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Simple Summary: The non-invasive characteristic of liquid biopsy enables an increase in the potential
of VAF analysis in monitoring tumor progression, remission, and recurrence during or after treatment.
Moreover, the use of VAF analysis appears to be beneficial in making treatment decisions. Several studies
have been performed on patients with NSCLC to evaluate the possibility of VAF usage. However, several
issues require better understanding and standardization before VAF testing can be implemented in clinical
practice. In this review, we discuss the difficulties in the application of ctDNA VAF analysis in clinical
routine, discussing the diagnostic and methodological challenges in VAF measurement in liquid biopsy.
We highlight the possible applications of VAF-based measurement in the monitoring of personalized
treatment in patients with NSCLC who are under consideration in clinical trials.

Abstract: Despite the different possible paths of treatment, lung cancer remains one of the leading
causes of death in oncological patients. New tools guiding the therapeutic process are under scientific
investigation, and one of the promising indicators of the effectiveness of therapy in patients with NSCLC
is variant allele frequency (VAF) analysis. VAF is a metric characterized as the measurement of the specific
variant allele proportion within a genomic locus, and it can be determined using methods based on NGS
or PCR. It can be assessed using not only tissue samples but also ctDNA (circulating tumor DNA) isolated
from liquid biopsy. The non-invasive characteristic of liquid biopsy enables a more frequent collection of
material and increases the potential of VAF analysis in monitoring therapy. Several studies have been
performed on patients with NSCLC to evaluate the possibility of VAF usage. The research carried out so
far demonstrates that the evaluation of VAF dynamics may be useful in monitoring tumor progression,
remission, and recurrence during or after treatment. Moreover, the use of VAF analysis appears to be
beneficial in making treatment decisions. However, several issues require better understanding and
standardization before VAF testing can be implemented in clinical practice. In this review, we discuss the
difficulties in the application of ctDNA VAF analysis in clinical routine, discussing the diagnostic and
methodological challenges in VAF measurement in liquid biopsy. We highlight the possible applications of
VAF-based measurements that are under consideration in clinical trials in the monitoring of personalized
treatments for patients with NSCLC.

Keywords: NSCLC; liquid biopsy; circulating free DNA; circulating tumor DNA; variant allele
frequency; personalized treatment

1. Introduction

Lung cancer is one of the leading causes of death in oncological patients worldwide.
It is histologically classified as non-small cell lung carcinoma (NSCLC) or small cell lung
carcinoma (SCLC). NSCLC occurs more frequently and represents 85% of all lung cancer
cases. It is also divided into three main subtypes: adenocarcinoma (40%), squamous
cell carcinoma (25-30%), and large cell carcinoma (5-10%). Despite the many possible
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therapeutic strategies that can be applied to patients with NSCLC, the responses to them
are still very diverse [1-4].

To enable the selection of beneficial therapy to patients, new biomarkers with potential
clinical applications are still being investigated. Circulating tumor DNA (ctDNA), among
other biomarkers, is attracting much attention from researchers [5]. The significance of ctDNA
analysis in patients with NSCLC has increased in recent years. In contrast to tumor tissue
genotyping, ctDNA isolation from a liquid biopsy is non-invasive and may be performed at
different time points; thus, patients can be monitored over the entire duration of therapy with-
out the risk of biopsy-related side effects. Besides the possibility of more frequent examination,
liquid biopsy enables the genetic testing of patients at a high risk of NSCLC when access to
tissue material is limited [5,6]. Furthermore, ctDNA analysis also has the potential to become a
marker for the detection and monitoring of minimal residual disease (MRD) [7-9].

The recent breakthrough in next-generation sequencing (NGS), and its implementa-
tions into clinical routines, has provided a large variety of measuring metrics that increase
the sensitivity of liquid biopsy testing [10,11]. Variant allele frequency (VAF) in ctDNA
is being considered one of the markers with prospective clinical utility [12]. The possi-
bility of its usage to assess the effectiveness of therapy in patients with NSCLC is being
evaluated [13]. Research results give hope that VAF monitoring may provide information
about response to treatment and patient prognosis, and help in developing optimal therapy.
Furthermore, VAF changes seem to occur quickly, even before radiological evidence of
response is noticeable. However, it should be taken into account that the clinical usage of
VAF requires more broad-based research [14].

Considering the increasing interest in searching for measurable parameters in liquid
biopsy, in this review, we discuss the differentiation of cancer and non-cancer DNA fractions
in liquid biopsy. Furthermore, we indicate the diagnostic and methodological challenges
in VAF measurements in liquid biopsy. Finally, we highlight the possible applications of
VAF-based measurement in the monitoring of personalized treatments for NSCLC that are
already available in research or under consideration in clinical trials.

2. cfDNA

Circulating free DNA (cfDNA) fragments are double-stranded DNA fragments cir-
culating in body fluids, such as peripheral blood, cerebrospinal fluid (CSF), and urine.
cfDNA fragments are short (below 200-220 base pairs, usually 167 bp), and their half-life
in circulation ranges from 5 to 150 min. In healthy individuals, cfDNA is normally at low
concentrations and enters body fluids mostly via apoptosis, neutrophil extracellular traps
(NETs), and erythroblast enucleation [15-18]. Moreover, it was indicated that smaller, aver-
age, and larger-than-average cfDNA fragments may be products of necrosis [19]. cfDNA
concentrations may be influenced by many factors, such as age or smoking status, and,
in general, are higher in older patients compared to younger ones and in smokers com-
pared to non-smokers [20]. It has also been indicated that cfDNA levels may be increased
physiologically, for example, after physical exercise. High ¢fDNA concentrations may also
be affected by pathological processes, such as inflammation or cancer. A summary of the
causes for increases in cfDNA concentrations is presented in Figure 1. The fraction of
cfDNA released by cancer cells is called circulating tumor DNA (ctDNA) [18,21]. While in
oncological patients, the terms cfDNA and ctDNA are commonly used interchangeably, it
is important to understand the differences between them.
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Figure 1. A summary of causes affecting cfDNA concentration increase. Based on [20,21].
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2.1. ctDNA

ctDNA is a fraction of cfDNA released into the bloodstream by primary or metastatic
tumor cells. Cancerous ctDNA and physiological cfDNA can be distinguished by a genetic
background typical of tumors (mutations, rearrangements, or copy number alterations in
selected genes) or by the abnormal methylation of gene promoters [22,23]. Furthermore,
the important difference between ctDNA and cfDNA is their length, ctDNA can either be
smaller or larger than cfDNA. Large ctDNA fragments (above 10,000 bp) may be released
due to tumor cell necrosis [18,22]. However, of greatest interest to researchers are fragments
with a length similar to cfDNA or shorter, as the selection of shorter fragments improves
the ctDNA /cfDNA ratio. Moreover, as studies have proven, cfDNA fragments carrying
mutant alleles are often shorter compared to those with wild-type alleles; thus, an analysis
of shorter fragments may be beneficial during mutant allele frequency evaluation [24-26].
Additionally, the possibility of analyzing fragments with a length exceeding 10,000 bp is
significantly limited due to methodological issues [27].

In oncological patients, the concentration of ctDNA may vary depending on the
cancer type, stage of disease (especially tumor size), and presence of local or distant
metastases [18,28,29]. A study performed on a group of 640 patients showed that ctDNA
was detected more frequently (>75%) in patients with advanced pancreatic, colorectal,
gastroesophageal, hepatocellular, bladder, ovarian, breast, and head and neck cancers or
melanoma, while ctDNA was detected less often (<50%) in patients suffering from primary
brain, prostate, thyroid, and renal cancers [30]. It was also found that ctDNA detection is
positively related to cancer stage. Furthermore, the concentration of ctDNA is higher in
patients with metastatic cancers compared to groups with localized disease [30,31]. Another
study, including a group of 88 NSCLC patients, showed that ctDNA detection is more
frequent in patients with more advanced cancer (ctDNA was detected before treatment in
24%, 77%, and 87% of patients with stages I, II, and III of the disease, respectively) [32].

2.2. ¢fDNA and ctDNA Differentiation

Nowadays, it is impossible to differentiate ctDNA from normal cfDNA during nucleic
acid isolation. This is because the similar lengths of both ctDNA and cfDNA are extracted
under the same conditions. The most common approach to discriminate those nucleic
acid types is to analyze tumor-specific mutations or methylation patterns within the ex-
tracted material [17,18]. It is also possible to focus on quantitative changes. For instance,
deleted regions in tumor cells” genomes should be underrepresented in ctDNA. Moreover,
overrepresented sequences amplified in tumor cells may be observed at the copy number
alteration (CNA) level in many patients with cancer [15]. However, to differentiate ctDNA
from cfDNA at the molecular level, a proper assay must be selected; thus, knowledge about
the type of cancer is indispensable [14].

Tumor-specific mutations and rearrangements in ctDNA may be analyzed during
whole genome sequencing (WGS) or targeted sequencing. There are few assays targeted
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at specific patient cohorts that have been approved by the FDA (Food and Drug Ad-
ministration) [18,33,34]. Currently, these tests apply for the assessment of prognosis and
qualification for treatment but not for cancer screening [18,33]. During genotyping and
distinguishing ctDNA from normal cfDNA, it is important to take into consideration the
clonal hematopoiesis phenomenon, which stands behind the presence of somatic mutations
in hematopoietic cells, as well as the fact that peripheral blood cells (PBCs) are a significant
source of cfDNA in the bloodstream. Not considering clonal hematopoiesis in genotyping
may lead to falsely categorizing white blood cell mutations as tumor-specific mutations.
It is especially important in elderly patients in which clonal hematopoiesis occurs more
often due to normal apoptotic processes [23,35]. One of the possibilities to eliminate false
positive genotyping in liquid biopsies is a comparison of results between the sequencing
of ctDNA and genomic DNA (gDNA) of tumor biopsy delivered from the same patient.
This is viable due to approximately 60-80% mutation compliance in ctDNA and DNA
from cancer cells of various cancers. The second option to distinguish ctDNA from normal
cfDNA is a comparison of the mutation landscape between cfDNA and gDNA isolated
from white blood cells, considered the normal match, which delivers a large repertoire of
clonal hematopoietic alterations [18,36,37].

On the other hand, an analysis of methylation can be used to identify the kinds of cells
that release cfDNA into the bloodstream and may become a powerful tool in distinguishing
cfDNA from ctDNA. The discrimination of DNA released from “healthy” and tumor cells
may be helpful in spotting tumor origin [38,39]. This kind of differentiation of normal
cfDNA and ctDNA is possible due to the variety of methylation patterns in normal and
cancer cells. In particular, the increased methylation of suppressor genes may be one of
the first noticeable changes during tumorigenesis. Due to this fact, an analysis of CpG
island (CGI) methylation seems to be a promising biomarker of neoplastic processes in
various cancer types. Numerous DNA methylation biomarkers are already known and
collected in The Cancer Genome Atlas (TCGA; http:/ /cancergenome.nih.gov (accessed on
27 December 2023)), but it is necessary to increase their sensitivity and specificity before
they can be widely clinically used. Nevertheless, several tests based on the analysis of
suppressor gene methylation in liquid biopsies (e.g., peripheral blood and bronchoalveolar
lavage) have been approved for in vitro diagnosis (IVD) of various cancers (e.g., colorectal
cancer and NSCLC). Moreover, it has been considered that methylation haplotyping of
ctDNA may be useful for early tumor detection, an assessment of progression, and the
confirmation of the metastases’ presence [40—42].

In the ctDNA of cancer patients, it is also possible to quantitatively detect large
changes, such as chromosomal rearrangements and CNAs. Research conducted by Jiang
etal. on hepatocellular carcinoma patients showed that the size of chromosomal arms (with
and without deletions) in tumor tissue reflected the size in ctDNA. If the chromosomal arm
was amplified in cancer cells, its contribution to plasma DNA was proportionally increased,
and when it was deleted, its contribution was decreased [43]. Sivapalan et al. focused
on, among others, plasma aneuploidy in small cell lung cancer (SCLC) patients as well.
During their contributed research, they found plasma aneuploidy of specific chromosomes
in ctDNA, and the aberrations detected in ctDNA were reflected in changes in tumor tissue.
However, to differentiate tumor-derived aberrations from biological noise and changes
related to clonal hematopoietic, a highly optimized NGS assay and computational error
correction were applied [44].

Calculations relying on the dependencies described above are being used in some
studies. The Tumor Fraction Estimator (TFE) is based on the measurement of tumor
aneuploidy. In the TFE, the calculation of the ctDNA fraction is possible due to the
comparison of tested sample sequencing with a set of samples with well-known tumor
fractions [45]. The second algorithm, maximum somatic allele frequency (MSAF), is based
on the measurement of the maximum somatic allele frequency of somatic and likely somatic
mutations in ctDNA. MSAF considered that those frequencies’ participation correspond
to the abundance of ctDNA in cfDNA. Unfortunately, MSAF does not consider clonal
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hematopoiesis; thus, in many cases, TFE is more often recommended [45,46]. On the other
hand, Schrock et al. observed in NSCLC patients that a lower MSAF level was associated
with a higher risk of missing important genomic alterations in the plasma, such as exon
19 deletion and p.Thr790Met substitution in the EGFR gene [47]. Moreover, in a B-F1SRT
study, an MSAF of <1% was associated with a higher response rate and better PFS during
atezolizumab therapy in advanced NSCLC, but this effect was dependent on baseline
tumor mutation burden (TMB) [48,49]. Gandara DR et al. suggested that a low MSAF could
contribute to a poorer consistency between TMB in the bloodstream (bTMB) and tumor
(tTMB) [50]. Incorporating MSAF with bTMB can partially improve the differentiation
between patients with or without survival benefits from immune checkpoint inhibitors
(ICIs). MSAF alone or in combination with bTMB can effectively distinguish NSCLC
patients with or without OS (overall survival) and PFS (progression-free survival) benefit
from atezolizumab compared with docetaxel. MSAF and the combined bTMB-MSAF
classification may become practical, non-invasive biomarkers for atezolizumab efficacy in
advanced NSCLC patients [49]. However, MSAF clinical value requires confirmation in a
larger cohort within a standardized clinical trial.

3. Variant Allele Frequency (VAF)

The breakthrough in ultra-deep and sensitive metrics for mutation analysis in cancer
patients has provided a modern approach to ctDNA analysis that focuses on variant allele
frequency (VAF) [51]. However, in the literature, VAF is often substituted by mutant allele
frequency (MAF), which carries the same meaning. However, the term MAF may also
be used as minor allele frequency and refers to the frequency of germline alleles in large
cohorts analyzed by genome-wide association studies (GWASs) [52]. For this reason, a
good practice is to use VAF as a metric of cancerous variants. VAF is a metric character-
ized as the measurement of the specific variant allele proportion within a genomic locus
determined by both NGS- and PCR-based methods (Figure 2) [17,53]. The prognostic and
predictive roles of VAF have been evaluated across different studies [12,54-57]. However,
any validated VAF thresholds may increase its clinical utility. This may be due to the
limited standardization between diagnostic assays used in variant detection [53]. On the
other hand, VAF provides insights into tumor clonality in somatic genomic testing, yielding
a strong rationale for targeting dominant cancer cell populations that may pave the way
for a new decision-making tool for targeted therapy selection [58].

number of reads with a pathogenic variant
VAF = x100%

number of reads with pathogenic variant + number of reads without variant

100

Exemplary VAF = x100% = 4.76%
100 + 2000

Figure 2. Method of VAF calculation in cancer patients using NGS technology.

VAF refers to a fraction of alleles carrying a specific genomic alteration [13]. A high VAF
value suggests that a high percentage of tumor cells carry a particular genomic alteration. In
such situations, targeted therapy may be easier to select and more effective [17,53]. Conversely,
low VAF values suggest the low clonality of the genomic alteration [59,60]; thus, targeted
therapy may be less effective because of the presence of other subclones carrying distinct
genomic profiles [53,61]. Moreover, VAF may allow distinguishing driver mutations from
passenger mutations since driver mutations refer to genomic alterations that directly contribute
to the development and progression of cancer [62,63]. In this situation, high VAF occurs
in genes that confer a selective clonal selection of cancer cells [53]. By contrast, passenger
mutations represent genetic alterations that occur randomly in cancer cells, resulting from
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genetic instability. For decades it was considered that passenger mutations do not directly
contribute to the progression of cancer [53,59]; however, previous comprehensive pan-cancer
studies have indicated that passenger mutations may have important functional roles in driving
cancer, as well as playing roles in tumor progression [64,65]. Moreover, passenger mutation
analysis may allow an accurate classification of human tumors [66]. On the other hand,
passenger mutations are not so actively promoted or enriched in the cancer cell population as
drivers [63]; however, an analysis of their VAF may allow the measurement of the fitness of
cancer cells, as well as the anti-tumor effects of chemotherapies [67,68].

Both metrics obtained from PCR- and NGS-based methods enable VAF calculation.
VAF analyses based on PCR, e.g., digital PCR-based method (ddPCR) and Beads, Emulsion,
Amplification, and Magnetics (BEAMing), provide high sensitivity and are more cost-
effective than VAF calculated by NGS results [69,70]. However, NGS-based methods (such
as whole exome sequencing, whole genome sequencing, or targeted sequencing) enable
better genome coverage and the selection of the appropriate sequencing depth, allowing
for the distinction of sequencing artifacts, as well as germline and somatic mutations [53].

One of the most concerning issues of VAF usage in liquid biopsy is a low concentration
of ctDNA carrying the driver mutations in plasma. This limitation may affect the sensitivity
of the detection method and lead to false negative results. Potentially, this problem can
be eliminated by using larger plasma volumes for ctDNA extraction [53,71]. However, the
ctDNA yield depends on many factors, starting with the pre-analytic conditions and chosen
isolation assay, through to the type and stage of the tumor, and ending with the patient’s age.
Moreover, cancer progression will also affect the ctDNA /cfDNA ratio [45,72]. At the step
of sample preparation, it is important to centrifuge blood as soon as possible after collection
to lower the risk of DNA contamination caused by cell lysis [73]. Various protocols suggest
proceeding with centrifugation at different temperatures and speed conditions, depending
on laboratory equipment; however, in general, centrifugation for 10 min at 1000-2000x g
using a refrigerated centrifuge allows obtaining high-quality plasma, while centrifugation
for 15 min at 2000x g removes platelets from the plasma [74]. Some protocols consider two
cycles of centrifugation: the first cycle is performed at a lower speed to separate the plasma
from morphotic elements, and the second one, at a higher speed, enables the reduction of
cellular debris [75,76]. In the end, the prepared plasma can proceed immediately for further
laboratory steps or be stored at —20 °C. Freezing at —80 °C is also acceptable, especially if
long-term storage of the material is planned. However, it is recommended to avoid thawing
and refreezing of plasma, which decreases its quality [76-78]. Although, in contrast to
the isolation of DNA from FFPE (formalin-fixed paraffin-embedded) tissue, the usage of
ctDNA does not involve formaldehyde contamination that may provide relatively fewer
artifacts or unspecific results in analysis. Due to this, deamination does not affect ctDNA,
and the risk of false positive results is lower in liquid biopsy [79]. Furthermore, single
tissue collection by biopsy is related to a higher risk of tumor heterogeneity-related biases,
while ctDNA is shed by all apoptotic or necrotic tumor cells, providing a representative
material of the whole cancerous process for comprehensive genetic analysis [80-82].

Usage of ctDNA VAF Analysis

The potential clinical application of VAF is related to the possibility of prognosis assess-
ment or treatment response monitoring. It is considered that a high VAF rate in blood correlates
with a large tumor volume [83,84], and especially with TMB, it may correlate with a worse
prognosis [53]. Research conducted on different groups of patients showed an inversely pro-
portional relationship between VAF and overall survival. This correlation occurred regardless
of tumor type, which suggests the relevance of pre-treatment VAF analysis in the prognosis
assessment of various patient groups. Moreover, it has been indicated that a higher VAF may
be associated with shorter PES regardless of therapy type [55,85,86].

Assessing predictive value and utility in the therapy selection of VAF is a consideration
of interest to researchers. Different studies have indicated that a decrease in VAF correlates
with response to therapy. Analogously, an increase in VAF may result from disease progression
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or recurrence. Moreover, VAF change could be noticeable earlier when compared to the
radiographic or clinical evidence of response. It is also considered that VAF analysis can be
used during assessment if adjuvant therapy would be beneficial and help to determine optimal
treatment management [14,87,88]. Also, the introduction of VAF into the analysis of copy
number variants (CNVs) may provide the optimal strategy for calling somatic CNAs [89].
However, CNV analysis alone seems to have higher predictive value, while VAF alone may be
valuable in monitoring response to treatment. This way, CNV and VAF may complement each
other during therapy decision making in certain groups of patients [90].

