs no) 1.14 0.49,2.64 0.8 1.67 0.82,12.0 0.093 1.66 1.10,2.50 0.016
Bone metastasis (yes vs no) 1.15 0.67,1.97 0.6 3.20 0.60,6.61 0.3 2.33 1.58,3.55 <0.001
Brain metastasis (yes vs no) 1.50 0.87,2.61 0.15 0.35
LDH high vs low 2.36 1.39,4.01 0.002 2.63 0.94,1.05 0.8 0.99 0.97,1.01 0.2
Age 1.01 0.98,1.03 0.7 0.99 045,149 0.3 1.31 0.76,2.26 0.3
dNLR (>3vs <3) 2.64 0.88,7.90 0.082 4.75 0.70,1.87 0.6 1.20 1.00,1.43 0.049
Number of metastatic sites 0.90 0.72,1.12 0.3 1.19 0.71,1.99 0.5 1.10 0.71,1.71 0.7

Treatment line (second or more vs first) 1.13

0.58,2.16 0.7

dNLR; derived neutrophils to lymphocyte ratio.ECOG PS, Eastern Cooperative Oncology Group performance status; LDH, lactate
dehydrogenase; nSq, non-squamous; Sq, squamous; TPS, tumor proportion score; tUP, total number of unique peptide seropositivity.
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As cytomegalovirus serology was available for 177
patients, 111 of which were positives, we first assessed the
concordance between AVARDA Citomegalovirus (CMV)
results and CMYV serology for these patients, finding a
high concordance between the two techniques (Cohen’s
k=0.9, 95%CI 0.84, 0.97). No correlation was found
between CMYV serology and OS (p=0.6).

No correlation was found between the number of posi-
tive virus as detected by AVARDA and OS of ICBs (p=0.23).

Virus with a frequency lower than 5% of patients were
excluded.

In univariate analysis, positivity for rhinovirus group A
resulted significantly associated with improved OS after
FDR correction (HR 0.31, 95% CI 0.16, 0.60, p=0.0006,
p adjusted p=0.0346) and was confirmed in a multivar-
iate model including other biomarkers (HR 0.37, 95% CI
0.18, 0.75, p=0.006). Positivity for rhinovirus group B was

Strata =+ Rhinovirus_, 0: =~ RI

also associated with OS before FDR correction (p=0.029),
but not after correction (figure 1). The trend was the
same for the first line and pretreated ICBs (online supple-
mental figure S2).

No serum positivity was associated with OS in CT-ICBs
or CT group after FDR correction.

Exploratory analysis of machine learning

In order to further explore the data, Leiden clustering
was run on peptides to create 45 clusters of highly-
correlated peptides (online supplemental figure S3 and
table S2).

For each of these clusters, the first principle component
was extracted in order to get one feature per peptide-
cluster, denoted as “group_X”, where X is the identifier
of the group.

p = 0.00027
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Figure 1 Kaplan-Meier curves for overall survival according to AntiViral Antibody Response Deconvolution Algorithm algorithm

positivity or negativity for rhinovirus A (a) and rhinovirus B (b).
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A model was trained that showed no specific cluster
was associated with improved OS in none of the cohorts
(online supplemental figure S3).

RNA sequencing analysis
In order to evaluate the biological correlates of the tUP
at tumor level, we retrieved the transcriptome data for
27 patients treated with ICBs that were included in the
MATCH-R study, for whom RNA sequencing was available.
Enrichment analysis showed that different Gene
Ontology Biological Process pathways were increasingly
activated with increasing tUP (figure 2). Among these
pathways, were listed the activation of the immune
response, immune response regulating cell surface-
receptor signaling pathway, immune response signaling

pathway, antigen receptor-mediated signaling pathway,
B-cell receptor signaling pathway, complement activa-
tion, humoral immune response mediated by circulating
immunoglobulin, immune globulin production, produc-
tion of molecular mediator of immune response and
adaptive immune response.

DISCUSSION

In this paper, we described for the first time how an

immune response against common viral infections might

be used to predict the response to cancer immunotherapy.
Our data suggests that patients whose serum anti-

bodies are capable of recognizing a higher number of
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unique viral peptides have an improved prognosis when
treated with ICBs. When going to the species level, this
correlation was especially seen with more common
viruses, such as rhinovirus, coxsackievirus and entero-
virus. We believe that our results indicate that having
antibodies against a higher number of viral peptides is a
sign of immune system fitness which, in turn, affects the
immune response against cancer. On the other side, the
effect seems to be absent in the CT cohort, supporting
that our observation is linked to immune fitness, and in
the CT-ICB cohort, suggesting that an intensified regime
might overcome it. This is consistent with previous
evidences on antibiotic therapy, for example, that is
known to be associated with reduced immune response
against tumor but its detrimental effect can be compen-
sated by the synergistic interaction between ICBs and
cytotoxic CT."

Antibodies are indeed secreted by B cell and constitute
their receptor, and therefore the polyclonality of anti-
bodies against specific viruses is the reflection of distinct
antigen-specific B cells populations.

B cells have been long considered as secondary in
the development of antitumor responses, while recent
evidences are highlighting their importance in the
context of ICB for cancer treatment. For instance, B-cell
transcriptomic markers have been described as the most
differentially expressed genes in discriminating between
responders versus non-responders in the context of
neoadjuvant ICBs, with B cells being especially localized
within tertiary lymphoid structures (TLS)." In turn, TLS
are associated with augmented response in advanced
diseases."

Moreover, while T cells are the key player in anticancer
immunotherapy, being those actively killing the tumor,'
it has been shown that there is a strong link between T-cell
and B-cell response, as basically there is no T-cell response
without the corresponding B-cell response.'®!” Therefore,
it is conceivable that a higher plasticity of B-cell reflects a
higher plasticity of T-cell repertoire.

This is consistent also with the correlation found with
age, showing a decreasing tUP for elderly patients.

As the most significant peptides come from rhinovirus,
coxsakievirus and enterovirus, our hypothesis is that the
frequency of infection from these viruses could balance
the variable and unknown time between the infection
and blood sample taken, which creates a ground noise in
VirScan data due to the retrospective nature of the study
and lack of information about viral infections or vaccina-
tions timing.

When we went to the transcriptome level, we found
that tUP correlated with several pathways implicated in
immune response and especially B-cell response, thus
further corroborating this interpretation of our findings.

Among the limitations of this work, the retrospective
nature did not allow to collect the data about the time
of infection or vaccination. It is known that antibodies
typically reach a peak in weeks after infection and then
decrease in months. For influenza, for instance, the peak

is reached after 4-7 weeks and drop to pre-infection levels
after around 1 year."

As the antibody profile may depend on the time between
infection and sample collection, this could constitute a
confounder. Moreover, different exposure and severity of
the infection can also play a role.

Finally, due to these limitations and to the lack of a vali-
dation cohort, it is essentially a proof-of-concept study.

In perspective, future studies should overcome this
limitation by studying the response to a particular virus
in the context of a controlled exposure, as it might be the
case of vaccination. In this sense, a correlation between
a higher humoral response after COVID-19 vaccination
and improved outcome under ICBs was seen in a small
cohort of patients, thus reinforcing the idea of deducing
the immune fitness of the immune system against cancer
by studying the immune response to viruses.'’ Otherwise,
this approach could be of interest in those cancer that are
mediated by viral infections, such as Human Papilloma
Virus (HPV) positive cancers.
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