4. Assessment of Therapy Effectiveness in NSCLC Patients Based on VAF

Research performed on NSCLC patients indicated the potential clinical utility of VAF
as a marker of response to various types of treatment. Most studies have focused on
monitoring the dynamics of changes in mean or maximum VAF detected in ctDNA [91-93].
At this time, information about specific variants that are useful in assessing the effectiveness
of therapy is limited. This issue seems to be of great interest to researchers, and the results
are promising [91,93]. Firstly, VAF dynamics changes in patients treated with adjuvant
chemotherapy correlated with radiological recurrence. In addition, it was suggested that
VAF analysis may correlate with the risk of MRD and could potentially be used in the
real-time monitoring of recurrence in patients after resection [7]. Unfortunately, low VAF
values in patients with MRD may not be sufficient to reach the detection limit of currently
used methods [37,81,94].

In a study performed on a group of 22 advanced NSCLC patients treated with im-
munotherapy (the anti-PD-1 antibody camrelizumab) or immunotherapy combined with
anti-angiogenic therapy (the VEGFR2 inhibitor apatinib), VAF seemed to have potential as a
marker of tumor progression or relief [95]. Studies have shown that a VAF decrease during
therapy corresponds with a reduction in tumor size [14,95]. In 1 patient, out of 22, the tu-
mor maximal diameter did not change after the treatment with combined immunotherapy,
while VAF decreased. After initial stabilization, this patient experienced partial remission
(PR). This case suggests that the sensitivity of VAF changes may be higher when compared
to the radiographic assessment [95]. Similarly, Raja et al. also observed a change in the
frequency of variants before a radiological response to durvalumab (anti-PD-L1 antibody)
therapy in 42% of patients with bladder or non-small cell lung cancer [14]. Chen et al. have
suggested that monitoring only a few mutations in ctDNA may be sufficient in treatment
response prediction [14,95].

In the third phase of the Camel-sq trial, which included advanced squamous lung cancer
patients treated with camrelizumab in combination with platinum-based chemotherapy plus,
VAF measurements after two cycles of therapy were useful in discriminating patients with PR
from patients with stable disease (SD) or progressive disease (PD). Furthermore, VAF assess-
ment, at this time, showed a stronger correlation with response to therapy compared to ctDNA
concentration analysis at the beginning of treatment or after two cycles [96]. Thompson et al.
analyzed NSCLC patients treated with pembrolizumab (anti-PD-1 antibody) in monotherapy
or in combination with chemotherapy as a first or second line of treatment. The molecular
response was assessed as the ratio of mean ctDNA VAF during treatment to the mean ctDNA
VAF at the baseline for TP53, KRAS, and STK11 genes. It was reported that patients with
response to therapy had significantly lower VAF (<50%) in the 6th week of therapy, which was
followed by longer PFS, OS, and duration of treatment with pembrolizumab. Mutations in
TP53 and KRAS genes occurred with the highest frequency, while the presence of mutations
in the STK11 gene, considered as associated with worse outcomes in patients treated with
pembrolizumab, was also found in several patients [92].

A meta-analysis conducted by Vega et al. included five studies on NSCLC patients treated
with ICIs in monotherapy or in combination with other agents. It was indicated that mean
and maximum VAF values were strongly associated with outcomes, while median VAF gave
inconsistent results. Moreover, the authors did not observe a correlation between baseline VAF
and outcome, although they did not exclude the possibility of this value in clinical usage [91].
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The IMPower 010 study assessed the presence of ctDNA in the blood serum of patients
after surgery and after adjuvant chemotherapy before adjuvant atezolizumab (an anti-PD-
L1 antibody) immunotherapy or best supportive care (BSC). The first analysis indicated
that the use of adjuvant chemotherapy led to a decrease in ctDNA concentrations in
blood sera in 62% of initially ctDNA-positive patients, which was then associated with
a longer time to disease recurrence in the group of patients receiving BSC. It was shown
that atezolizumab, when compared to BSC, reduced the risk of disease recurrence by 30%
in the group of patients with decreased ctDNA concentration observed after adjuvant
chemotherapy. However, no such significant differences occurred in the group of patients
without a decrease in ctDNA concentration after chemotherapy. It also appears that in the
group of patients with a negative ctDNA result after chemotherapy, atezolizumab delayed
the conversion of patients to a positive ctDNA result [97].

Likewise, with regard to the research on ICIs mentioned previously, studies performed in
NSCLC patients treated with ALK tyrosine kinase inhibitors (ALK-TKIs) and EGFR tyrosine
kinase inhibitors (EGFR-TKIs) indicated the potential application of ctDNA and VAF analysis
in therapy effectiveness prediction. Soo et al. investigated VAF for fusion or single nucleotide
variants (SNVs) of the ALK gene in patients who received lorlatinib or crizotinib (CROWN
clinical trial). Different somatic alternations, including somatic variants of the ALK gene,
were analyzed. The VAF change (delta VAF (dVAF)) between the baseline value and the VAF
measured between the 4th and 24th week of treatment was measured. A dVAF < 0, both for
ALK gene alternations and any other somatic alternations, in the lorlatinib-treated group, was
associated with longer PFS and tumor size decrease. However, this correlation was observed
for VAF measured at week 4, but it was not confirmed for VAF analyzed at week 24. This may
suggest the usage of VAF of the ALK gene as a marker of early response [98].

In their case study, Begum et al. demonstrated that VAF analysis in ¢tDNA can be a
tool for the detection and monitoring of response or resistance to treatment with crizotinib
and lorlatinib in NSCLC patients with ROS1 gene rearrangement. The acquisition of
mutations, c.G2101A, in the ROSI gene and changes in VAF detected by NGS indicated
a moment of progression during crizotinib treatment in this patient. The emphasis was
mostly on acquired G2101A substitution in the ROST gene, which seemed to be associated
not only with resistance to crizotinib but also with sensitivity to lorlatinib; thus, it could
guide therapy decision making. Regrettably, extended research and validation of the results
on a larger cohort are still necessary [99].

The application of ctDNA VAF analysis was also examined on a group of NSCLC
patients with EGFR gene mutations treated with osimertinib, the third generation of EGFR-
TKI It was observed that patients included in the group of non-responders had higher VAF
values of specific, actionable EGFR mutations in comparison to responders (patients with
PR or SD). The research suggested that tracking VAF dynamics in ctDNA may have utility
in monitoring response to EGFR-TKI [100].

Vaclova et al. assessed the VAF of p.Thr790Met mutations in the EGFR gene in patients
treated with EGFR-TKI and proposed 30% VAF as a cut-off value to differentiate patients
with clonal (VAF > 30%) and subclonal (VAF < 30%) p.Thr790Met mutations. However,
regardless of the clonality of p.Thr790Met substitution, both groups benefited from the
therapy with osimertinib. The follow-up indicated that after 3 weeks of treatment, the VAF
value decreased, and after 6 weeks, it either decreased or the value remained at a very low
level (VAF < 1%). These observations were independent of clonality status, but were more
variable in the subclonal group [101]. Contrary to the aforementioned studies, Ai et al. did
not observe a correlation between the ctDNA VAF of the EGFR gene and the effectiveness of
EGFR-TKI treatment. However, their study indicated that clonal dominance of EGFR gene
mutations is an independent factor associated with the efficiency of EGFR-TKI treatment
in patients with advanced NSCLC [102]. Furthermore, many current clinical trials aim to
evaluate the VAF clinical value in larger NSCLC patient groups (Table 1).
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Table 1. A summary of clinical trials that are already recruiting NSCLC patients to evaluate VAF

metrics for monitoring the effectiveness of personalized treatment. Data were collected from the

ClinalTrials.gov database (http://clinicaltrials.gov/ (accessed on 4 January 2024)).

Clinical Trials ID

Number of Participants

(Duration) Title Main Location (Sponsor) (Trial Type) Primary Outcomes
A Study to Compare imutations in tDNA
NCT05708599 Tissue and Liquid Biopsies Germany 180 samples over the timescale
02.2023-02.2028 in People With Different Boehringer Ingelheim (Interventional) ples o e timesca
P & & £
Types of Cancer of the patient’s
treatment course
A Study of Local Ablative Lo
NCT05429320 Therapy (LAT) in People (Memorial gli?n Ketterin 117 l\r/ileeaasrll1 r\;ﬁtlllebrezﬁzg?hlsn
(06.2022-06.2025 With Non-Small Cell Lung & (Interventional) Y
Cancer (NSCLC) Cancer Center) after local ablative therapy
Detection of Circulating Increases in VAF or
Tumor DNA After Canad quantifiable ctDNA from
NCT05921474 Stereotactic Ablative (Lawson Haea?thaResearch 100 baseline to post-treatment
(04.2023-12.2023) Radiotherapy in Patients Institute) (Observational) samples (in patients with
With Unbiopsied Lung detectable ctDNA
Tumors (SABR-DETECT) at baseline)
The relative presence of
ProSpecTive sAmpling in primary mutations and
dRiver muTation resistance mutations in
NCT05221372 Pulmonary Oncology Netherlands 1300 plasma levels under the
(02.2017-01.2031) Patients on Tyrosine (Erasmus Medical Center) (Observational) treatment of a small
Kinase Inhibitors molecule kinase inhibitor
(START-TKI) until the progression of
disease measured in VAF
Impact. of Concc.)rmta'nt The correlation between
Genetic Alterations in .
NCT04122833 EGER Mutated South Kgrea . 30 the change m.VAF and
(09.2019-12.2024) Adenocarcinoma by (Konkl.lk University (Observational) drug response In matched
NGS Analysis: Medical Center) tumor tissues before and
A Multicenter Stli dy after TKI treatment
The correlation of SNP
Feasibility Study to allele frequency in genes
NCT05102110 Investigate Rectal Mucus United Kingdom 300 associated with known
(12.2021-12/2023) in Aero-Digestive Tract (Origin Sciences) (Observational) aero-digestive cancers in
Cancer (ORI-EGI-03) paired samples of tumour
type and rectal mucus
yP!
Precision Medicine
Randomized Clinical Trial .
NCT05254795 Comparing Molecular USA 500 The At _Ofef:PNA
(04.2022-12.2036) Tumor Board Assisted (Jill M Kolesar) (Interventional) 1 4 1
Care to Usual overall surviva
Care (PRIMAL)
The determination of
s . . allele frequency of
NCT05782361 szgg};gzggt&fﬁ n (I[r{:tlitti(ieli?%iircrér 38 genomic aberrations
05.2023-02.2028 . . (Interventional) including, but not limited
Pembrol b in NSCLC R h) &
embrolizumab in esearc to, the MET, EGFR, BRAF,
and KRAS genes in plasma
Total clearance of EGFR
Osimertinib Plus mutations at 6 weeks after
AT osimertinib and
NCT03778229 E GFRH?T;‘E@}IE“;’:E‘\ECLC USA 360 savolitinib therapy
01.2019-05.2025 . . AstraZeneca (Interventional) initiation (the percentage
p &
Following Prior
Osimertinib (SAVANNAH) and absolute change from

baseline in EGFR mutation
allele frequencies)
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5. Technical Aspects of VAF Evaluation in NSCLC Patients
5.1. Biological Factors Affecting VAF Measurement

During the analysis of VAF results, it is also important to take into account the possible
influence of other factors on VAF value. For instance, it was shown that tumors with
a high copy number of genes, especially amplification, may have significantly higher
VAF values [103,104]. Nevertheless, it is being considered that the use of parameters
such as AVAF can be valuable in the evaluation of ctDNA changes in patients with low
or undetectable copy number variants and single nucleotide variants [105,106]. ctDNA
concentration and VAF seem to correlate with tumor size; however, due to the detection
limit of currently used platforms, VAF assessment appears to be the most optimal in
patients with a tumor volume of at least 10 cm?, while a smaller tumor volume might
release a borderline amount of ctDNA for sensitive detection [107].

On the other hand, VAF and tumor size may also be dependent on occurring mutations.
A stronger correlation between VAF and tumor size appears in KRAS- and TP53-mutated
tumors compared to EGFR-mutated tumors. Contrarily, NSCLC tumors with TP53 or EGFR
mutations are most likely to shed ctDNA [103]. Moreover, the VAF value may vary in
NSCLC patients depending on the presence and localization of metastatic lesions. Belloum
et al. indicated that patients with oligo-brain metastases had lower VAF values compared
to patients in whom metastases occurred not only in the brain but also apart from the
central nervous system [108]. However, the highest VAF values were observed in NSCLC
patients with metastases in locations other than the brain, especially metastases with high
vascularity in the kidneys, adrenal glands, liver, or spleen [103]. This discrepancy may
result from the presence of blood-brain barriers that hinder the release of tumor cells and
their products, such as ctDNA, into the bloodstream [108].

5.2. Appropriate Methodology Selection

Choosing the optimal tool to calculate VAF seems to be an issue. Research by Cheng
et al. indicated that tumor-informed assay (i.e., a personalized assay based on prior tissue
genotyping) enabled the detection of VAF, rather than tumor-agnostic assay (i.e., an assay
independent of tumor profiling), and frequently presented negative results. The results
suggested the applicability of personalized ctDNA tumor-informed assay in the monitoring
of patients treated with ICIs in monotherapy or combination with chemotherapy in cases
when tissue is not available for examination [109-111]. Furthermore, in patients where
low VAF values are expected, it may be beneficial to choose the ddPCR technique rather
than NGS due to the higher sensitivity of ddPCR. However, it is important to consider that
ddPCR enables the detection of fewer mutations than NGS approaches. Further validation
of methods based on NGS could improve its sensitivity and expand the possibility of VAF
analysis in clinical practice [100,112,113].

Finally, it is also important to remember that ctDNA may be extracted from different
body fluids apart from peripheral blood. In NSCLC patients, bronchoalveolar lavage (BAL) or
bronchial washing (BW) fluid could be analyzed. The concordance of driver mutations present
in BAL or BW fluids with tumor tissue can reach 95% [114]. In the BAL, VAF values and ctDNA
concentration are higher when compared to plasma; therefore, more tumor-driver mutations
can be detected. As a result, a BAL assessment may be especially useful when blood samples
have a low yield of ctDNA. Due to these factors, it is even considered that BAL or BW fluid
analyses may be useful in lung cancer diagnosis, especially in patients with non-diagnostic
biopsies. A crucial disadvantage of those materials” analyses is the necessity of performing
bronchoscopy, which is an invasive procedure. However, bronchoscopy is often performed in
patients with suspected NSCLC due to existing medical indications; therefore, material could
be collected during standard procedures [114-116]. In patients with metastases in the central
nervous system, cerebrospinal fluid (CSF) appears to be another useful source of ctDNA for
VAF analysis. One of the most important possibilities of its usage seems to be facilitating the
selection of therapy in patients with intracranial progression. However, lumbar puncture is
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an invasive procedure, and the possibility of regular monitoring of CSF ctDNA seems to be
limited in metastatic NSCLC patients [108,117].

6. Conclusions

VAF seems to be a promising new tool in therapy effectiveness monitoring, but some
key issues need further investigation before its potential implementation for clinical use.
The first issue is the necessity of expanding and standardizing the method of VAF analysis.
In particular, several or single genetic alterations should be identified for each treatment
regimen as the measurable parameters for VAF tracking during clinical follow-up. In
NSCLC patients, especially those treated with immunotherapy, the calculation of VAF and
its monitoring in different studies has been based on various variants in several genes
detected in a particular person. Even though it is possible to design a customized gene
panel, it may be difficult to develop it optimally and then put it into widespread use due
to the absence of fully consistent research results. Further investigation is also required to
determine the optimal frequency of blood collection for VAF assessment. Another crucial
matter is the development of the optimal calculation of VAF metrics—different studies are
based on mean, median, or highest VAF, and values are calculated using different formulas.
It should also be indicated whether it is preferable to calculate VAF once or multiple times,
or concerning some baseline value, and how often VAF analysis should be performed.

The second limitation to the use of VAF testing is the methodological aspect. Many
of the currently used methods are insufficient for assessing the effectiveness of therapy,
especially MRD monitoring, due to the relatively low sensitivity or the limited number of
mutations that can be detected. Further developments in sequencing and reductions in the
costs of currently used methods could not only enable the expansion of research but also
open the possibility of the clinical usage of ctDNA VAF analysis. Before implementation
in clinical routine, methodologies need to be validated, including developing appropriate
sensitivity and specificity. The presence of false negative and false positive results should
be as low as possible.

In conclusion, despite the mentioned difficulties, VAF analysis seems to have great
potential in the different aspects of cancer patients” diagnosis, especially due to the non-
invasive procedure of ctDNA collection. Ongoing clinical trials and further sequencing
methodology development, especially on single-cell resolution, may fill the gap in the
current knowledge, paving the way for early cancer detection, cancer interception, and
MRD monitoring, as well as measuring the treatment effect or tracking the metastatic
spread at the molecular level by VAF analysis.
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Abbreviations

ACT Adjuvant chemotherapy
ALK-TKI ALK-tyrosine kinase inhibitor
BAL Bronchoalveolar lavage

BSC Best supportive care

BW Bronchial washing

cfDNA Circulating free DNA

ctDNA Circulating tumor DNA
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CNA Copy number alteration

CNV Copy number variation

CSF Cerebrospinal fluid

EGFR-TKI ~ EGFR-tyrosine kinase inhibitor
FFPE Formalin-fixed paraffin-embedded
ICI Immune checkpoint inhibitor
LB Liquid biopsy

MAF Mutant allele frequency

MRD Minimal residual disease
MSAF Maximum somatic allele frequency
NET Neutrophil extracellular trap
NSCLC Non-small cell lung cancer

oS Overall survival

PD Progressive disease

PES Progression-free survival

PR Partial response

SD Stable disease

SNV Single nucleotide variant
TCGA The Cancer Genome Atlas

TFE Tumor Fraction Estimator

VAF Variant allele frequency

WES Whole exome sequencing
WGS Whole genome sequencing
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Simple Summary: Lung cancer is the most frequent cause of cancer-related death. Unfortunately,
only 30% of patients treated with immunotherapy gain any benefit; it is, therefore, important to
increase the number of patients who can benefit from immunotherapy. Biomarkers can help clinicians
to reach this target and the gut microbiota is a potentially excellent source of predictive factors. All
conditions that modify the gut microbiota may influence cancer onset and progression, its prognosis,
and response to immunotherapy, with a relevant impact in clinical practice.

Abstract: Despite the recent availability of immune checkpoint inhibitors, not all patients affected by
Non-Small-Cell Lung Cancer (NSCLC) benefit from immunotherapy. The reason for this variability
relies on a variety of factors which may allow for the identification of novel biomarkers. Presently, a
variety of biomarkers are under investigation, including the PD1/PDL1 axis, the tumor mutational
burden, and the microbiota. The latter is made by all the bacteria and other microorganisms hosted in
our body. The gut microbiota is the most represented and has been involved in different physiological
and pathological events, including cancer. In this light, it appears that all conditions modifying the
gut microbiota can influence cancer, its treatment, and its treatment-related toxicities. The aim of this
review is to analyze all the conditions influencing the gut microbiota and, therefore, affecting the
response to immunotherapy, iRAEs, and their management in NSCLC patients. The investigation of
the landscape of these biological events can allow for novel insights into the optimal management of
NSCLC immunotherapy.

Keywords: NSCLC; lung cancer; gut microbiota; immunotherapy; immune checkpoint inhibitors

1. Introduction

Lung cancer (LC) is one of the most common causes of cancer-related deaths world-
wide. In the past years, new therapeutic approaches have been discovered and, presently,
from 15 to 30% of Non-Small-Cell Lung Cancer (NSCLC) patients survive. These patients,
in the absence of driver mutations, are treated with immune checkpoint inhibitors (ICIs),
alone or in combination, or with chemotherapy. Among ICIs, monoclonal antibodies
(mabs) against CTLA4 (cytotoxic T lymphocyte-associated protein 4) and against PD1 (pro-
grammed death type 1) or its ligand PDL1 (programmed death ligand type 1) can be used.
Ipilimumab, Nivolumab, Pembrolizumab, Cemiplimab, Durvalumab, and Atezolizumab
are at present the ICIs used in clinical practice [1]. Not all NSCLC patients benefit from
immunotherapy at the beginning of the treatment, while others progress after the initial
response to the treatment. At present, a suitable predictive marker for immunotherapy
is not available. PDL1, as part of the PD1/PDL1 axis, seems to have a role in predicting
the response to immunotherapy, but its expression is inducible and editable by different
factors, and, for this reason, its role is challenging, even if it is still the unique predictive
biomarker for patient selection by regulatory agencies [2].
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Biomarker identification still represents an open challenge for the identification of
immunotherapy predictors of response. Examples of different biomarkers include: the
neutrophil-to-lymphocyte ratio, tumor-infiltrating lymphocytes, tumor mutation burden,
and the gut microbiota [1-3]. This latter is composed by all commensal microorganisms
present in our gastrointestinal tract, including bacteria, fungi, viruses, and protozoans,
while the term microbiome refers to the total genetic material possessed by the microbiota.
Alterations in the composition of this microbiota correlate with some diseases, like inflam-
matory intestinal or metabolic diseases. In the last decades, the gut microbiota has emerged
as a crucial player in immunosurveillance and in both cancer onset and progression. In
particular, it is possible to hypothesize a gut-lung axis; this theory could explain the corre-
lation between the gut microbiota and an active immune response in LC. The advent of
Next-Generation Sequencing (NGS) has allowed for the extensive investigation of the gut
microbiome and has correlated it with cancer onset and response to immunotherapy [4].

The correlation between the gut microbiota and immune response in LC could be a
potential biomarker in immunity against cancer and particularly in NSCLC patients. It is
important to understand how basal microbiota diversity among different patients could
affect prognosis and how the gut microbiota could be modified, and how this might change
the immune response, and therefore impact the survival of NSCLC patients [5,6]. If this
correlation is true, changes to the gut microbiota can potentially improve immunotherapy
response, reduce immunotherapy-related adverse events (IRAEs), and prolong survival
with immunotherapy treatment [6].

At this time, is important to discover the factors which might influence the gut
microbiota, and particularly antibiotics and/or other agents used for different diseases
(proton pump inhibitor, antidiabetics as insulin) in cancer patients and specifically in
NSCLC patients [7].

The gut microbiota will be the candidate, given its role in cancer development and
immunity, as a new cancer modulator; the objective of this review is to explain, from the
current literature, the role of the gut microbiota in LC and how its modulation can improve
cancer immunotherapy and IRAE management [6] (Figure 1).
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Figure 1. (a) Factors involved in microbiota modulation [1-3]. (b) The gut microbiota’s relevance in

LC [7-9].

The gut microbiota can be modified by the following different factors: lifestyle, di-
etary habits, some drugs such as opioids, antibiotics (ATB), PPis, and interactions with
other human cells. All this conditions could also be involved, through the modulation
of the microbiota, with lung cancer prognosis, survival, immunotherapeutic efficacy, and
IRAE development.
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2. Gut Microbiota and NSCLC
2.1. Gut—Lung—Microbiota Axis

The lung microbiota has not been as investigated as the gut microbiota, but its role in
different respiratory diseases appears clear [10]. Compared to the gut microbiota, the lung
microbiota is smaller, but not less important. The gut microbiota, lung microbiota, and other
sites in the human host, in which there are Bacteroides and other elements, are defined as
microbial communities [3]. The lung microbiota is composed of Staphylococcus, Streptococcus,
and Lactobacillus, followed by Proteobacteria and Actinobacteria, a microbiota composition
similar, in healthy patients, to the gut microbiota. The lung microbiota undergoes changes
during inflammation and interacts with metabolites and other pathogens both external and
internal to the host [2].

The correlation between the lung and gut microbiotas could depend on the similarity
in the mucosa microenvironment, characterized by the same interactions between the
microbiota and the immune system in the mucosal immune system (MIS). The MIS is the
most important link between these two microbial systems and underlies the participation
of the immune system and peptide and protein secretion, such as IgA and metabolite
production [3].

Microbiota lung homeostasis is controlled not only within the lung but also by interac-
tions with other organs, and particularly the gut microbiota. The gut microbiota and lung
microbiota are linked in many ways: the lymphatic and blood circulation system through
the gut microbiota could induce many respiratory diseases, such as asthma, respiratory
infection, and others. The gut-lung—microbiota axis is a unique complex that maintains
homeostasis; the alteration of this condition can lead to cancer development, tissue damage,
and susceptibility to infections [11].

2.2. Gut Microbiota Composition, Anti-Tumor Activity, and Antibiotics

The gut microbiota composition seems to be more heterogeneous among different
individuals due to different diets, genetic heritages, lifestyles, medical expositions, and
other factors. It is clear that its composition correlates with many diseases, including au-
toimmune disease, inflammatory disease, and cancer [12]. The microbiota composition has
an impact on disease pathogenesis, disease prognosis, and the response to therapy. All of
these also depend on other factors; for example, it is described that Helicobacter infections
are strongly related with gastric adenocarcinoma, but protective for Barret Esophagus
development [3,13]. Some data demonstrate that a microbiota enriched with some bacteria,
such as Akkermansia muciniphila and Ruminococcacae, correlates with a more favorable
outcome in melanoma and NSCLC patients than in head and neck patients, for which the
same gut microbiota composition does not modify survival [13]. The presence of Phasco-
larbacterium is linked to a prolonged Progression-Free Survival (PFS) in NSCLC patients
with treatment, while a microbiota enriched with Dialister bacteria in NSCLC patients has
a worse prognosis [7]. Patients with a heterogenous gut microbiota composition at baseline
have a better prognosis than those patients with a poor heterogeneous composition of
microbiota [8]. It appears clear how all conditions modulating the gut microbiota, either
with reduced variability or the elimination of good bacteria, can have a negative impact on
the prognosis or treatment efficacy for LC patients, suggesting how relevant it is to learn
how to modulate them [14].

Recently, some authors have demonstrated, through Mendelian Randomization, a
potential correlation among gut microbiota phyla and lung carcinoma subtypes [15]. Three
groups of protective microbiotas for the development of NSCLC and nine microbiota
groups as risk factors have been identified. However, only one protective intestinal mi-
crobiota for the development of small-cell lung cancer (SCLC) and six groups of intestinal
microbiotas potentially causing SCLC have been identified. The same authors have just
identified some gut microbiota phyla predisposed to lung adenocarcinoma or squamous
lung carcinoma. These findings, along with information from the retrospective trial, con-
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firm the correlation between microbiota and lung cancer development, and are also linked
to other conditions [15].

LC patients are sometimes treated with antibiotics. There is evidence that the expo-
sure to antibiotics in the first days of life can modify microbiota characteristics, making
children susceptible to future inflammatory and autoimmune diseases as compared to
non-exposed children. This observation is due to the modification of the gut microbiota
composition for months and sometimes for years [16]. It is not surprising, therefore, that
antibiotic exposition correlates with cancer onset and progression or immunotherapeutic
efficacy [17-19].

Potentially, antibiotics can, through the modulation and changing of the composition
of the microbiota, reduce and alter the immunotherapeutic activity in LC patients [20].
Numerous data exist in the literature to support how antibiotics, through gut microbiota
modulation, could have a negative impact on immune checkpoint activity and chemother-
apy activity in cancer and NSCLC patients, and there is evidence that, despite microbiota
alterations during antibiotic therapy, no changes in immunotherapeutic efficacy occurred
thanks to the ability of the microbiota to return to baseline conditions. The use of an-
tibiotics during immunotherapy in cancer patients could be correlated with primary or
secondary immune resistance and, considering that 15-30% of NSCLC patients are treated
with antibiotics in clinical practice, the problem is relevant [18].

Studies in mice models demonstrate that the anti-CTLA4 efficacy in cancer patients de-
pends on the gut microbiota composition. A gut microbiota enriched with Bacteroides frag-
ilis or Bacteroides Thetaiotaomicron through polysaccharide products and Th1 response-
inducing dendritic cell maturation is related to an improvement in the effectiveness of
anti-CTLA4 therapy; moreover, this effectiveness is restored by diet or the oral supplemen-
tation of this bacterium. At the same time, Bifidobacterioides improve anti-PD1 efficacy in
melanoma-affected mice, while mice with a different gut microbiota, but undergoing fecal
Bifidobacterioides-based microbiota transplantation, become anti-PD1 responders thanks
to an increased T cell anti-tumor response [6].

Since 2017, several retrospective studies about the antibiotic effect on lung cancer
patients treated with immunotherapy have been reported. The data from these trials are
not completely consistent and the antibiotic role remains unclear. Particularly, some studies
demonstrate a correlation between antibiotic exposure and worse prognosis and reduced
immunotherapy efficacy, while other studies do not demonstrate such correlation, which
could be associated to several factors, some associated to the host microbiota and host
characteristics, and others to a selection study bias (Table 1).

The time to antibiotic exposure and different antibiotic types is reported in Figure 2 in
order to describe the detrimental effect on the immunotherapeutic efficacy due to micro-
biome alteration. Figure 3 reports on the different antibiotics evaluated in retrospective
studies with respect to correlations to immunotherapy efficacy.

The role of antibiotics in cancer treatment is controversial: antibiotics are essential
for managing infections but their indiscriminate use can disrupt the gut microbiota, po-
tentially impairing the effectiveness of immunotherapies in cancer patients, including
those with NSCLC. However, we also acknowledge the conflicting data and the complex
factors at play, including the ability of the microbiota to return to baseline conditions after
antibiotic treatment and the varied impacts depending on the patient’s unique microbial
composition [19,20].
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B ATB

Figure 2. This figure explains the correlation between antibiotics (ATBs), shown with the blue bar,
and its exposure time before (green bar) and after (orange bar) ICI (immune checkpoint inhibitor)
treatment. The role of Fluoroquinolones (1) in ICI efficacy is evaluated at 90 and 60 days before the
start of treatment. Fluoroquinolones, Vancomycin, Piperacillin-Tazobactam, Clindamycin, and other
not-specified ATBs (2, 3) are evaluated at an exposure time of 30 days before and after the start of the
ICIs. Finally, a group of not-specified ATBs (5, 6,7, 9, 10) are evaluated in many exposure timings: 21,
15, and 7 days before and 45 and 7 days after.
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Figure 3. The different antibiotic (ATB) types evaluated in retrospective trials identified in the litera-
ture are reported. A total of 14 trials did not specify the ATB used (red bar), while Fluoroquinolones
are the most represented (orange bar). The other ATBs are evaluated in poor retrospective trials (green
bar, blue bar, and yellow bars). Several ATBs are evaluated, but the resulting data are controversial.
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Table 1. Retrospective studies from 2017 to 2023, including lung cancer patients treated with im-

munotherapy and those exposed to antibiotics.

Year Author Patients Treatment Antibiotic Typologies A'nt}blotl.c . Reference
Exposistion Timing
. Anti-PD1, . 3 months before
2017 Kaderbhai et al. 74 Nivolumab Fluoroquinolones starting ICIs [21]
Anti-PD1
. ’ . 30 days before
2018 Derosa et al. 239 Anti-CTLA4 Fluoroquinolones, starting [22]
Monotherapy or Betalactams .
o immunotherapy
combination
. 30 days before
2018 Hakozaki et al. 920 A.ntl_PDl’ Not specified starting [18]
Nivolumab .
immunotherapy
Anti-PD1, 30 days before and
2018 Huemer et al. 30 Nivolumab, Not specified after starting [23]
Pembrolizumab immunotherapy
Anti-PD1, i .
2019 Zhao S et al. 109 Anti-PDL1 Not specified Not specified [24]
Anti-PD1,
Anti-PDL1, Fluoroquinolones, 60 days before
2019 Kim H et al. 131 Anti-CTLA4 Betalactams, starting [19]
Monotherapy or Cephalosporins immunotherapy
combination
Anti-PD1,
Anti-PDLL, Before and durin
2019 Galli et al. 157 Anti-CTLA4 Not specified : § [25]
immunotherapy
Monotherapy or
combination
Anti-PD1,
Anti-PD1, 30 days before
2020 PH Lu et al. 340 Anti-CTLA4 Fluoroquinolones starting [26]
Monotherapy or immunotherapy
combination
Anti-PD1,
E Pérez-Ruiz Anti-CTLA4 » .
2020 otal 120 Monotherapy or Not specified Not specified [27]
combination
Anti-PD1, i .
2020 Svaton M et al. 224 Nivolumab Not specified Not specified [28]
Fluoroquinolones
. ! 30 days before and
2020 Chalabi M et al. 757 Ant1—PDL1, Carbapa.nems, after starting [29]
Atezolizumab Macrolides, immunothera
Glycopeptides Py
15 days before and 45
2020 Tinsley et al. 64 Anti-PD1 Not specified days after starting [30]
immunotherapy
Vancomicyn,
Nitrofurantoin, 30 days before and
2020 Kulkarni et al. 140 Anti-PD1 Rifampin, after starting [31]
Rifaximin, immunotherapy
Tobramicyn
Anti-PD1, i .
2021 Geum et al. 140 Nivolumab Not specified Not specified [32]
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Table 1. Cont.

Year Author Patients Treatment Antibiotic Typologies A.nt}blotl.c . Reference
Exposistion Timing
Chemothera 7 days before and
2021 Cortellini et al. 302 Py, Not specified after starting [33]
Immunotherapy .
immunotherapy
Aﬁgfgl;l]?k 4 60 days before
2021 Giordan et al. 65 ! Not specified starting [34]
Monotherapy or .
. immunotherapy
combination
Piperacillin-
. Tazobactam, 30 days before
2021  Cortellini et al. 950 Anti-PD1, Clindamycin, starting [35]
Pembrolizumab . .
Metronidazole, immunotherapy
Meropenem
21 days before
2021 Hamada et al. 69 Anti-PD1 Not specified starting [36]
immunotherapy
. 30 days before
2022 Hopkins et al. 2723 Ant1—.PDL1, Not specified starting [37]
Atezolizumab .
immunotherapy
Anti-PD1,
Anti-PD1, Fluoroquinolones, 2 months before and
2022 Barbarosa et al. 140 Anti-CTLA4, Betalactams after starting [17]
Monotherapy or immunotherapy
combination
Anti-PD1,
Anti-PDL1, Fluoroquinolones, 60 days before and
2022 Nyein et al. 256 Anti-CTLA4, Cefazolin, after starting [38]
Monotherapy or Azithromicin immunotherapy
combination
Anti-PD1, Fluoroquinolones, 60 days before and
2022 Qiu H et al. 148 Anti-PDL1, Betalactams after starting [39]
Chemotherapy immunotherapy
Anti-PDL1,
Mannine- Atezolizumab,
2023 & 2724 Alone or in Not specified Not specified [40]
Bennett et al. .. .
combination with
chemotherapy
3 months before and
. Anti-PD1, e 1 months after
2023 Vihinen et al. 199 Anti-PDI1 Not specified starting [41]
immunotherapy

A retrospective analysis of 70 NSCLC patients treated with ICIs investigated the gut
microbiota diversity in patients with an OS (Overall Survival) >12 months and <12 months.
The gut microbiota of long survivors was enriched with Lachnospiraceae, a member of
Clostridiale, with increased circulating CD4 and CD8 T cell and CD8 T cell-infiltrating
tumors. The study confirmed that a diversified microbiota correlates with a better prognosis
and that the use of antibiotics also reduces the diversity of the gut microbiota [42].

The antibiotic exposure from 60 days before starting immunotherapy and 30 days
after the last immunotherapy correlated with a poor prognosis and immunotherapy resis-
tance [14]. Scarce information on the antibiotic type, antibiotic route, and the duration of
therapy are available. Greater information would help us to use microbiota modulation to
improve immunotherapy in cancer. As just mentioned, the microbiota has the ability to
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return to homeostasis after antibiotic damage: different time frames of the reconstitution
of the baseline status might explain the unclear data on the prognosis and exposure to
antibiotics in different patients with lung cancer [11,13,16].

There is evidence about the relevance of the gut microbiota on the efficacy and toxicity
of chemotherapy and the intestinal microbiota; the maximum effectiveness of chemotherapy
in treated cancer is mediated by a good balance between the intestinal microbiota and the
immune system [3]. The relevance of the gut microbiota in chemotherapy management
and efficacy represents today an important issue considering NSCLC treatment based not
only on ICI monotherapy but also on the chemo-immunotherapy association [43,44].

It is clear that the microbiota have a role in cancer from onset to therapy response,
but the knowledge of the conditions implicated in the change in the intestinal microbiota
that should be avoided unless necessary, such as the use of antibiotics, remains to be
clarified [8,13,20].

2.3. Gut Microbiota and Probiotic Use

Since the modulation of the gut microbiota can modify the effectiveness of immunother-
apy in cancer patients, finding a way to remodulate the microbiota and restore it so to
improve the effectiveness of immunotherapy could be an option for our patients. Oral
probiotic supplements have been associated with the improved efficacy of immunotherapy
for cancer patients [45,46]. Probiotics are a bacterial strain that do not alter antibiotic resis-
tance; they reach the colon and the entire intestine, where they carry out their metabolism.
Probiotics may be safe in animals, resistant to acids, and able to colonize the intestine [3].
Probiotics can modulate the gut microbiota by (a) modifying humoral, cellular, and in-
nate immunity; (b) improving NK (Natural Killer) immune activity; (c) macrophage and
neutrophil activation; (d) IgA secretion; (e) inflammatory cytokine inhibition. Moreover,
probiotics can modulate chemotherapy toxicity and iRAEs development. To date, the
more used probiotics are composed of Bifidobacterium spp. and Lactobacillus spp.; their role
appears marginal in NSCLC patients treated with immunotherapy because they are not
specifically chosen for this reason. The discovery of probiotics able to modulate the immune
response with immunotherapy and able to prevent and improve iRAEs and chemotherapy
toxicities [3], or limit the unfavorable effect of antibiotics [47], could be very interesting.

With the recent advent of Next-Generation Sequencing (NGS), new species of probi-
otics have been identified and called next-generation probiotics (NGPs), which are presently
under evaluation in the context of specific diseases. NGPs are able to modulate the gut
microbiota to improve the immunotherapy and control iRAEs. Eubacterium limosum, E.
hirae, Enterococcus faecium, Collinsella aerofaciens, and Burkholderia cepacia appear to have
promising efficacy in this setting [3].

A recent metanalysis underlined the role of probiotics and their effect on the survival
of NSCLC patients treated with immunotherapy. This study demonstrated a positive
correlation between probiotic exposure and OS and PFS. There was no correlation with
ORR, but it can be demonstrated by the types of studies and the sample size [46].

Probiotic use can improve immunotherapeutic efficacy through the modulation of
inflammation. The data about this correlation are limited by study design, cancer types,
sample size, and the duration of oral probiotic implementation [46]. Certainly, the use of
probiotics increases the heterogeneity of the intestinal microbiota, which is the basis of a
better prognosis, a better response, and fewer iRAEs in cancer patients [9]. It is important
to understand whether a single bacterial species can modulate the entire microbiota or if
the presence of different bacterial species is necessary at the same time. It is also important
to understand the amount of single species that are needed for a beneficial effect to a
well-balanced gut microflora [8].

2.4. Gut Microbiota and iRAEs

In the era of immunotherapy, in which cancer patients undergo ICI treatment for long
periods, toxicity becomes the most relevant issue. Few data have evidenced correlations
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between the gut microbiota composition and iRAEs: some bacterial strains seem to be
protective against iRAEs, while other strains could increase the risk of iRAEs [48].

In a retrospective analysis, a link between the gut microbiota, antibiotic exposure,
and iRAEs was investigated: a correlation between antibiotic use and iRAEs was not
observed, but a gut microbiota enriched with Akkermansia Mucinipihila correlated with
fewer iRAEs [42].

Microbiota diversity correlates with the development of iRAEs during immunotherapy.
As demonstrated for the survival and prognosis, it appears that patients with a low diversity
of gut microbiota exhibit skin iRAEs more often than patients with a gut microbiota enriched
with many bacterial types [1,9].

In the gut microbiota composition of mouse models and cancer patients, the presence
of Bacterioides and other microbes implicated in vitamin B production seem to be pro-
tective against colitis development during immunotherapy; the detection of some types
of Bacterioides in the gut microbiota can help us to predict colitis presentation during
immunotherapy, while bacterial supplementation with Bacteroidales and Burkholderiales can
improve colitis, particularly in cancer patients treated with antibiotics during immunother-
apy [48].

The gut microbiota composition could be implicated in skin iRAEs during immunother-
apy in cancer. This theory is supported by modulatory effects on the skin mediated by the
gut microbiota through immunity regulation and metabolite products. There is evidence of
the improvement of dermatitis with the use of oral Lactobacillales and Bifidobacteriales.
The oral use of Bifidobacteriodes in humans reduces inflammatory markers such as peptide
C and TNF-alpha, with an improvement in psoriasis [9]. It is necessary to gain more
information and data about the gut microbiota and iRAEs to improve immunotherapy
management [9].

2.5. Other Conditions Modifying Gut Microbiota

In addition to the role of antibiotics and probiotics in the modulation of the intestinal
microbiota for the improvement in the efficacy of ICIs in LC patients, there are other
molecules that are potentially implicated and that have been recently studied, with more
hypotheses and a few relevant points that need to be confirmed by other studies.

One of the retrospective studies in the literature about gut microbiota modulation
mediated by drugs, describing 132 lung patients treated with immunotherapy, presents a
shorter PFS and OS when exposed to opioids through the impairment of T cell function,
upregulating Treg cells modulating the gut microbiota; the opioid exposition did not
correlate with different iRAE incidence. This exploratory data could be important in
considering the high percentage of cancer and LC patients exposed to opioid drugs for pain
management, and this research area needs to be focused on. It could be very important to
acquire data to confirm these results, considering that pain is one of the most important
causes of quality-of-life reduction, and that this could be correlated to a worse response to
immunotherapy. This could mean, as suggested in a small study, that worse PFS and OS
are not related to opioid exposure but to a poor Performance Status (PS) [49].

In 2021, one of the first retrospective papers about the correlation between PPi (Proton
Pump Inhibitor) exposition and LC patient survival treated with immunotherapy was
presented. Lung cancer patients treated with ICIs and exposed to PPis have a 28% increased
risk of death and a shorter survival compared to unexposed patients; this relationship is
not observed in subgroup patients exposed to PPis but treated with chemotherapy only.
The PPi/survival association is consistent considering the sample size, and the data are
confirmed when the exposition window changes. The possible cause of this negative
relationship can be linked to PPi-mediated acid reduction, which alters the intestinal
microbiota [50]. Recently, another author published a metanalysis regarding PPi exposition
and survival in cancer patients treated with immunotherapy that confirmed the negative
relationship; also, in this case, the relationship could be modified by the poor quality of life
in cancer patients exposed to PPis [51]. In both works presented, there are many limitations;
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one of the limitations is the presence of retrospective trials, as well as the PPi exposition
(dose, time, and PPi use). However, other retrospective studies and metanalyses did not
confirm the relationship between PPis and immunotherapy efficacy [50,51].

3. Future Directions

Despite the recent huge impact of cancer immunotherapy, only 30% of lung cancer
patients gain any benefit. This condition depends on different factors that are intrinsic and
extrinsic to LC patients [11]. For these reasons, it is relevant to identify biomarkers to select
responder patients, improve the immunotherapeutic efficacy, and manage iRAEs. Among
the well-known biomarkers, such as PDL1 and the PD1-PDL1 axis, TMB (tumor mutational
burden), and others, the microbiota potentially appears to be the most relevant predictor of
immunotherapeutic efficacy. There are many factors that can influence and modulate the
microbiota, and all of them could play an important role in cancer development as well as
in the efficacy and toxicity of immunotherapy [48,52].

Interestingly, among the numerous factors implicated, several authors have demon-
strated that different bacteria defined as “intratumoral microorganisms” appear to be
related to the progression of different types of cancer. Bacteria were detected both in
immune cells and tumor cells, determining a strong tumor microenvironment involvement.
Recent data confirmed a potential prognostic role of “intratumoral microorganisms” and
the potential therapeutic implications [53].

The evaluation of the “intratumor microbiome” was conducted with several method-
ologies based on the deep sequencing of the amplicons of prokaryote and eukaryote rRNA
genes or metagenome-based shotgun sequencing (WMS). Moreover, immunohistochem-
istry (IHC), fluorescent in situ hybridization (FISH), and D-alanine-based methods have
allowed authors to evaluate the presence and characteristics of specific tumor bacteria.
Finally, the QIIME 2 method was described as a reproducible “intratumoral” microbiome
data analysis system [54].

The intestinal microbiota plays a role in anti-tumor immunotherapy and, therefore, all
conditions that modify the intestinal microbiota, reducing its diversity, might potentially
modify the efficacy and also the occurrence of iRAEs. We have relevant information about
the microbiota—-immunotherapy relationship, but we have no clear-cut information that
presently allows us to improve our approach to cancer therapy management [10,48]. It
is not only important to know the composition of the microbiota but also the interplay
between all players of the intestinal microbiota and the microenvironment that surrounds it,
taking into account that all elements are regulated by different intrinsic and extrinsic factors,
including the genetic host features, diet, lifestyle, age, and concomitant medication [10].
This is why the microbiota cannot be considered a weapon to be used, but rather a biological
entity whose relevance is still underestimated.

More controversial findings focus attention on the potential role of microbiota trans-
plantation in order to influence the tumor microenvironment and the “intratumoral mi-
crobiome”. However, no evidence supports this practice to improve immunotherapeutic
efficacy [55,56].

At present, what we know about the microbiota and its relationship with cancer
immunotherapy is derived from retrospective analyses or meta-analyses based on ret-
rospective studies. All derived information could be defined as hypothesis-generating
and not clear-cut findings, which can be derived only by prospective and randomized
trials. For example, we know that the exposure to antibiotic exposition can adversely
modulate the gut microbiota, thus reducing the efficacy of immunotherapy [25]. However,
we do not know which class of antibiotics are implicated, the timing of the exposure, or
the differences in the routes of administration; at the same time, we know that not all
immunotherapy-treated patients have a worse prognosis related to exposure, and many
sources of biases can be identified. The same difficulty occurs in understanding the gut
microbiota-immunotherapeutic efficacy relationship with opioids and PPis, whose role has
always been investigated retrospectively.
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Therefore, the more relevant question is the following: what is the next step for
translating microbiota knowledge into LC management?

Again, a major role is played by the retrospective study design versus prospective
trials, which are pivotal trials for the adequate stratification of the administered drugs.

Considering the huge world represented by the microbiota, it is clear that the current
methodologies are not completely applicable and new methodologies might be considered
in the future. The machine learning (ML) recently used in cancer immunotherapy for
predicting the development of iRAEs in cancer patients during immunotherapy [57] could
help us to identify the role of the exposure to many drugs through microbiota modulation.
Instead of predicting iRAEs, modifying the microbiota conditions depends on various
elements which are not simple to manage in clinical practice: for this reason, Al (artificial
intelligence) and ML could help us in our objective. There are several reports about
using ML and microbiota. From the data on the microbiota produced by omics-based
methods (metagenomics, meta transcriptomics, and metabolomics), ML can predict and
find new non-theoretically inferred information to help us to increase the efficacy and
reduce iRAEs [58,59].

Alongside Al and ML, which could be of help in the future on this topic, it needs to
be highlighted that microbiota and microbiomes not are the same in all populations, in all
persons, and in all cancers. We know today about LC microbiota and that its correlation
with immunotherapy efficacy is different from head and neck microbiota, SCLC microbiota,
or bladder microbiota. It is important to make clear that the relevance of microbiota
in LC does not necessarily translate in other cancers which grow in a different tumor
microenvironment.

4. Conclusions

To date, the intestinal microbiota appears to be an important biomarker of immunother-
apy in LC. However, taking into account the complexity of the whole scenario, it is necessary
to make a great effort to gain more functional information. It is also necessary that the
data available are confirmed by more robust trials or in an alternative way through new
methodologies, such as Al. While waiting for all of this information, what we can tell from
the microbiota, cancer prevention, and immunotherapy is that it is important to limit the
use of antibiotics, PPis, and opioids, which can be used if necessary, and that probiotic
use could improve some conditions such as colitis management and other iRAEs. More
adequate probiotics might be identified with NGS and NPS. A healthy diet and a better
lifestyle might be, in any case, the mainstream proposal to our patients.
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Simple Summary: The introduction of trastuzumab deruxtecan is significantly changing the thera-
peutic landscape of advanced HER2-mutated non-small cell lung cancer (NSCLC). The results of the
DESTINY-Lung04 trial are highly anticipated for their potential to redefine the first-line therapeutic
standard for HER2-mutant disease. Furthermore, several studies evaluating combination therapy
regimes are currently ongoing. This review outlines the current state of the art in the clinical man-
agement of HER2-altered NSCLC and explores potential future perspectives in the field of HER2
targeted strategies.

Abstract: For patients diagnosed with advanced HER2-altered non-small cell lung cancer (NSCLC),
the current standard of care is represented by a platinum-pemetrexed-based chemotherapy, eventually
in combination with immunotherapy. Different pan-HER tyrosine kinase inhibitors have been evalu-
ated in limited phase II trials, yielding generally unsatisfactory outcomes, although certain genotypes
demonstrated some clinical benefit. Conversely, antibody-drug conjugates (ADCs) targeting HER2,
particularly trastuzumab-deruxtecan, have shown promising results against HER2-mutant disease,
including a great intracranial activity in patients with brain metastasis. Based on the results obtained
from DESTINY-Lung01 and DESTINY-Lung02 trials, trastuzumab deruxtecan received regulatory
approval as the first targeted therapy for pre-treated, HER2-mutant, advanced NSCLC patients. More
recently, the Food and Drug Administration (FDA) granted the accelerated approval of trastuzumab
deruxtecan for advanced, pre-treated HER2-positive solid tumours with no other treatment options.
In this scenario, emerging evidence is increasingly pointing towards the exploration of combination
regimens with synergistic effects in the advanced disease. In this review, we provide a detailed
summary of current approaches and emerging strategies in the management of HER2-altered NSCLC,
also focusing on unmet needs, including the treatment of patients with brain metastases.

Keywords: non-small cell lung cancer; HER2; antibody-drug conjugates; targeted therapy

1. Introduction

In recent years, remarkable progress has been made in non-small cell lung can-
cer (NSCLC) treatment by identifying oncogenic drivers and developing targeted ther-
apies. Among these oncogenic drivers, epidermal growth factor 2 receptor (HER2) has
recently emerged as a promising but challenging oncogenic driver and therapeutic target
in NSCLC patients.

HER?, along with HER1 (EGFR), HER3, and HER4, is part of the HER/ERBB receptor
tyrosine kinase family, which encodes receptors consisting of three domains: an extracellu-
lar domain, a transmembrane domain, and an intracellular tyrosine kinase domain. When
inactive, HER receptors are in the form of monomers, and only when the ligand binding
occurs is the dimerisation domain exposed, and the dimerisation allowed. The hetero- or
homodimerisation between the receptors of HER family results in the activation of the
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downstream PI3KAKT and MEK-ERK signalling pathways to promote cell proliferation,
differentiation, and migration. HER2 is the only member of the HER/erbB family that
lacks a specific ligand. Consequently, it remains in a perpetually active conformational
state, always making it readily available for dimerisation [1]. HER2 heterodimerises with
HER1 (also known as EGFR), HER3 and HER 4 and is only able to homodimerise when
overexpressed. Alterations of HER2 causing an overexpression of the receptor result in an
excess of ERBB2-mediated signalling, promoting cell survival and proliferation [2,3].

HER? alterations are present in different cancer types such as: bladder cancer, colorec-
tal, lung, breast, and uterine cervix cancers. In recent years, anti-HER?2 therapies have been
developed for many of these tumours, showing great efficacy and tolerability profiles [2,4].
In this review we provide a summary of the current state of the art and future directions in
the treatment of HER2-altered NSCLC.

2. HER2 Alterations in NSCLC

Different types of HER2 alterations have been identified in NSCLC: gene mutation,
gene amplification, and protein overexpression (Figure 1). The overlap between these
alterations is rare. Each alteration identifies a subgroup with different biological behaviour,
affecting different patient subsets and showing different responses to anti-HER2 drugs. For
this reason, it is imperative to investigate them as distinct clinicopathological as well as
molecular entities [5,6].
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Figure 1. HER? alterations in advanced non-small cell lung cancer.

2.1. HER2 Mutation

HER?2 mutations, occurring in approximately 4% of NSCLC and detectable by NGS or
rt-PCR, are more prevalent in females, non-smokers, and adenocarcinoma histology, similar
to EGFR mutations [7]. HER2 mutations are predominantly mutually exclusive with other
oncogenic drivers; only a minority of patients display concurrent EGFR mutations, ALK
translocations, or ROS-1 translocations [8].

The most common mutation occurs in exon 20 within the tyrosine kinase domain. It
involves a 12 base-pair insertion coding for the amino acids YVMA (A775_G776insYVMA)
and accounts for 34% of all HER2 mutations. Other common exon 20 mutations affecting
the tyrosine kinase domain include G776delinsVC and G778_P780insGSP, which account
for 5.7% and 3.4% of all HER2 mutations, respectively [9]. On the other hand, mutations
such as 1655V (4.5%), P122L (2.3%), and G222C (1.1%) affect the extracellular domain and
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S310F (5.1%) the transmembrane domain [6]. Different mutations give the disease different
characteristics; the YMVA mutation is associated with a higher risk of developing brain
metastases than the non-YMVA subgroup [10]. Additionally, the diverse conformational
landscape of HER2 ex20ins, resulting from different mutations, contributes to the high
heterogeneity in terms of clinical response to anti-HER2 agents [11].

2.2. HER2 Amplification

The frequency of HER2 amplification in NSCLC is approximately 3%. The most widely
accepted definition of HER2 amplification is the HER2/CEP17 ratio > 2.0 by fluorescence
in situ hybridisation (FISH) testing, which is used in breast cancer as well as in most clinical
trials. De novo amplifications of HER2 have been found to be more common in males and
in smokers [12,13].

In addition, HER2 amplification has been identified as an acquired resistance mecha-
nism in EGFR-mutant NSCLC cancers treated with EGFR inhibitors, occurring in approxi-
mately 15% of patients resistant to EGFR TKIs. HER2 amplification has been observed as a
resistance mechanism to first-generation EGFR TKIs and is mutually exclusive with the
more common resistance mechanism, T790M. In addition, HER2 amplification has been
identified as a resistance mechanism to the third-generation EGFR inhibitor osimertinib,
whether given sequentially after a first-generation inhibitor or as first-line therapy [14].

HER2-amplified disease correlates with certain particularly aggressive features, no-
tably, larger tumour size and a higher propensity to develop pleural metastases and
lymphovascular invasion. However, despite this correlation, the prognostic and predictive
role of HER2 amplification in NSCLC remains unclear [15].

2.3. HER2 Overexpression

HER?2 overexpression occurs in 2-38% of NSCLC and is generally assessed by im-
munohistochemistry. This alteration is predominantly observed in males and in smokers,
as HER2 amplification, and in adenocarcinoma with papillary histology [12,15].

In NSCLC, HER2 overexpression is typically not driven by HER2 amplification but
rather by polysomy, in contrast to breast cancer where HER2 amplification is strongly
correlated with HER2 expression. Polysomy is considered to be the presence of a HER2 gene
copy number greater than 5 or 6, but HER2/CEP17 < 2 [16]. However, there are conflicting
findings regarding the actual overlap between overexpression and HER2 amplification [17].
While it remains unclear regarding HER2 mutations and amplifications, overexpression is
associated with a worse prognosis. The reason for this correlation is not yet clear, but it
may be related to increased chemoresistance resulting from this molecular alteration [13].

3. Current Therapeutic Approaches
3.1. Chemotherapy

Platinum-pemetrexed-based chemotherapy, optionally in combination with immunother-
apy, currently represents the standard of care for first-line treatment of patients with HER2-
altered advanced NSCLC [18]. Similar to patients harbouring KRAS and EGFR mutations,
pemetrexed-based chemotherapy showed an overall response rate (ORR) of 36% and a
progression-free survival (PFS) of 5.1 months [10,19].

Several clinical trials have evaluated the efficacy of chemotherapy in combination with
HER?2-targeted agents; these studies will be analysed in the subsequent paragraphs.

3.2. Immune Checkpoint Inhibitors (ICIs)

Immune checkpoint inhibitors (ICIs) have become a standard treatment option for
advanced non-oncogene-addicted NSCLC. However, ICI efficacy in patients with oncogenic
drivers is limited, which is attributed to a “cold” tumour microenvironment characterised
by reduced PD-L1 expression and a lower tumour mutation burden (TMB) [20].

A retrospective analysis evaluating the efficacy of ICI monotherapy in patients with
advanced HER2-mutant NSCLC showed an ORR of 12% with median PFS and OS of
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1.9 and 10.4 months, respectively [21]. Similar outcomes were reported by the French
Group on Lung Cancer (GFPC) [22] in patients who had received one previous treatment,
and in the IMMUNOTARGET registry, where smoker patients with HER2-mutant NSCLC
exhibited a significantly longer median PFS compared with nonsmokers (3.4 months vs.
2.0 months, p = 0.04) [23].

Regarding the use of ICIs in combination with chemotherapy in HER2-mutated pa-
tients in a first-line setting, the observed outcomes are similar to those of the non-selective
NSCLC cohort in the KEYNOTE-189 trial with an ORR, median PFS and a one-year OS
of 52%, 6 months, and 88%, respectively [24,25]. A subsequent retrospective analysis
demonstrated an ORR of 28.9% and a median PFS of 5.2 months. Despite the high ORR, the
increase in median PFS was not statistically significant compared to chemotherapy alone
(5.2 vs. 4.03 months, p = 0.20) [26].

Presently, the available data do not encourage the use of ICI monotherapy for the
treatment of HER2-altered advanced NSCLC. On the other hand, chemoimmunotherapy
combinations, despite limited evidence, continue to be a feasible first-line treatment alternative.

3.3. Tyrosine Kinase Inhibitors (TKIs)

Initial efforts to target HER2 in NSCLC involved the employment of second-generation
irreversible tyrosine kinase inhibitors (TKIs) designed for EGFR mutation treatment.

Afatinib was evaluated in a compassionate use program in heavily pretreated pa-
tients with HER2-mutant NSCLC and showed a median time-to-treatment failure (TTF) of
2.9 months, with interesting variations among subtypes; notably, the HER2 exon 20 YVMA
insertion subtype showed a median TTF of 9.6 months [27]. Conversely, other studies iden-
tified a clinical association between HER2 exon 20 YVMA insertion and a reduced efficacy
to afatinib, whereas mutations such as G778_P780dup and G776delinsVC demonstrated
improved outcomes [28,29]. In the EUHER? study, afatinib showed an ORR of 18.2% and
a median PFS of 3.9 months in 11 patients with HER2-mutant NSCLC [8]. Additionally,
the NICHE phase II trial confirmed the modest clinical activity of afatinib in patients with
HER2-mutant NSCLC, demonstrating an ORR of 7.7% and a median PFS of 15.9 week [30].

Dacomitinib, an irreversible pan-HER TKI, was evaluated in a phase II trial in pre-
treated HER2-altered NSCLC patients and showed a 12% partial response rate in HER2-
mutant patients, compared with 0% in those with HER2 amplification. Notably, responses
were limited to patients with specific mutations (P780_Y781insGSP and M774delinsWLV)
and absent in those with the A775_G776insYVMA insertion [31].

Neratinib, a pan-HER TKI, was evaluated in the phase Il SUMMIT basket trial, in
patients with refractory HER2-mutant NSCLC, achieving a partial response in only one
patient (ORR 3.8%) [32]. In a randomised phase II trial comparing neratinib alone or in
combination with temsirolimus in HER2-mutant advanced NSCLC, combination therapy
achieved an ORR of 19% vs. 0% with neratinib alone [33].

Non-selective HER2-TKIs demonstrated limited efficacy in treating patients with
HER2-altered NSCLC, prompting the development of next-generation TKIs to improve
clinical outcomes.

Poziotinib, a novel covalent and irreversible EGFR/HER?2 inhibitor, was evaluated
in the ZENITH20-2 trial in NSCLC patients with HER2 exon 20 insertions. The treatment
was administered at a dose of 16 mg QD and showed an ORR of 27.8% and a disease
control rate (DCR) of 70.0%, achieving a median PFS of 5.5 months. However, it exhibited a
suboptimal safety profile, with 97.8% of patients experiencing treatment-related adverse
events (TRAESs), including 78.9% with grade 3 TRAEs [34]. With the aim of improving the
drug’s tolerability profile, the ZENITH20-4 trial compared poziotinib 16 mg QD to 8 mg
BID in treatment-naive patients with HER2-mutant NSCLC. The study revealed an ORR of
41% and a median PFS of 5.6 months, and it found that the twice-daily regimen led to fewer
dose reductions and interruptions compared to the once-daily regimen, while maintaining a
comparable incidence of grade > 3 TRAEs [35]. In consideration of the complex evaluation
of the overall risk-benefit analysis, the FDA has determined that additional data from a
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randomised controlled trial are needed before poziotinib can be approved in pre-treated
patients with NSCLC harboring HER2 exon 20 insertion mutations.

Pyrotinib, an irreversible pan-HER TKI, was evaluated in a phase II trial including
platinum-pretreated advanced NSCLC patients, achieving an ORR of 30% and a median
PFES of 6.9 months. Subgroup analyses revealed that patients with different HER2 mutations,
including those with BMs, benefited from the treatment [36]. In a different phase II trial,
pyrotinib was administered as either first or subsequent line in patients with advanced
HER2-mutant NSCLC, yielding an ORR of 19.2% and a median PFS of 5.6 months. Notably,
treatment-naive patients experienced a higher median PFS (8.9 months) [37]. Additionally,
the PATHER? phase II trial evaluated pyrotinib in combination with apatinib in pretreated
advanced HER2-altered NSCLC patients, showing an ORR of 51.5%, a median PFS of
6.9 months, and a median OS of 14.8 months [38]. New efficacy and safety data will be
provided by the ongoing phase IIl PYRAMID-1 trial comparing pyrotinib with docetaxel
in patients with advanced NSCLC harbouring a HER2 exon 20 mutation who have been
previously treated with platinum-based chemotherapy (NCT04447118).

Mobocertinib (TAK-788), an oral EGFR/HER? inhibitor targeting exon 20 insertions,
demonstrated antitumor activity in a phase I/1I trial involving advanced NSCLC patients
with EGFR exon 20 insertion, while results from an expansion cohort focusing on patients
harbouring HER2 exon 20 alterations are still pending [39,40].

Currently, phase I and II clinical studies are evaluating other non-selective HER2 TKIs,
including furmonertinib (NCT05364073), BAY2927088 (NCT05099172), and tucatinib in
combination with trastuzumab (NCT04579380).

Ongoing efforts are also focused on developing novel and highly-HER? selective TKIs,
with the aim of improving treatment efficacy. BI 1810361 (zongertinib), a potent covalent
HER?2 inhibitor, demonstrated an ORR of 46% in an ongoing phase I trial (NCT04886804)
involving HER2-mutant NSCLC patients refractory to platinum-based chemotherapy [41].
Furthermore, ELVN-002 has demonstrated efficacy against common HER2 mutations along
with the ability to penetrate the CNS [42] and is currently under evaluation in a phase
I clinical trial (NCT05650879). Table 1 lists the major ongoing clinical trials of TKIs in
HER?2-altered NSCLC.

Table 1. Ongoing clinical trial of TKIs in HER2-altered NSCLC.

Trial

(ClinicalTrials.gov

Description Phase Drug

Identifier)

NCT05378763

A Study of Poziotinib in Previously
Treated Participants With Locally
Advanced or Metastatic NSCLC 1T
Harboring HER2 Exon 20 Mutations
(PINNACLE)

Poziotinib 8 mg BID;
Docetaxel 75 mg/mq

NCT04447118

Phase 3 Study of Pyrotinib Versus
Docetaxel in Patients With Advanced
Non-squamous NSCLC Harboring a I
HER2 Exon 20 Mutation Who Failed
Platinum Based Chemotherapy
(PYRAMID-1)

Pyrotinib 400 mg QD;
Docetaxel 75 mg/mq

Study of Furmonertinib in Patients
With Advanced or Metastatic

HER2 Alteration

Exon 20
mutations

Exon 20
mutations

NCT05364073

Non-Small Cell Lung Cancer (NSCLC)
With Activating, Including Uncommon,
Epidermal Growth Factor Receptor
(EGFR) or Human Epidermal Growth
Factor Receptor 2 (HER2) Mutations

Ib Furmonertinib

Exon 20 mutation; EGFR
exon 20 mutations and
uncommon mutations

NCT05099172

First in Human Study of BAY2927088
in Participants Who Have Advanced
Non-small Cell Lung Cancer (NSCLC)
With Mutations in the Genes of
Epidermal Growth Factor Receptor
(EGFR) and/or Human Epidermal
Growth Factor Receptor 2 (HER2)

I BAY2927088

HER2 mutations;
EGFR mutations
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Table 1. Cont.
Trial
(ClinicalTrials.gov Description Phase Drug HER2 Alteration
Identifier)
Basket Study of Tucatinib and Tucatinib 300 mg HER2 mutations,
NCT04579380 Trastuzumab in Solid Tumors With I BID + Trastuzumab overexpression, or
HER?2 Alterations 6 mg/kg amplification
Beamion LUNG-1: An Open Label,
Phase I Dose Escalation Trial, With
Dose Confirmation and Expansion, of HER2 mutations,
NCT04886804 Zongertinib (BI 1810631) as I Zongertinib overexpression, or
Monotherapy in Patients With amplification
Advanced or Metastatic Solid Tumors
With HER2
A Phase 1a/1b Study of ELVN-002 for
NCT05650879 the Treatment of Patients With HER2 I ELVN-002 HER2 mutations
Mutant Non-Small Cell Lung Cancer
PD-1 Combined With Pyrotinib for PD-1
NCT04144569 Chemotherapy Failure HER2 Insertion II Pyrotinib 4'00+ mg QD HER2 insertion mutations

Mutation Advanced NSCLC

Abbreviations: TKI, tyrosine kinase inhibitors; NSCLC, non-small cell lung cancer; QD, once daily; BID, twice daily.

3.4. Monoclonal Antibodies

Trastuzumab, a humanised IgG monoclonal antibody targeting HER2 directly, has
been evaluated for its efficacy in advanced NSCLC patients with HER-2/neu positivity
across various chemotherapy regimens. Its addition to carboplatin and paclitaxel in a
Phase II clinical trial demonstrated an ORR of 24.5%, with a median PFS and OS of 3.3 and
10.1 months, respectively [43]. Subgroup analysis revealed improved survival outcomes in
patients with HER-2/neu 3+ expression, consistent with findings from other chemotherapy
regimens such as cisplatin-gemcitabine [44]. However, the limited number of HER2 3+ or
FISH-positive patients precludes a definitive confirmation of these results.

Trastuzumab monotherapy was evaluated in the phase Il HOT1303-B trial, which
enrolled pre-treated HER2-altered NSCLC patients and resulted in no therapeutic response
(ORR 0%), although it achieved a disease control ratio (DCR) of 70.0% and a median PFS of
5.2 months [45].

The combination of trastuzumab and pertuzumab showed a modest ORR of 11% in
heavily pre-treated patients with HER2-mutant or amplified NSCLC, particularly in those
harbouring HER2 exon 20 mutations [46].

Given the favourable results observed with the combination of trastuzumab, per-
tuzumab, and docetaxel in breast cancer, its efficacy was assessed in the single-arm phase
II TFCT 1703-R2D2 trial in patients with HER2-mutant NSCLC who had previously been
treated with platinum-based chemotherapy. This regimen demonstrated an ORR of 29%
and a median PFS of 6.8 months, with equally promising results [47]. Notably, this combi-
nation demonstrated a median duration of response (mDoR) of 11.0 months, significantly
exceeding the duration of response observed with other HER2-targeted monoclonal anti-
body regimens.

3.5. Antibody-Drug Conjugates (ADCs)

Trastuzumab Emtansine (T-DM1) is an antibody-drug conjugate (ADC) combining the
HER?2-targeted monoclonal antibody trastuzumab with the cytotoxic microtubule inhibitor
emtansine (DM1). In a phase Il basket trial, T-DM1 was administered at a dose of 3.6 mg/kg
to 18 heavily pre-treated HER2-mutant patients with advanced NSCLC, achieving an ORR
of 44% and a PFS of 5 months. Biomarker analysis identified variations in response rates
by HER2 mutation subtype, with the highest observed in exon 20 insertion mutations,
and no significant correlation between HER2 IHC and clinical outcomes [48]. Updated
analyses involving 28 HER2-mutant and 11 HER2-amplified pre-treated NSCLC patients
revealed an ORR of 50% and 55%, respectively [49]. A study conducted on patients with
HER2-overexpressed NSCLC treated with T-DM1 reported no therapeutic response in the
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IHC 2+ group and an ORR of 20% in the IHC 3+ group, despite a similar PFS and OS.
Further analysis indicated that most responders had HER2 amplification, with a subset
also showing HER2 mutations, highlighting the insufficiency of exclusively relying on IHC
to forecast the efficacy of T-DM1, differently from what is observed in breast and gastric
cancer [50]. In conclusion, a cohort of 22 NSCLC patients with HER2 exon 20 insertion
mutations was evaluated in a phase II study revealing an ORR of 38.1% and a median
PFS of 2.8 months, highlighting the limited response duration associated with T-DM1
treatment [51].

Trastuzumab deruxtecan (T-DXd) is a novel anti-HER2 antibody-drug conjugate (ADC)
consisting of deruxtecan, a topoisomerase I inhibitor, conjugated to trastuzumab via a
cleavable linker. In the phase III DESTINY-Breast03 trial, T-DXd achieved an ORR of 79%
compared to 35% with standard treatment in patients with unresectable or metastatic HER2-
positive breast cancer previously treated with anti-HER?2 regimens, leading to its FDA and
EMA approval [52]. Based on these encouraging results, its efficacy has also been studied in
patients with HER2-altered NSCLC. In a phase I study, T-DXd showed promising activity in
patients with HER-altered NSCLC, with an ORR of 55.8% and a median PFS of 11.3 months.
Of particular note was the improved efficacy seen in the HER2-mutant subgroup, with an
ORR of 72.7% [53]. Thereafter, the phase Il DESTINY-Lung01 trial evaluated the efficacy
and safety of T-DXd at the dose of 6.4 mg/kg in HER2-mutant or overexpressed, recurrent,
or refractory NSCLC. Notable outcomes were seen in the HER2-mutant subgroup, where
T-DXd monotherapy showed an ORR of 55%, median PFS of 8.2 months, and median OS
of 17.8 months [54]. These findings, supported by preclinical research showing enhanced
receptor internalisation and trastuzumab deruxtecan intracellular uptake in activating
HER?2 mutations, confirm the heightened activity of trastuzumab deruxtecan in HER2-
mutant versus HER2-overexpressing NSCLC [49]. The toxicity profile of T-DXd was
characterised by a 97% incidence of TRAESs, 46% of which were grade > 3, leading to
dose interruption, reduction, or treatment discontinuation in 53.1%, 34.7%, and 22.4% of
cases, respectively. Notably, interstitial lung disease (ILD) emerged as the main adverse
effect, affecting 26% of the patient population and leading to two deaths [54]. The greater
frequency of ILD observed in lung cancer versus breast or gastric cancers may reflect
underlying pulmonary conditions in lung cancer patients, including smoking-related
damage or reduced lung capacity from prior treatments, but further investigation for
definitive conclusions is needed [55]. The subsequent phase II DESTINY-Lung02 trial
revealed that for HER2-mutant, pre-treated NSCLC patients, a 5.4 mg/kg Q3W dosage of
T-DXd outperforms the 6.4 mg/kg Q3W regimen, achieving higher ORR (53.8% vs. 42.9%),
with reduced severe TRAEs (31.7% vs. 58%) and ILD incidence (5.9% vs. 14%) [56]. These
results led to the FDA and EMA approval of trastuzumab deruxtecan as the first and only
approved targeted therapy for the treatment of metastatic NSCLC with HER2 mutations
previously treated with platinum-based chemotherapy. Moreover, on 5 April 2024, the
FDA granted accelerated approval to T-DXd for patients with advanced, pre-treated HER2-
positive (IHC3+) solid tumours with no other treatment options.

T-DXd is currently under evaluation also in first-line setting. The ongoing phase III
DESTINY-Lung04 trial (NCT05048797) will assess the efficacy and safety of T-DXd as single-
agent therapy compared to chemotherapy plus pembrolizumab for first-line treatment in
advanced NSCLC patients with HER2 exon 19 or 20 mutations.

4. Brain Metastases in HER2-Altered NSCLC: Incidence and Treatment Strategies

The occurrence of brain metastases in patients with HER2-altered NSCLC ranges from
6% to 29% [8,57,58], with exon 20 YVMA insertion associated with a significantly higher
baseline and lifetime incidence [10]. It is, therefore, undeniable that the development of
HER?2-targeted therapies capable of crossing the blood-brain barrier (BBB) is necessary to
achieve more effective treatments and longer lasting responses over time.

As previously mentioned, although non-selective HER2 TKIs like afatinib, dacomitinib,
and pyrotinib showed systemic efficacy in HER2-mutant NSCLC, data on their impact on
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the central nervous system (CNS) are lacking. On the other hand, poziotinib revealed an
ORR of 28.6% and a median PFS of 7.4 months in patients with BMs, but the reliability of
these results is limited by a small cohort size, the omission of a baseline brain MRI, and the
prevalent use of prior brain radiation [59].

T-DXd demonstrated significant intracranial efficacy in HER2-positive breast cancer. In
the phase III DESTINY-Breast03 trial, T-DXd achieved an intracranial response rate of 63.8%,
compared to 33.3% for T-DM1 among patients with stable BMs at baseline [60]. Furthermore,
a subgroup analysis from DESTINY-Breast(01 recently underscored the efficacy of T-DXd on
stable BMs in patients previously treated with T-DM1 [61]. T-DXd demonstrated promising
efficacy also in the treatment of HER2-positive metastatic breast cancer patients with active
BMs. In this scenario, the phase II DEBBRAH trial recorded an intracranial response rate
of 44.4% among individuals treated with T-DXd with either HER2-positive or HER2-low
breast cancer experiencing progression of BMs after local therapy [62]. Moreover, in the
phase II TUXEDO-1 trial, T-DXd achieved an intracranial response rate of 100% in patients
with de novo and 66.7% in patients with progressive BMs [63].

Consistent with what observed in breast cancer, T-DXd exhibited encouraging intracra-
nial activity also in patients with HER2-mutant NSCLC. Specifically, a pooled analysis of
the DESTINY-Lung01 and DESTINY-Lung02 trials demonstrated that 86% of patients with
measurable BMs receiving a 5.4 mg/kg dose and 78% receiving a 6.4 mg/kg dose of T-DXd
showed a reduction in brain lesions size [54,56]. Moreover, the ongoing DESTINY-Lung04
trial (NCT05048797) will evaluate CNS PFS as secondary endpoint.

5. Future Directions in HER2-Positive NSCLC Treatment

The treatment of HER2-driven NSCLC is expected to evolve from monotherapy to
combinations of agents with synergistic effects, significantly changing the current thera-
peutic landscape.

Preclinical studies have revealed that T-DXd increases the expression of PD-L1 by
the major histocompatibility complex class I and potentiates the infiltration of CD8 T
cells into breast cancer cells, outlining the therapeutic potential of the combination of
T-DXd and ICI [64]. In light of these findings, several clinical trials are underway. The
phase I HUDSON basket trial evaluated the combination of T-DXd plus durvalumab in
patients previously treated with anti-PD1/PD-L1 therapy, including those with HER2-
mutant NSCLC and HER2-overexpressed NSCLC, showing greater efficacy in the former
subgroup [65]. The phase Ib DESTINY-Lung03 trial (NCT04686305) is evaluating the safety,
tolerability and efficacy of T-DXd in combination with durvalumab and chemotherapy as
first-line treatment, but only in patients with advanced HER2-overexpressed NSCLC [66].
In addition, an ongoing phase Ib trial (NCT04042701) is investigating T-DXd in association
with pembrolizumab in HER2-positive and mutant NSCLC patients without previous
exposure to anti-PD-1/PD-L1 or HER?2 therapy. However, the concurrent administration of
Durvalumab and T-DXd, both associated with pulmonary toxicity, presents significant risks.
In the HUDSON trial, 55% of patients experienced grade > 3 TEAEs, including pneumonitis,
pulmonary embolism, and anaemia, with pneumonitis being the most prevalent [65].

ICIs are also under evaluation in combination with TKIs in HER2-mutant NSCLC
after failure of first-line chemotherapy, in a phase II study involving pyrotinib and PD-1
inhibitors (NCT04144569). The combination of HER2 TKIs and IClIs is supported by their
synergistic effects: TKIs induce immunogenic cell death and cytokine release, enhancing tu-
mour antigen presentation and immune cell activation; on the other hand, ICIs amplify the
immune response by preventing T-cell inactivation, resulting in a more effective antitumour
response [67].

Improving the architectural configuration of ADCs to amplify their efficacy and reduce
associated toxicities is a promising direction. Within this framework, novel HER2-targeted
ADCs such as A166, ARX788, SHRA1811, and MRG002 are currently under evaluation
in phase I/11 trials in patients with HER2-altered NSCLC (NCT03602079, NCT03255070,
NCT04818333, and NCT05141786). Additionally, an ongoing phase IB/II clinical trial
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will evaluate SHR-A1811 in combination with pyrotinib or SHR-1316 in patients with
HER-2 altered advanced NSCLC (NCT05482568). In conclusion, the NCT04235101 trial is
exploring the safety profile of the combination therapy involving SYD985 (trastuzumab
duocarmazine) and niraparib in individuals diagnosed with solid tumours. Table 2 lists
the main ongoing clinical trials of ADCs in HER2-altered NSCLC.

Table 2. Ongoing clinical trial of ADCs in HER2-altered NSCLC.

Trial
(ClinicalTrials.gov Description
Identifier)

Phase

Drug

HER2 Alteration

An Open-label, Randomized,

Multicenter, Phase 3 Study to Assess
the Efficacy and Safety of Trastuzumab

Deruxtecan as First-line Treatment of

NCT05048797 Unresectable, Locally Advanced, or

Metastatic NSCLC Harboring HER2

Exon 19 or 20 Mutations
(DESTINY-Lung04)

i

T-DXd

Exon 19 or 20 mutations

A Phase Ib Multicenter, Open-label
Study to Evaluate the Safety and
Tolerability of Trastuzumab
Deruxtecan (T-DXd) and
Immunotherapy Agents With and
Without Chemotherapy Agents in
NCT04686305 First-line Treatment of Patients With

Advanced or Metastatic
Non-squamous Non-small Cell Lung
Cancer (NSCLC) and Human
Epidermal Growth Factor Receptor 2
(HER2) Overexpression (OE)
(DESTINY-Lung03)

T-DXd;

T-DXd + Durvalumab +
Cisplatin, Carboplatin
or Pemetrexed;
T-DXd + MEDI5752;
T-DXd + MEDI5752 +
Carboplatin

HER?2 overexpression

A Phase 1b, Multicenter, Two-Part,
Open-Label Study of Trastuzumab
Deruxtecan (DS-8201a), An
Anti-Human Epidermal Growth Factor
Receptor-2 (HER2)-Antibody Drug
Conjugate (ADC), In Combination
With Pembrolizumab, An Anti-PD-1
Antibody, For Subjects With Locally
Advanced /Metastatic Breast Or
Non-Small Cell Lung Cancer (NSCLC)

NCT04042701

Ib

T-DXd +
Pembrolizumab

HER2-expressing,
HER2 mutations

A Phase I-1I, FIH Study of A166 in
Locally Advanced/Metastatic Solid
Tumors Expressing Human Epidermal
NCT03602079 Growth Factor Receptor 2 (HER?2) or
Are HER2 Amplified That Did Not
Respond or Stopped Responding to
Approved Therapies

I-II

Al66

HER2-expressing,
HER?2 amplification

A Phase 1, Multicenter, Open-label,
Multiple Dose-escalation and
NCT03255070 Expansion Study of ARX788, as
Monotherapy in Advanced Solid
Tumors With HER2 Expression

ARX788

HER2-expressing

Phase I/1I Clinical Study of the Safety,
Tolerability, Pharmacokinetics, and
Efficacy of SHR-A1811 for Injection in
Subjects With Advanced Non-small
Cell Lung Cancer Who Have HER2
Expression, Amplification, or Mutation

NCT04818333

SHR-A1811

HER2-expresssing, HER2
amplification,
HER2 mutations

An Open-label, Multi-center,
Non-randomized Phase II Clinical
Study to Evaluate the Efficacy and
NCT05141786 Safety of MRG002 in Patients
With HER2-mutated Unresectable/
Metastatic Non-small Cell Lung
Cancer (NSCLC)

MRG002

HER2 mutations
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Table 2. Cont.

Trial
(ClinicalTrials.gov Description Phase Drug HER2 Alteration
Identifier)

Phase IB/II Clinical Study of the Safety,
Tolerability, Pharmacokinetics, and
Efficacy of Injectable SHR-A1811 in SPII,R;Q}EE * HER2-expresssing, HER2

NCT05482568 Combination With Pyrotinib or Ib/I SHI%— A1811 + amplification,
SHR-1316 in Subjects With Advanced SHR-1316 HER2 mutations

Non-small Cell Lung Cancer With
HER2

A Two-part Phase I Study With the
Antibody-drug Conjugate SYD985 in
Combination With Niraparib to
NCT04235101 Evaluate Safety, Pharmacokinetics, and I
Efficacy in Patients With
HER2-expressing Locally Advanced or
Metastatic Solid Tumours

SYD985 +

Niraparib HER2-expressing

Abbreviations: ADC, antibody; NSCLC, non-small cell lung cancer; T-DXd, trastuzumab deruxtecan.

Emerging evidence highlights the importance of liquid biopsy in monitoring treatment
efficacy, with recent studies showing that fluctuations in circulating tumour DNA (ctDNA)
levels correlate with treatment outcomes and survival rates in solid tumours undergoing
targeted therapy [68].

Consistent with previous findings, a recent analysis of advanced HER2-mutant NSCLC
patients receiving pyrotinib from two phase II clinical trials reported improved treatment
outcomes in those with ctDNA clearance after 40 days of therapy. However, the limited
number of patients enrolled in the analysis makes further investigation necessary [69]. Fi-
nally, an interesting case report showed how the kinetics of HER2 mutation allele frequency
assessed by plasma ctDNA analysis at different timepoints during treatment with T-DXd
exactly matched the clinical course of the disease [70].

6. Conclusions

This review highlights the dynamic and evolving landscape of HER2-targeted thera-
pies in NSCLC, marking significant advances from the initial use of monotherapies to more
recent strategies of combination regimen. While platinum-pemetrexed-based chemotherapy
still represents the standard of care for first-line treatment, emerging therapies, including T-
DXd and novel TKIs, showed promising results also in treating patients with BMs. Notably,
the outcomes of the DESTINY-Lung04 trial are keenly awaited as they hold the potential
to significantly alter the treatment paradigm for patients with advanced HER2-mutant
NSCLC. Moreover, emerging evidence is pointing to the potential role of liquid biopsy in
monitoring disease progression, but further studies are needed.
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Simple Summary: Neuregulin-1 (NRG1) is an important regulator of ErbB-mediated pathways
involved in cancer development. Recently, there have been several studies analyzing NRG-1 gene
fusions engaged in altering the dimerization of HER family proteins and the consecutive results of
their activation in different types of cancer. Non-small cell lung cancer (NSCLC) patients can benefit
from pan-HER inhibitors, and knowledge of NRG-1 fusions can help tailor the treatment to a specific
group of patients. New drugs targeting cells with NRG-1 fusions are under clinical trials and show
effectiveness in NSCLC treatment.

Abstract: Non-small cell lung cancer (NSCLC) presents a variety of druggable genetic alterations that
revolutionized the treatment approaches. However, identifying new alterations may broaden the
group of patients benefitting from such novel treatment options. Recently, the interest focused on the
neuregulin-1 gene (NRG1), whose fusions may have become a potential predictive factor. To date, the
occurrence of NRG1 fusions has been considered a negative prognostic marker in NSCLC treatment;
however, many premises remain behind the targetability of signaling pathways affected by the NRG1
gene. The role of NRGI fusions in ErbB-mediated cell proliferation especially seems to be considered
as a main target of treatment. Hence, NSCLC patients harboring NRG1 fusions may benefit from
targeted therapies such as pan-HER family inhibitors, which have shown efficacy in previous studies
in various cancers, and anti-HER monoclonal antibodies. Considering the increased interest in the
NRGI gene as a potential clinical target, in the following review, we highlight its biology, as well as
the potential clinical implications that were evaluated in clinics or remained under consideration in
clinical trials.

Keywords: NSCLC; NRGI fusions; molecularly targeted

1. Introduction

In the era of precision therapy, novel driver alterations are extensively studied to
qualify the patient for the best-fitting treatment. In 2020, lung cancer accounted for 11.9%
of all new cancer diagnoses in Europe, constituting about 480,000 people [1]. Non-small
cell lung cancer (NSCLC), which includes 85% of lung cancer cases, is one of the cancer
types that presents a variety of actionable genetic changes, with quite a few available
targeted drugs that have revolutionized the treatment approaches [2]. Nevertheless, the
percentage of patients that receive already popular epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs), anaplastic lymphoma kinase (ALK) inhibitors,
or less common molecules is still low. The search for new targets is still ongoing to allow
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a larger group of patients treatment tailored specifically for them [3]. Identifying such
alterations or fusions may effectively select those benefiting from such novel treatment
options. Apart from gene mutations, rearrangements and fusions of different genes are
among the most commonly diagnosed cancer cell driver alterations [2]. The inhibitors
of anaplastic lymphoma kinase (ALK), ROS proto-oncogene 1 (ROS1), rearranged during
transfection (RET), and neurotrophic tyrosine receptor kinase (NTRK) rearrangements are
already present in our everyday clinical practice [4,5]. Recently, interest has focused on
neuregulin-1 (NRG1) as a potential oncogenic target.

The NRG1 gene harbors several variants that have been classified on the Evidence for
Sequence-variant Classification (ESCAT) scale as likely benign (rs3924999—intron region;
rs7832768—promoter region) or uncertain significance (rs10503929 and rs16879552—both
intronic), and their clinical relevance should be confirmed [6]. On the other hand, NRG1
fusions might be considered the main oncogenic factor in solid tumors. The first description
of such fusions (CD74-NRG1) in invasive mucinous adenocarcinoma of the lung (IMA) was
in 2014. The targeted drugs for patients with NRGI fusions are still in clinical trials, and
the search continues [7].

NRGI rearrangements are uncommon compared to other more often described gene
alterations found in NSCLC. In one of the studies, it was present in 0.5% of patients (2 of
404 analyzed cases) [8], in the other in 0.3% of patients (25 of 9252 analyzed samples) [9].
The prevalence of NRG1 rearrangements in other types of cancers is similar to NSCLC and
amounts to 0.5% in cholangiocarcinoma, pancreatic carcinoma, and renal cell carcinoma,
0.4% in ovarian cancer, and 0.2% in breast cancer and sarcoma [7,9,10]. Thus, the NRG1
fusions may be considered as biomarkers in various cancer types. Moreover, these fusions
exclude the occurrence of other cancer-driving genetic changes. In some NSCLC cases,
however, their presence was described along with mutations in KRAS and BRAF or ALK
rearrangements [9,11].

To date, the occurrence of NRG1 fusions was considered a negative prognostic marker
in NSCLC treatment. Patients harboring such alterations presented reduced overall survival
(OS) when treated with standard chemotherapy, chemoimmunotherapy, or immunotherapy
alone. However, there are many premises behind the targetability of pathways affected by
this alteration [9,12,13].

Considering the increased interest in the NRG1 gene as a potential clinical target, this
review discusses the structure and biology of the NRG1 gene and the occurrence of potential
genetic fusions. Furthermore, we indicate the NRG1 fusion detection methods that are based
on both high-throughput or single-gene approaches. In the end, we highlight the druggable
applications of NRG1 fusions as the first or secondary target in the treatment of NSCLC,
which are already available in clinics or are still under consideration in clinical trials.

2. Structure and Biology of NRG1 Fusions

Neuregulin 1 is a protein, encoded by the NRG1 gene located on the short arm of
chromosome 8 (8p12), that is involved in various biological processes, including neural
development, synaptic plasticity, myelination, and inter-cell signaling in the heart and
breast [14]. The function of NRG1 is necessary for the early stages of development, and
its absence, as was shown in mouse models, does not allow for proper embryonic devel-
opment [15]. NRGI gene has many tissue-specific isoforms, created through alternative
splicing, that differ structurally from each other. However, most isoforms contain the
same extracellular epidermal growth factor-like (EGF-like) domain [14,16,17], which is
crucial in the case of NRG1 fusions to keep the functionality of the aberrant protein and
drive cancer cell development. Most isoforms of NRG1 are bound to the cell membrane
as a precursor. During proteolytic processes, the mature NRG1 is released, which can be
transported further from the cell of origin and activate receptors on the surface of other
cells. However, isoform III of neuregulin 1 retains the EGF-like domain in the membrane,
which allows for the activation of mainly neighboring cells [18]. Moreover, there are some
premises that epigenetic changes may also dysregulate the NRG1 expression, leading to its
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involvement in cancer development and progression [19]. The schematic localisation and
structure of the NRG1 gene is presented in Figure 1.
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Figure 1. Schematic of NRG1 gene structure showing position on chromosome 8, composition of
exons, and structure of protein isoforms. I[g—immunoglobulin-like domain; S—stalk; EGF-like—EGEF-
like domain; CT—cytoplasmic tail; CRD—cysteine-rich domain. Black arrows indicate the location of
cleavage in secreted types of NRGI1.

The EGF-like domain of NRG1 protein is mainly an activator of Erb-B2 tyrosine
kinase receptor 3 (ErbB3 also called HER3, human epidermal growth factor receptor 3),
subsequently activating heterodimerization, most frequently ErbB2-ErbB3, but also EGFR
or ErbB4, and further downstream signaling through mitogen-activated protein kinase
(MAPK) and phosphoinositide-3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) pathways [20,21]. Although ErbB3 has seriously decreased kinase activity, its
dimerization with other ErbB family receptors, after activation by NRG1, allows further
downstream activation of the aforementioned pathways [22,23]. The NRG1 fusion proteins
act as abnormal activators of ErbB-mediated cell proliferation pathways, and the result of
such activation is the promotion of proliferation of molecularly altered cells.

It is postulated that NRG1 fusions act similarly to neuregulin-1 isoform III, with a
membrane-attached EGF-like domain. Different NRG1 fusions can activate different homo-
or heterodimers of ErbB [24], hence, they can activate diverse downstream pathways
and result in alternative results from blockade attempts. The scheme of dimeric ErbB
downstream signaling pathways regulated by the NRG1 protein is presented in Figure 2.
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Figure 2. The scheme of dimeric ErbB downstream signaling pathways regulated by the NRG1
protein. The NRG1 protein, through different biological cascades, affects the ErbB dimers for protein
synthesis, cell survival, cell apoptosis, control of cell cycle and metabolism, as well as cell migration,
invasion, or differentiation.

3. Occurrence of NRG1 Fusions

As previously stated, the first discovery of the CD74-NRG1 fusion was described in
2014 in a study of 25 lung adenocarcinoma patients without KRAS or EGFR mutations.
The described five cases were detected in non-smoking females with the IMA subtype [7].
Since that discovery, most of the CD74-NRGI fusion cases have been presented in this
subtype of lung adenocarcinoma [25]. Subsequently, other groups of researchers identified
different fusion partners of the NRG1 gene: SLC3A2 [9,12,26], SDC4 [9,27], RBPMS [9,28],
VAMP?2 [29], WRN [28], ATP1B1 [27], ROCK1 [25], RALGAPA1 [30], TNC [9], MDK [9],
DIP2B [9], MRPL13 [9], DPYSL2 [9], PARPS8 [9], THAP7 [25], SMAD4 [25], KIF13B [13],
ITGB1 [31], UBXNS8 [10], NPTN [32], CADM1 [33], F11R [33], FGFR1 [33], FLYWCHI1 [33],
KRAS [33], PLCG2 [33], and VAPB [33]. To date, the study by Jonna and co-workers is the
most comprehensive analysis regarding NRG1 fusions in solid tumors, where the incidence
of the most common partners was as follows: CD74 (29%), ATP1B1 (10%), SDC4 (7%), and
RBPMS (5%). All the other fusions detected in the analyzed group of 21,858 solid tumor
samples occurred with 2% frequency [9].

Fusions of NRG1 and a few different partner genes have been described in other tumors
as well, namely in ovarian cancer: SETD4 [9], TSHZ2 [9], ZMYM?2 [9], RAB3IL1 [25], and
CLU [25,34], and in pancreatic ductal adenocarcinoma: VICN1 [9], CDH1 [9], CDH6 [35],
SARAF [10,35], APP [36], and CDK1 [37]. Other described individual cases include breast
cancer: ADAMY [9], COX10-AS1 [9], AKAP13 [25], FOXAT1 [25], DDHD?2 [10], FUT10 [10],
BRE [10], CD9 [10], ARHGEF39 [38], FAM91A1 [38], and ZNF704 [38], colorectal carcinoma:
IKBKB [10], ZCCHC7 [10], TNRFSF10B [10], EROI1L [10], and KCTD9 [10], esophageal
carcinoma: BIN3 [10] and CCAR2 [10], gallbladder carcinoma: NOTCH?2 [9], head and
neck squamous carcinoma: THBS1 [25] and PDE7A [25], bladder cancer: GDF15 [9], renal
cell carcinoma: PCM1 [25], prostate carcinoma: STMN?2 [25] and UNC5D [39], neuroen-
docrine tumor of the nasopharynx: HMBOX1 [9,40], spindle cell sarcoma: WHSC1L1 [9]
and PPHLN1 [40], as well as uterine carcinosarcoma: PMEPA1 [25]. Interestingly, in fu-
sions of NRG1 and PCM1, STMN2, and PMEPA1, the EGF-like domain was not observed;
hence, the functionality and the activating ability of these fusions may not be relevant
as oncogenic drivers [25]. The overview of locations of NRG1 fusion gene partners in
different tumors within chromosome 8 and other chromosomes is presented in Table 1 and
Figures 3 and 4, respectively.
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Table 1. Partner genes, with their chromosomal localization and translocation description, including

the NRGI gene, in different cancer types.

Fusion Gene Localization Aberration Cancer Type
ADAM9 8p11.22 t(8;8)(p12;p11)
AKAP13 15q25.3 t(8;15)(p12;q25)
ARHGEF39 9p13.3 t(8,9)(p12;p13)
BABAM?2/BRE 2p23.2 t(8;2)(p12;p23)
CD9 12p13.31 t(8;12)(p12;p13)
COX10-AS1 17p12 t(8;17)(p12;p12)
DDHD2 8p11.23 £(8:8)(p12;p11) Breast Cancer
FAM91A1 8q24.13 t(8;8)(p12;q24)
FOXA1 14q21.1 t(8;14)(p12;q21)
FUT10 8p12 t(8;8)(p12;p12)
TENM4 11q14.1 t(8;11)(p12;q14)
ZNF704 8q21.13 (8;8)(p12;921)

. ) Breast Cancer/Cholangiocarcinoma/Pancreatic
ATP1B1 19242 t8:1)(p12/924) Ductal Adenocarcinoma
ERO1L 14q22.1 t(8;14)(p12;q22)
IKBKB 8pll.21 t(8;8)(p12;p1l) Colorectal Cancer
KCTD9 8p21.2 t(8;8)(p12;q21)
POMK 8p11.21 t(8;8)(p12;p11)
TNFRSF10B 8p21.3 t(8;8)(p12;p21)
ZCCHC7?7 9p13.2 t(8,9)(p12;p13)
BIN3 8p21.3 t(8;8)(p12;p21) .
CCAR2 8p21.3 1(8;8)(p12;p21) Esophageal Carcinoma
NOTCH2 1p12 t(8;1)(p12;p12) Gallbladder Cancer
PDE7A 8q13.1 t(8;8)(p12;q13) .
THBS1 15q14 €8:15)(p12;q14) Head and Neck Squamous Cell Carcinoma
PCM1 8p22 t(8;8)(p12;p22) Kidney Renal Clear Cell Carcinoma
. ) Lung Adenocarcinoma/Pancreatic

CD74 5q33.1 t(8;5)(p12;q933) Adenocarcinoma
CADM1 11923.3 t(8;11)(p12;q23)
DIP2B 12q13.12 t(8;12)(p12;q13)
DPYSL2 8p21.2 t(8;8)(p12;p21)
F11R 1q23.3 t(8;1)(p12;q23)
FGFR1 8p11.23 t(8;8)(p12;q11)
FLYWCH1 16p13.3 t(8;16)(p12;p13)
ITGB1 10p11.22 t(8;10)(p12;p11)
KIF13B 8p12 t(8;8)(p12;p12)
KRAS 12p12.2 t(8,12)(p12;p12)
MDK 11p11.2 t(8;11)(p12;p11)
MRPL13 8q24.12 1(8:8)(p12;q24) Lung Cancer
NPTN 15q24.1 t(8;15)(p12;q24)
PARP8 5q11.1 t(8;5)(p12;q11)
PLCG2 16q23.3 t(8;16)(p12;q23)
RALGAPA1 14q13.2 t(8;14)(p12;q13)
SDC4 20q13.12 t(8;20)(p12;q13)
SLC3A2 11q12.3 t(8;11)(p12;q12)
SMAD4 18q21.2 t(8;18)(p12;q21)
THAP7 22q11.21 t(8;22)(p12;q11)
TNC 9q33.1 t(8;,9)(p12;,933)
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Table 1. Cont.

Fusion Gene Localization Aberration Cancer Type
WRN 8pl12 t(8;8)(p12;p12) Lung Cancer/Breast Cancer
RBPMS 8p12 t(8;8)(p12;p12) Lung Cancer/Renal Cell Carcinoma

Neuroendocrine Tumor of the

HMBOX1 8p21.1-p12 88 (p12;p21) Nasopharynx/Spindle Cell Sarcoma
CLU 8p21.1 t(8;8)(p12;p21)
RAB3IL1 11q12.2-q12.3 t(8;11)(p12;q12)
SETD4 21q22.12 t(8;21)(p12;q22) Ovarian Cancer
TSHZ2 20q13.2 (8;20)(p12;q13)
ZMYM2 13q12.11 t(8;13)(p12;q11)
APP 21q21.3 t(8;21)(p12;q21)
CDH1 16q22.1 t(8;16)(p12;q22)
CDHS6 5p13.3 t(8;5)(p12;p13)
CDK1 10q21.2 t(8;10)(p12;q21) . .
ROCK1 18q11.1 1(8;18)(p12:q11) Pancreatic Adenocarcinoma
SARAF 8p12 t(8;8)(p12;p12)
UNC5D 8pl12 t(8;8)(p12;p12)
VTCN1 1p13.1-p12 t(8;1)(p12;p13)
STMN2 8q21.13 t(8;8)(p12;q21) Prostate Cancer
WHSC1L1 8p11.23 t(8;8)(p12;p11) Sarcoma
MTUS1 8p22 t(8;8)(p12;p22) .
PPHLN1 12q12 £(8;12)(p12;q12) Spindle Cell Sarcoma
GDF15 19p13.11 t(8;19)(p12;p13) Urothelial Bladder Cancer
PMEPA1 20q13.31 t(8;20)(p12;q13) Uterine Carcinosarcoma

Chromosome 8
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Figure 4. The circos plot presents the common fusion partners of NRG1 with genes localized within
all chromosomes.

4. Detection of NRG1 Fusions

The rare occurrence of NRG1 fusions requires a robust detection method, especially
in a wide range of partner genes. The main obstacle is to capture all probable fusions in a
single sample using an economically viable tool.

The comprehensive identification of NRG1 fusions may involve next-generation se-
quencing (NGS) technologies, both RNA and DNA-based, which allow for high-throughput
genomic profiling of tumor samples [8,41]. Since the gene spans over 1Mb, NGS allows
for full analysis of all NRG1 alterations, those known and unknown as well [9]. RNA-
based sequencing can be used to identify fusions located in-frame, allowing for detecting
products of transcription from alternative splicing forms, which are common in the case
of the NRG1 gene [8,9]. The most useful method in such an approach would be whole
transcriptome sequencing (WTS), as it allows the detection of all possible transcripts. How-
ever, the drawback of WTS is that the method needs high-quality RNA isolated from the
sample [28,42]. The DNA-based NGS approaches, whole exome sequencing (WES) and
targeted sequencing allow, on the other hand, for the description of exact sequences of
breakpoints but do not tell if these sequences undergo translation [9]. Such methods also do
not cover intronic sequences properly, which is a disadvantage, as the NRG1 gene consists
of large, non-coding fragments that might carry the possible breaking points [16]. Another
drawback of the DNA-based NGS approach is the poor quality of DNA extracted from
formalin-fixed paraffin-embedded (FFPE) tissue samples that, in the computational analy-
sis, may deliver a high number of artifacts that may imitate the false positive results [43,44].
However, due to the mentioned limitations and high costs of NGS-based approaches, other
single gene-based methods are still of great interest for NRG1 gene detection.

The most common technique used for the detection of fusion genes and their protein
products is immunohistochemistry (IHC). The method is relatively fast, cheap, and pro-
vides high sensitivity and specificity, although it needs a qualified pathologist for proper
description [45]. It was postulated that phosphorylated ErbB3 (pErbB3) protein analysis
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could be the first step to identifying tumors carrying NRG1 fusions [21,33]. The association
between high pErbB3 expression detected with IHC in IMA and non-IMA lung cancer
samples was shown by Trombetta et al. [46]. The main issue with IHC is that it might
show false-positive results, as it presents fusion proteins that undergo full expression
(transcription and translation) [47], hence, the method can be used mainly as the first step
in screening and selection of samples for further, more complex analysis [9].

The third approach to the detection of NRGI fusions is the fluorescence in situ hy-
bridization (FISH) technique [48]. It is commonly available in most molecular laboratories,
but it requires more expertise and experience from the diagnostician when interpreting the
results. It is more labor-consuming and works well with previously described fusions. Also,
the technique cannot describe specific breakage points in fusion partners [36,46]. Besides
IHC and FISH techniques, real-time PCR and Sanger sequencing also allow the detection
of the exact known genomic breakpoints but remain underused and are very limiting [9].
On the other hand, Nanostring technology may become the RNA-based approach that will
allow efficient estimation of the level of expression of all the exons in the region of interest
within the NRG1 gene [49].

5. NRG1 Fusion as the Predictive Factor in Lung Cancer Treatment

The activation of signal transduction by binding of NRGI1 ligand to ErbB family
receptors or the process of ErbB family protein dimerization is considered the main target
of treatment in patients harboring NRG1 fusions [50,51]. Hence, NSCLC patients harboring
NRG1 fusions may benefit from targeted therapies such as HER family inhibitors, which
have shown efficacy in previous studies in various cancers. The first choice in such an
approach would be afatinib. This irreversible pan-HER inhibitor was proven effective
in NSCLC patients harboring EGFR gene-activating mutations [52,53]. Several studies
analyzed the effectiveness of afatinib in patients harboring NRG1 fusions, although they
were mainly case studies. Drilon et al. reported no response to afatinib treatment in
four patients with IMA histology, although there were visible results in patient-derived
xenograft mouse models [25]. Gay et al. presented two cases of lung cancer patients
without EGFR mutations, carriers of SLC3A2-NRG1 and CD74-NRG1 fusions. The patients
received afatinib with documented durable responses of 10 and 12 months, respectively [8].
Another case study of five lung cancer patients harboring CD74-NRG1 or SDC4-NRG1
fusions, treated with afatinib, resulted in four cases of partial response (PR) (5-27 months)
and one stable disease (SD) (4 months) [54]. On the other hand, a single-patient case study
with a CD74-NRG1 fusion presented by Wu et al. indicated that afatinib showed PR for
seven months until the progression of the disease [55]. A larger study by Liu et al. with
different types of tumors included 29 NSCLC patients treated with afatinib, and it showed
a 48.3% overall response rate (ORR), including three complete responses (CRs) and eleven
PRs, with a median duration of response (DoR) of 6.8 months and median PFS of 6.1
months [56].

Tarloxotinib, another small molecule pan-ErbB inhibitor, in a hypoxic tumor envi-
ronment decreased the phosphorylated ErbB-related process by targeting the membrane
of reductase STEP4 protein, leading to tumor growth inhibition and cancer regression.
The results were observed in patient-derived cell lines and multiple murine xenograft
models harboring an NRG1 fusion [9,57,58]. Apart from the small-molecule pan-ErbB
inhibitors mentioned above, there are also many positive premises behind the inhibition of
NRG1-related pathways by monoclonal antibodies binding to the ErbB receptors. Odintsov
et al. reported that seribantumab (anti-ErbB3 antibody, MM-121/SAR256212) decreased
activation of the PI3K-AKT, mTOR, and ERK pathways in NRG1 fusion-positive patient-
derived lung and breast cancer cell lines and patient-derived xenograft (PDX) models from
lung and ovarian cancer patients. Moreover, seribantumab efficiently blocked other ErbB
family members, indicating a similar to afatinib reduction of proliferation and induction of
apoptosis [59]. In the end, Drilon et al. observed durable tumor regression in a PDX mouse
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model and anti-proliferative activity in the MDA-MB-175-VII cell line [25]. The summary of
the effect of different drugs on the prognosis of lung cancer patients is presented in Table 2.

Table 2. A summary of the effect of different drugs on the prognosis of lung cancer patients.

Drug Studied Material Effect Reference

10-12 months of durable response Gay et al. [8]

5-27 months of partial response

4 months of stable disease Cadranel et al. [54]

Afatinib NSCLC patients

7 months of partial response Wu et al. [55]
48.3% of the overall response rate
6.8 months median duration of response Liu et al. [56]
6.1 months median progression-free survival
Tarloxotinib patient-derived cell lines, inhibition of tumor growth Bhandari et al. [57]
murine xenograft models cancer regression Estrada-Bernal et al. [58]

patient-derived cell lines,
patient-derived xenograft
models

reduction of proliferation

induction of apoptosis Odintsov et al. [59]

Seribantumab - -
patient-derived xenograft

mouse model
MDA-MB-175-VII cell line

durable tumor regression

anti-proliferative activity Drilon etal. [25]

6. NRG1 Fusion as a Secondary Target in Lung Cancer Treatment

NRGT1 gene fusions have the potential to affect the activity of ErbB-related pathways;
thus, from one side, there is a potential treatment option for cancer patients harboring
NRGI1 fusion-positive cancers by HER-targeted therapies [60]. However, some studies
have indicated that NRG1 fusion drives the primary resistance to molecularly targeted
therapies by activation of the HER3 [61] and HER3/AKT [62] signaling pathway. Due
to the complexity of the ErbB-related signal transduction pathways, the NRG1-driven
resistance has the potential to be overcome by the application of treatment regimens based
on multi-targeted agents. For instance, trastuzumab combined with anti-HER3 monoclonal
antibody, pertuzumab, or poziotinib may revert the resistance process in cell lines [61-63].

In NSCLC, NRGI fusions are listed as acquired oncogenic alterations associated with the
acquired resistance to EGFR-TKIs driven by activation of the NRG1/ErbB3 pathway [64,65].
Moreover, it was also shown that ALK-rearranged NSCLC cells acquire resistance to ALK
inhibitors, losing the EML4/ALK fusion and activating the NRG1/ErbB3 pathway [9]. In
such a situation, the sensitivity to crizotinib may be restored by pan-ErbB inhibitors, afatinib
or dacomitinib, in the absence of other secondary ALK mutations [66]. In case of resistance
to alectinib, the NRG1/ErbB3 activation maintains survival and stimulates mesenchymal
activity, driving the epithelial-mesenchymal transition (EMT) that is the main hallmark of
cancer dissemination [67,68]. This phenomenon may be confirmed by the observation that
high expression of ErbB3 and NRG1 significantly correlated with brain metastases from
primary lung tumors [69].

7. Clinical Trials Related to Patients with Solid Tumors Harboring NRG1 Fusions

Besides the published results, there are also some clinical trials evaluating the targeted
treatment possibilities in patients harboring NRG1 fusions (Table 3). The clinical trial
NCT03805841 [70] evaluated the ORR to tarloxotinib in NSCLC patients harboring insertion
in exon 20 of the EGFR gene, activating mutation of HER2 or NRG1 fusion. However, the
study was terminated, and the outcome has not been provided yet. The efficient blocking
of ErbB family members by seribantumab was confirmed in metastatic cancer patients
having high and low levels of NRG1 and ErbB2 expression, respectively (NCT01447706 [71],
NCT01151046 [72], NCT00994123 [73]). Moreover, in the CRESTONE study (NCT04383210)
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in the cohort of NSCLC patients harboring NRG1 fusions who received seribantumab, the
ORR and the disease control rate were 39% and 94%, respectively. The overall duration of
response ranged from 1.4 to 17.2 months [74,75].

Table 3. A summary of clinical trials dedicated to patients with solid tumors (including NSCLC)

harboring NRG1 fusions. Data were collected from the ClinalTrials.gov database (http:/ /clinicaltrials.
gov/ (accessed on 30 July 2024)).

Clinical Trial ID

(Duration) Tested Drug (Phase) Genetic Eligibility Conditions Primary Measured
Status (Cohort) Outcomes
1. Adverse events
NCT05919537 wihM/]i\IZ;g(c))}l t NRGT1 fusions Advanced solid 2. Incidence and nature
09.2023-03.2031) Extracellular domain tumors of dose-limitin,
chemothera &
Recruitin Py HER3 mutations (68) toxicities (DLTs)
& (Phase I)
ase 3. ORR
NCT02912949 Zenocutuzumab .
(01.2015-12.2026) (MCLA-128) NRG1 fusions SOhC(‘ztS‘g)“"rS > Dura t}('mo(iﬁes onse
Recruiting (Phase 2) ' P
Locally advanced
NCT04383210 Seribantumab . or metastatic solid
(09.2020-03-2025) (Phase 2) NRGI fusions —— ORR
Active, not-recruiting
(75)
NCT04750824 . .
(10.2020-12.2021) Afatinib NRGI fusions Solid tumors ORR
Completed (Observational) (110)
NCT0057013 HMBD-001 NRG1 fusions Solid tumors 1. Recommended dose
(11.2021-09.2026) (Phase 1) HER3 expression (135) 2. Adverse events
Recruiting P 3. ORR
NRGI fusions
NCT03805841 Tarloxotinib ERBB family fusions dNSCLg Orl. q
(03.2019-04.2021) ar oxotm EGFR Exon 20 Insertion ¢ vanced solt ORR
. (Phase 2) L tumors
Terminated HER?2-activating 1)
mutations

Further, Zenocutuzumab (MCLA-128), a bispecific monoclonal antibody against ErbB2
and ErbB3, in the eNRGy study (NCT02912949) demonstrated durable efficacy and a
well-tolerated safety profile in patients with advanced solid tumors harboring NRG1
fusion, regardless of tumor histology [76]. Moreover, the NCT01966445 trial showed that
GSK2849330, an anti-ErbB3 monoclonal antibody, elicited a durable 19-month response in
NSCLC patients harboring the CD74-NRG1 fusion. In the end, poziotinib in the ZENITH20
clinical trial (NCT03318939) demonstrated antitumor activity with a durable response
and manageable safety profile as the second-generation TKI in previously treated NSCLC
patients with HER2 exon 20 insertions [77-79].

8. Conclusions and Future Perspectives

The application of deep sequencing techniques, such as next-generation sequencing,
has provided a wide array of data about the molecular background of NSCLC and opened
routes for treatment personalization. This advancement revolutionized the management
of therapy in these deadly conditions. Moreover, the studies shed light on how rare
alterations affect the signaling pathways, indicating they impact treatment response or
acquire resistance to targeted approaches. To date, the occurrence of NRGI fusions, which
is a very rare alteration in solid tumors, was considered a negative prognostic marker
in NSCLC treatment; however, gaining knowledge about its impact on ErbB signaling
pathways has provided significant attention in recent scientific research, offering a potential
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avenue for targeted therapy. Recent and ongoing clinical trials and preclinical studies
have explored the effectiveness of both already available and new agents in NRG1 fusion-
positive lung cancers, demonstrating promising results in terms of response rates and
disease control. Thus, including such NSCLC cases in planning treatment regimens is
reasonable. Moreover, re-evaluating standard approaches to NSCLC molecular analysis to
detect possibly actionable, novel gene fusions or alterations that may affect well-known
signaling pathways seems relevant and shows promise for further clinical improvement.
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Simple Summary: For patients with resectable non-small cell lung carcinoma (NSCLC), neoadjuvant
nivolumab and chemotherapy are associated with increased major pathological responses and better
event-free survival. Identification of earlier biomarkers associated with progression precluding
surgery or disease recurrence after surgery is of importance in this population. The aim of our
retrospective study was to assess the potential added value of pretreatment tumor growth rate (TGRy)
using computed tomography (CT) and/or positron emission tomography (PET)-CT scans before
and at baseline. We confirmed in 32 patients with resectable stage IB (>4 cm) to IIIA NSCLC that
the assessment of TGRy helps identify patients who would benefit from neoadjuvant treatment
and outperforms RECIST assessments for survival outcomes. TGRy may be an early noninvasive
marker for more favorable genetic and/or biological profiles, leading to improved disease control
and overall survival.

Abstract: Introduction: Predictive biomarkers associated with pathological response, progression
precluding surgery, and/or recurrence after surgery are needed for patients with resectable non-
small cell lung carcinoma (NSCLC) treated by neoadjuvant treatment. We evaluated the clinical
impact of the pretreatment tumor growth rate (TGRp) and radiological response for patients with
resectable NSCLC treated with neoadjuvant therapies. Methods: Consecutive patients with resectable
stage IB (>4 cm) to IIIA NSCLC treated by neoadjuvant platinum-doublet chemotherapy with or
without nivolumab at our tertiary center were retrospectively analyzed. TGRy and RECIST objective
responses were determined. Multivariable analyses identified independent predictors of event-free
survival (EFS), overall survival (OS), and major pathological response (MPR). Results: Between
November 2017 and December 2022, 32 patients (mean [SD] age, 63.8 [8.0] years) were included. At
a median follow-up of 54.8 months (95% CI, 42.3-60.4 months), eleven patients (34%) experienced
progression or recurrence, and twelve deaths (38%) were recorded. The TGR cutoff of 30% /month
remained the only independent factor associated with EFS (HR = 0.04; 95% CI, 0.01-0.3; p = 0.003)
and OS (HR = 0.2; 95% CI, 0.03-0.7; p = 0.01). The TGRy cut-off had a mean time-dependent AUC of
0.83 (95% CI, 0.64-0.95) and 0.80 (95% CI, 0.62-0.97) for predicting EFS and OS, respectively. Fifteen
of 26 resection cases (58%) showed MPR including nine with pathological complete responses (35%).
Only the objective response of the primary tumor was associated with MPR (OR = 27.5; 95% CI,
2.6-289.1; p = 0.006). Conclusions: Assessment of TGR( can identify patients who should benefit from
neoadjuvant treatment. A tumor objective response might be a predictor of MPR after neoadjuvant
treatment, which will help to adapt surgical management.

Keywords: non-small cell lung cancer; pretreatment tumor growth rate; event-free survival; overall
survival; major pathological response
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1. Introduction

Lung cancer is the leading cause of cancer-related death worldwide [1]. Due to the
increased use of screening CT scans in high-risk patients, the proportion of non-small cell
lung cancer (NSCLC) diagnosed at an early-stage increases up to 30% [2—4]. Surgery re-
mains the best treatment modality for curing patients diagnosed with resectable stage I-I1IA
NSCLC [5]. However, more than 50% of patients with resectable NSCLC will experience re-
currence after surgery alone [6-8]. Adjuvant chemotherapy is associated with an improved
recurrence-free survival for stage IB-IIIA patients, resulting in absolute survival benefits
of 5.4% to 6.9% at five years [9,10]. Neoadjuvant chemotherapy provides few significant
pathological responses and a comparable level of risk reduction compared to adjuvant
chemotherapy [11]. Recently, the CheckMate 816 trial, which evaluated the combination of
neoadjuvant nivolumab and chemotherapy in 358 newly diagnosed patients with resectable
stage IB to IIIA NSCLC, reported increased major and complete pathological responses and
better event-free survival (EFS) compared to chemotherapy alone, without more adverse
effects on surgical feasibility or surgical outcomes [12]. However, 15% to 20% of patients do
not undergo definitive surgery, and predictive factors of the long-term benefits of neoadju-
vant treatment are still under investigation [13]. Overall, predicting pathological complete
response (pCR) and major pathological responses (MPR) is a challenge for optimizing
surgical approaches.

The tumor growth rate (TGR) provides a means of quantitative evaluation of tumor
volume changes over time that may be calculated before treatment onset, leading to a
better understanding of natural growth kinetics [14]. TGR-derived parameters have been
validated as radiological markers of progression-free survival and overall survival in
different cancer types [15,16]. Pretreatment TGR is associated with inferior progression-free
survival and distant control among patients with locally advanced NSCLC and helps in
identifying hyperprogressive disease in patients treated with PD-1/PD-L1 [17,18]. The
aim was to evaluate the clinical impact of pretreatment TGR on the survival outcomes
and pathological responses of patients with resectable NSCLC treated with neoadjuvant
chemotherapy with or without nivolumab.

2. Materials and Methods
2.1. Patients and Study Design

This single-center study was approved by the institutional ethics review boards,
and written informed consent was obtained from all patients. Between November 2017
and December 2022, consecutive patients with resectable NSCLC treated by neoadjuvant
treatment at our tertiary center were retrospectively analyzed. Key eligibility criteria
included age older than or equal to 18 years, histologically confirmed resectable stage IB
(>4 cm) to IITA NSCLC (according to the staging criteria of the American Joint Committee
on Cancer, 7th edition), Eastern Cooperative Oncology Group performance status 0 to 1,
no previous anticancer therapy or measurable disease per Response Evaluation Criteria
in Solid Tumors (RECIST) version 1.1. Patients with known ALK translocations or EGFR
mutations were excluded. Patients received nivolumab (360 mg) plus platinum-doublet
chemotherapy or platinum-doublet chemotherapy alone (every 3 weeks for three cycles)
before undergoing definitive surgery. This study complied with the tenets of the Declaration
of Helsinki.

2.2. Radiological Assessment

Tumors were assessed using computed tomography (CT) and/or positron emission to-
mography (PET)-CT scans before baseline, at baseline, and within 14 days prior to definitive
surgery per response evaluation criteria in solid tumors (RECIST) v1.1. Examinations were
centrally reviewed by two senior radiologists blinded to the clinical characteristics, treat-
ment received, and outcomes. TGRy is expressed as the percentage change in tumor volume
over 1 month (%/m): TGRg = 100 x [exp(TG) — 1], where TG = 3 x log(D2/D1)/time
(months). D1 and D2 represent the largest diameter of the primary tumor according to
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RECIST v1.1 on pretreatment and baseline imaging, respectively. Lymph nodes were not
taken into account in the TGRy calculation. Detailed examples of TGR calculations are
given in Figure 1. For each patient, the same imaging technique (CT/PET-CT scans) was
preferred for each time point. The RECIST objective response was defined as the proportion
of patients who experienced a complete response (CR) or partial response (PR) of the
primary tumor after neoadjuvant treatment.

Patient A Patient B

10/31/2017 5/3/2018

Pretreatment
imaging

Baseline
imaging

Imaging at
last visit or
at recurrence

Figure 1. Illustration of the pretreatment tumor growth rate (TGRy) in two patients treated with
neoadjuvant therapies for resectable non-small cell lung cancer (NSCLC). Patient A: Lung CT scan
of a 61-year-old male patient who received neoadjuvant chemoimmunotherapy for non-squamous
NSCLC. The tumor manifested as a proximal mass in the left upper lobe and was classified (according
to the staging criteria of the American Joint Committee on Cancer, 7th edition) as stage IIla NSCLC.
Pretreatment imaging examinations revealed no significant growth rate of the lung mass with a
TGRy of 0.2%/month. The patient underwent a left upper lobectomy, with no evidence of recurrence
after a follow-up of 46 months. Patient B: Lung CT scan of a 68-year-old male patient who received
neoadjuvant chemoimmunotherapy for squamous NSCLC. The tumor manifested as a proximal mass
in the right upper lobe and was classified (according to the staging criteria of the American Joint
Committee on Cancer, 7th edition) as stage IIb NSCLC. Pretreatment imaging examinations revealed
a significant growth rate of the lung mass with a TGR of 52%/month. The patient underwent a right
upper lobectomy. Mediastinal necrotic lymph nodes (arrows) appeared 9 months after surgery, and
the patient died 13 months after surgery.
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2.3. Survival Endpoints

Event-free survival (EFS) was calculated as the time from neoadjuvant treatment
start to the occurrence of any radiologically identified disease progression precluding
surgery, disease recurrence after surgery, disease progression in the absence of surgery, or
death from any cause. Overall survival (OS) was calculated as the time from neoadjuvant
treatment start to death from any cause.

2.4. Pathological Endpoints

An expert pathologist, unaware of patient characteristics and outcomes, reviewed
hematoxylin and eosin-stained slides containing sections of the gross residual tumor post-
surgery. The assessment involved comparing the estimated cross-sectional area of viable
tumor with that of necrosis, inflammation, and fibrosis on each slide to determine the
percentage of residual tumor. A major pathological response (MPR) was characterized as
having a residual viable tumor of <10% within the primary tumor and sampled lymph
nodes. Meanwhile, a complete pathological response (pCR) was identified when no residual
viable tumor was present in either the primary tumor or lymph node tissue.

2.5. Statistical Analysis

Continuous variables were assessed utilizing the Wilcoxon-Mann-Whitney and Stu-
dent tests, taking into account the normality of their distribution. Categorical variables
underwent assessment through either the x? test or Fisher’s exact test. The inter-reader
reliability of TGR( was assessed with the intraclass correlation coefficient (ICC). To illustrate
time-to-event outcomes, the Kaplan-Meier product-limit approach was utilized, and a
comparison between the curves was determined using the exact log-rank test. For patients
who either did not experience an event or were alive on the specified date (2 August
2023), their data were censored at the most recent evaluation date. The identification of the
optimal TGRy cutoff, differentiating patients based on EFS and OS, was carried out using a
stepwise log-rank test. A multivariable Cox analysis was conducted, initially including all
variables associated with EFS or OS from the univariate analysis at a significance level of
p < 0.05. The assumption of proportional hazards was verified using Schoenfeld residuals.
All computations were conducted using SAS software (version 9.4, SAS Institute, Cary, NC,
USA). Statistical tests were two-tailed, and p-values below 0.05 were considered indicative
of statistical significance.

3. Results
3.1. Patient Characteristics

Between November 2017 and December 2022, 32 patients (mean [SD] age, 63.8 [8.0]
years) were identified in our database. All patients had at least one available imaging scan
before baseline. The baseline characteristics are summarized in Table 1. Twenty-seven
patients (84%) had stage Illa disease. Neoadjuvant nivolumab-based therapy was delivered
to 23 patients (72%). Twenty-six patients (81%) had low-TGRy (<30%/month) and six
(19%) high-TGR( (>30%/month). The median time between pretreatment and baseline
imaging for the calculation of TGR(y was 1.9 months (IQR: 1.3-2.3). Patients with low-TGR,
had higher rates of non-squamous histology type (85% vs. 33%, p = 0.009) and disease stage
IIIa (92% vs. 50%, p = 0.01) compared to those with high-TGRy. The reproducibility of the
assessment for TGRy among the two readers was very good with an ICC of 0.81 (95% CI:
0.76-0.95).
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Table 1. Baseline characteristics. Data are numbers of patients with percentages in parentheses.
Disease stage was based on TNM Classification of Malignant Tumors, 7th edition. Objective response
was defined as the proportion of patients with a complete response or partial response of the primary
tumor according to RECIST v1.1. A major pathological response was available for 26 patients. * Two
patients with low-TGRy had missing data for PD-L1 status. P-values were obtained using the x? test.
Low-TGRp: <30%/month; high-TGRy: >30%/month.

Whole Cohort Pretreatment TGR,
Variables - p-Value
(n=32) Low (1 = 26) High (n = 6)

<60 11 (34%) 7 (27%) 4 (67%) 0.07

Age (years) >60 21 (66%) 19 (73%) 2 (33%)
o Female 10 (31%) 8 (31%) 2 (33%) 0.90

ex Male 22 (69%) 18 (69%) 4 (67%)
0 27 (84%) 22 (85%) 5 (83%) 0.94

ECOG performance status 1 5 (16%) 4 (15%) 1(17%)
Smoking status Current or former smoker 29 (91%) 24 (92%) 5 (83%) 0.50

& Never smoked 3 (9%) 2 (8%) 1 (17%)
. . Non-squamous 24 (75%) 22 (85%) 2 (33%) 0.009

Histologic type Squamous 8 (25%) 4 (15%) 4 (67%)
<10 11 (37%) 7 (29%) 4 (67%) 0.09

. 00 *

PD-L1 status (%) >10 19 (63%) 17 (71%) 2 (33%)
. Iborll 5 (16%) 2 (8%) 3 (50%) 0.01

Disease stage MMa 27 (84%) 24 (92%) 3 (50%)
Largest tumor size at <50 19 (59%) 16 (62%) 3 (50%) 0.60

baseline (mm) >50 13 (41%) 10 (38%) 3 (50%)
N1/2 28 (88%) 23 (88%) 5 (83%) 0.73

Nodal stage NO 4 (13%) 3 (12%) 1 (17%)
Nivolumab-based Present 23 (72%) 18 (69%) 5 (83%) 0.49

neoadjuvant treatment Absent 9 (28%) 8 (31%) 1 (17%)
o Present 14 (44%) 12 (46%) 2 (33%) 0.57

RECIST objective response Absent 18 (56%) 14 (54%) 4 (67%)
. . Present 15 (58%) 15 (63%) 0 (0%) 0.09

Major pathological response Absent 11 (42%) 9 (38%) 2 (100%)

3.2. Prognostic Factors Associated with EFS and OS

The objective response rate of the primary tumor was 44% (14 of 32) (Figure 2). At the
last database lock (2 August 2023), the median follow-up was 54.8 months (95% CI, 42.3-60.4
months). Overall, eleven patients (34%) experienced progression or recurrence, and twelve
deaths (38%) were recorded. Seven patients (22%) had disease progression at the end of
neoadjuvant treatment precluding surgery and four patients (13%) experienced lung cancer-
related recurrence after surgery; two patients (6%) had a non-cancer death after surgery.
The median EFS was not reached while the median OS was 54.1 months (95% CI, 23.7
months-not reached). There was a moderate difference in EFS (p = 0.045) but no significant
difference in OS (p = 0.13) based on the RECIST objective response of the primary tumor
during neoadjuvant treatment (Figure 3A,B). There was a larger difference in EFS (p < 0.001)
and OS (p < 0.001) based on TGR before neoadjuvant treatment (Figure 3C,D). For patients
receiving nivolumab-based neoadjuvant treatment, similar EFS and OS patterns were
observed according to the TGR( or objective response (Supplementary Figure S1).
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Figure 2. Change from baseline in tumor size, with patient data on pretreatment tumor growth
rate (TGRy), baseline PD-L1 status, type of neoadjuvant treatment, pathological response, and time
to event-free survival (months). The change from baseline (%) is labeled on each bar. Low-TGR:
<30%/month; high-TGRy: >30%/month; NA: not available.
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Figure 3. Kaplan-Meier analysis of event-free survival (EFS) and overall survival (OS) by RECIST
objective response of the primary tumor (A,B) and pretreatment TGR( (C,D). p-values were obtained
using the log-rank test.

For EFS, a non-squamous histology type (HR = 0.3; 95% CI, 0.1-0.09; p = 0.047), a
PD-L1 > 10% (HR = 0.2; 95% CI, 0.1-0.7; p = 0.01), a disease stage IIla (HR = 0.3; 95% ClI,
0.1-0.9; p = 0.04) and a low-TGRy (HR = 0.04; 95% CI, 0.01-0.2; p < 0.001) were associated
with higher EFS in univariable analyses and were included in the multivariable analysis
(Table 2). Only the low-TGR( remained an independent factor associated with higher EFS
(HR =0.02; 95% CI, 0.01-0.3; p = 0.003).
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Table 2. Multivariable analysis of EFS. Multivariable analysis was undertaken by entering all

variables at the p < 0.05 level in the univariable analysis. HR: hazard ratio; EFS: event-free survival;

CI: confidence interval.

Univariable Analysis of EFS

Multivariable Analysis of EFS

Variable
HR (95% CI) p-Value HR (95% CI) p-Value
Age (years), >60 vs. <60 0.6 (0.2-1.8) 0.33
Sex, female vs. male 0.8 (0.2-3.2) 0.80
Smoking status, never smoked 47 (0.9-25.9) 0.07
vs. current or former smoker
Histologic type, non-squamous 0.3 (0.1-0.9) 0.047 0.6 (0.1-4.2) 0.58
Vs. squamous
PD-L1 (%), >10 vs. <10 0.2 (0.1-0.7) 0.01 0.3 (0.1-1.4) 0.13
Disease stage, Ila vs. Ib/II 0.3 (0.1-0.9) 0.04 5.2 (0.5-58.9) 0.18
Largest tumor size at baseline (mm),
~50 vs. <50 0.8 (0.2-2.9) 0.78
Nodal stage, N1/2 vs. NO 1.2 (0.1-9.3) 0.88
Nivolumab-based treatment, 13 (0.3-4.9) 0.72
present vs. absent
RECIST objective response, 0.2 (0.1-1.1) 0.07
present vs. absent
TGRy (%/month), <30 vs. >30 0.04 (0.01-0.2) <0.001 0.04 (0.01-0.3) 0.003

For OS, univariable analyses showed that a low-TGRj (HR = 0.1; 95% CI, 0.02-0.4;
p=0.001) a PD-L1 > 10% (HR = 0.2; 95% CI, 0.1-0.8; p = 0.08) and disease stage Illa (HR = 0.1;
95% ClI, 0.02-0.4; p = 0.002) were associated with higher OS and were thus included in
the multivariable analysis (Table 3). Only the low-TGR remained an independent factor
associated with higher OS (HR = 0.2; 95% CI, 0.03-0.7; p = 0.01). The TGR( cutoff had a
mean time-dependent AUC of 0.83 (95% CI, 0.64-0.95) and 0.80 (95% CI, 0.62-0.97) for
predicting EFS and OS, respectively (Figure 4).

Table 3. Multivariable analysis of OS. Multivariable analysis was undertaken by entering all variables

at the p < 0.05 level in the univariable analysis. HR: hazard ratio; OS: overall survival; CI: confidence

interval.
Univariable Analysis of OS Multivariable Analysis of OS
Variable
HR (95% CI) p-Value HR (95% CI) p-Value
Age (years), >60 vs. <60 0.9 (0.3-3.1) 0.90
Sex, female vs. male 1.2 (0.4-4.0) 0.76
Smoking status, never smoked
- >0.99
vs. current or former smoker
Hlstologlc type, non-squamous 0.4 (0.1-12) 0.10
Vs. squamous
PD-L1 (%), >10 vs. <10 0.2 (0.1-0.8) 0.02 0.4 (0.1-1.6) 0.19
Disease stage, Illa vs. Ib/II 0.2 (0.1-0.7) 0.02 0.5 (0.1-1.9) 0.29
Largest tumor size at baseline (mm),
=50 vs. <50 1.0 (0.3-3.1) 0.97
Nodal stage, N1/2 vs. NO 0.8 (0.1-6.2) 0.82
Nivolumab-based treatment, 12 (0.4-4.1) 076
present vs. absent
RECIST objective response, 0.4 (0.1-1.4) 015
present vs. absent
TGRy (%/month), <30 vs. >30 0.1 (0.02-0.4) 0.001 0.2 (0.03-0.7) 0.01
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Figure 4. A time-dependent area under the TGR( curve compared with the RECIST objective response
of the primary tumor for event-free survival (A) and overall survival (B). The TGRy model had a
mean time-dependent AUC of 0.83 (95% CI, 0.64-0.95) and 0.80 (95% CI, 0.62-0.97) for predicting EFS
and OS, respectively. The RECIST objective response model had a mean time-dependent AUC of 0.70
(95% CI, 0.46-0.94) and 0.66 (95% CI, 0.43-0.88) for predicting EFS and OS, respectively.

3.3. Predictors of Pathological Response after Neoadjuvant Treatment

Twenty-six patients (81%) underwent surgery after neoadjuvant treatment and all
resected patients had an RO resection. Among them, 15 (58%) had MPR, including nine
with pCR (36%). MPR was observed for both PD-L1-positive and PD-L1-negative tu-
mors and was associated with both EFS (log-rank p = 0.002) and OS (log-rank p = 0.01)
(Supplementary Figure S2). Only an objective response of the primary tumor was associ-
ated with MPR (OR = 27.5; 95% CI, 2.6-289.1; p = 0.006) with a sensitivity and specificity
of 0.73 (11/15 patients; [95% CI: 0.51, 0.96]) and 0.91 (10/11 patients; [95% CI: 0.74, 0.99]),
respectively (Table 4 and Figure 5).

Table 4. Multivariable analysis of major pathological response. Multivariable analysis was un-
dertaken by entering all variables at the p < 0.05 level in the univariable analysis. MPR: major
pathological response; OR: odds ratio; CI: confidence interval.

RECIST objective response \

Univariable Analysis of MPR Multivariable Analysis of MPR
Variable
OR (95% CI) p-Value OR (95% CI) p-Value
Age (years), >60 vs. <60 1.1 (0.2-5.8) 0.87
Sex, female vs. Male 0.4 (0.1-2.3) 0.32
Smoking status, never smoked
- >0.99
vs. current or former smoker
Histologic type, non-squamous 1.5(0.2,9.4) 0.66
Vs. squamous
PD-L1 (%), >10 vs. <10 3.1 (0.6-17.3) 0.20
Disease stage, Illa vs. Ib/II 5.2 (0.5-59.3) 0.18
Largest tumor size at baseline (mm), g
=50 vs. <50 3.9 (0.6-24.7) 0.14
Nodal stage, N1/2 vs. NO 0.7 (0.1-8.2) 0.74
Nivolumab-based treatment, 2.3 (04-13.3) 036
present vs. absent
RECIST objective response, 27.5 (2.6-289.1) 0.006 27.5 (2.6-289.1) 0.006
present vs. absent

TGRy (%/month), <30 vs. >30 - >0.99
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Figure 5. Correlation of major pathological response and RECIST objective response of the primary
tumor.

4. Discussion

Identification of earlier biomarkers associated with progression precluding surgery
or disease recurrence after surgery is of importance in patients with resectable NSCLC
treated by neoadjuvant treatment [19]. In our study, a lower pretreatment tumor growth
rate (TGRy) was a strong factor associated with longer event-free and overall survivals after
neoadjuvant treatment. The TGR( could provide an early, noninvasive, cost-effective, and
time-efficient method to identify patients likely to benefit from a neoadjuvant strategy.

Among patients with advanced lung cancer, the tumor growth rate has been rec-
ognized as an important marker of tumor response and progression, especially in the
setting of immune checkpoint inhibitor therapy [17,18,20]. He et al. found that patients
with metastatic NSCLC undergoing immunotherapy and exhibiting a high pretreatment
TGRy (> 25%/month) had lower PFS and a less durable clinical rate [20]. Interestingly,
the threshold of TGR that best separated the groups with distinct clinical outcomes was
comparable with the result in our study and consistent with a tumor volume doubling
time of 80 days. In our study, all patients exhibiting a high pretreatment tumor growth
rate (> 30%/month) experienced progression or recurrence of the disease and lower OS,
indicating that neoadjuvant strategies including anti-PD-1 antibodies are not capable of
inhibiting rapidly growing tumors, eradicating micrometastatic disease, and preventing
tumor relapse [21-23].

The RECIST objective response of the primary tumor correlated moderately with
clinical outcomes. Among patients without progression before surgery or recurrence after
surgery, almost half did not show an objective response. The TGRy model outperformed
RECIST assessments with regard to survival prediction (time-dependent AUC of OS: 0.80 vs.
0.66) and helped to identify a large subset of patients (81%) with a low rate of progression
or recurrence. In addition, we reported no significant correlation between smoking status,
histologic type, disease stage or PD-L1 expression and survival outcomes. Our results are
in accordance with the NADIM trial in which no strong association between the tumor
response to treatment according to RECIST criteria or PD-L1 expression and survival was
found [13]. In their trial, undetectable ctDNA at the end of neoadjuvant treatment has
been proposed as a surrogate endpoint for long-term outcomes. However, the lack of
standardization and the limited sensitivity of the current detection methods remained
an obstacle for widespread clinical application [24]. TGR( may be more biologically and
clinically relevant for predicting patient clinical outcomes. Uncontrolled tumor growth is
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associated with a larger tumor burden, aberrant vascularization, and an altered immune
microenvironment unfavorable for the action of PD-1 axis inhibitors [25,26].

A major pathologic response defined as < 10% residual viable tumor in the primary tu-
mor and lymph nodes was seen in almost 60% of patients receiving neoadjuvant treatment,
mainly with nivolumab, which was consistent with other studies [12,13,27,28]. A major
pathologic response might represent a promising surrogate endpoint for survival outcomes
for patients with resectable tumors after neoadjuvant treatment [29-31]. A link between
MPR and survival outcomes was also observed in this study. Additionally, we found that
the RECIST objective response was the only variable associated with MPR. Indeed, neither
clinical variables nor PD-L1 staining predicted MPR. This may have significant implica-
tions for optimizing the approach and extent of surgical resection as well as radiological
follow-up after surgery or for adjuvant decisions [32].

Our study has several limitations. First, the study was retrospectively conducted
at a single institute with a small sample size and a substantial number of exploratory
variables; thus, results from multivariable analyses should be taken with caution. Second,
a limitation of assessment of tumor growth dynamics is requirement of one imaging scan
before baseline. In our experience, treatment decision-making often requires consecutive
examinations separated by at least one month to confirm or complete staging information
of NSCLC (e.g., lung CT and PET-CT scans). Additionally, frequent delays between initial
imaging and screening often lead to the necessity of performing an additional staging
scan immediately before neoadjuvant treatment. Third, the TGR assessment was based
on the largest axis of the primary tumor, like the time-efficient approach of RECIST v1.1,
although it may not reflect the whole tumor burden as non-targets like lymph nodes were
not considered. In addition, automatic segmentation tools could be a more robust approach
with less variability for volume growth assessment but were not investigated.

5. Conclusions

Pretreatment tumor growth rate (TGR) provides information to select patients with
slow-growing non-small cell lung cancer who should benefit from first-line neoadjuvant
treatment. TGR( may be an early radiographic marker for more favorable genetic and/or
biologic profiles that result in improved disease control and overall survival. The objec-
tive response of the primary tumor has the potential to serve as a surrogate of a major
pathological response.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers15164158 /s1, Figure S1: Kaplan-Meier analysis of
event-free survival (EFS) and overall survival (OS) by RECIST objective response of the primary tumor
(A,B) and pretreatment TGRO (C,D) in a subgroup of patients treated by neoadjuvant nivolumab-
based therapy. p-values were obtained using the log-rank test.; Figure S2: Kaplan-Meier analysis of
event-free survival (A) and overall survival (B) by major pathological response (MPR). p-values were
obtained using the log-rank test. EFS: event-free survival; OS: overall survival.
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Simple Summary: This study explored the predictive value of neutrophils and neutrophil-related
biomarkers as auxiliary diagnosis biomarkers of NSCLC in an ongoing large cohort. IL-6 and
IL-1RA were identified as independent risk factors for NSCLC. These findings can improve the
predictive performance beyond epidemiological variables and classic neutrophil-related biomarkers
in identifying NSCLC.

Abstract: Background: Recent studies have revealed that neutrophils play a crucial role in cancer
progression. This study aimed to explore the diagnostic value of neutrophil-related biomarkers for
non-small-cell lung cancer (NSCLC). Methods: We initially assessed the associations between classic
neutrophil-related biomarkers (neutrophil-to-lymphocyte ratio (NLR), absolute neutrophil counts
(NEU), absolute lymphocyte counts (LYM)) and NSCLC in 3942 cases and 6791 controls. Then, we
measured 11 novel neutrophil-related biomarkers via Luminex Assays in 132 cases and 66 controls,
individually matching on sex and age (45 years), and evaluated their associations with NSCLC risk.
We also developed the predictive models by sequentially adding variables of interest and assessed
model improvement. Results: Interleukin-6 (IL-6) (odds ratio (OR) = 10.687, 95% confidence interval
(CI): 3.875, 29.473) and Interleukin 1 Receptor Antagonist (IL-1RA) (OR = 8.113, 95% CI: 3.182, 20.689)
shows strong associations with NSCLC risk after adjusting for body mass index, smoking status,
NLR, and carcinoembryonic antigen. Adding the two identified biomarkers to the predictive model
significantly elevated the model performance from an area under the receiver operating characteristic
curve of 0.716 to 0.851 with a net reclassification improvement of 97.73%. Conclusions: IL-6 and IL-
1RA were recognized as independent risk factors for NSCLC, improving the predictive performance
of the model in identifying disease.

Keywords: non-small-cell lung cancer; neutrophils; biomarkers; Interleukin-6; Interleukin 1 receptor
antagonist; diagnosis
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1. Introduction

Worldwide, lung cancer stands as the principal cause of cancer-related deaths. In 2020,
approximately 2.2 million new lung cancer cases were diagnosed, with 1.8 million fatalities.
Over 85% of all lung cancer patients have non-small-cell lung cancer (NSCLC) [1].

Neutrophils, the most abundant cells in human blood circulation, are recently iden-
tified as a crucial player during carcinogenesis [2]. Neutrophils are the primary cell type
during the acute inflammatory response, rapidly recruited to the affected tissue through a
multi-step cascade [3], and capable of eliminating pathogens through diverse mechanisms,
including phagocytosis, release of antimicrobial proteins, and formation of neutrophil extra-
cellular traps (NETs) [4]. During the resolution of inflammation or in an anti-inflammatory
state, the involvement of neutrophils is also significant. Their phagocytic activity aids
in the clearance of dead cells and bacteria, thereby contributing to the elimination and
reconstruction of the affected area. This can be attributed to the essential functions of
several proteases expressed by neutrophils, including MMP9 and VEGFA, in tissue repair,
remodeling, and angiogenesis [5,6]. The persistent infiltration of neutrophils causes chronic
inflammation, which in turn leads to tissue damage and plays a significant role in the
onset of cancer. This lasting and unresolved tissue inflammation is a characteristic feature
of the tumor microenvironment [6]. It has been proven that neutrophils can modulate
tumor progression during the onset and growth of cancer, possessing both pro-tumoral and
anti-tumoral functions [5,7]. Based on the different mediators of cancer cells and the tumor
microenvironment, neutrophils can be polarized into different activation states, thereby
playing distinct functions in alteration of tumor progression [8]. For instance, neutrophils
could promote tumorigenesis via reactive oxygen species (ROS) induced DNA damage in a
lung cancer model [9], whereas it could also attack tumor cells by a neutrophil-dependent
cytotoxic effect via a phagocytosis signaling of signal regulatory protein-a (SIRPo)-CD47
interaction [10,11]. However, given the multifaceted roles and varied phenotypes of neu-
trophils, the current research on the connection between neutrophils and lung cancer
is limited.

Neutrophils and tumor-associated neutrophils (TANSs) are associated with key features
of resistance to immune checkpoint inhibition, such as adaptive immune cell polarization
and suppression, tumor neoangiogenesis, immune exclusion, and cancer-cell-intrinsic
characteristics [11-15]. Also, multiple studies have shown that neutrophil-to-lymphocyte
ratio (NLR) can predict the clinical response of ICI treatment [12,13]. In clinical practice,
the balance of inflammatory and immune responses is frequently reflected by the NLR in
peripheral blood [14]. It has emerged as a prognostic factor for the survival and treatment
responses in several cancers [15]. NLR is also reported as a promising predictive biomarker
for immune checkpoint inhibition in NSCLC patients [14]. However, the diagnostic value
of NLR in NSCLC and its underlying mechanisms are yet to be extensively studied.

Depending on the context, neutrophils play a dual role in tumor development. They
promote inflammation through the release of ROS or proteases, and promote tumor dis-
semination and metastasis by facilitating immune suppression, angiogenesis, cancer cell
motility, and epithelial-to-mesenchymal transition (EMT) [8,16]. Recent investigations
have highlighted the critical role of NETs in tumor initiation and metastasis [16]. Mean-
while, neutrophils can restrict cancer growth through cytotoxic activities, such as the
release of iNOS, which exerts cytotoxic effects on cancer cells. Moreover, they can in-
hibit tumor metastasis through mechanisms mediated by H202 or TSP1 [5,16]. TANs
could impact anti-tumor immunity via secreting cytokines crosstalk with CD8" T cells.
TANSs could produce proinflammatory factors such as monocyte chemoattractant protein-1,
interleukin-8, macrophage inflammatory protein-1 alpha, interleukin-6 (IL-6), and anti-
inflammatory interleukin 1 receptor antagonist (IL-1RA), thereby bolstering anti-tumor
immunity in early-stage lung cancer [17]. Also, other cytokines, including interleukins (ILs),
colony-stimulating factor (CSF), interferon (IFN), and chemokines, demonstrated signifi-
cant associations with tumorigenesis in terms of modulating intercellular interactions and
regulating immune responses [18-20]. Understanding the multifunctionality of neutrophils,
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their diverse phenotypes in different environments, and the potential for reprogramming
has significant implications for understanding cancer initiation and progression [5,21].
Monitoring neutrophil-associated cytokines throughout disease progression may serve as a
predictive tool for disease onset and development. However, until now, no comprehensive
study has been implemented to systematically illustrate their impact on lung cancer risk.

We carried out a multi-phase study to investigate the potential diagnostic value of
neutrophil-related biomarkers in NSCLC development. In the first phase, we explored the
predictive efficacy of NLR as an auxiliary biomarker in diagnosing NSCLC in a large cohort
encompassing lung cancer patients and healthy controls. In the second phase, we further
included 132 patients from the lung cancer cohort and 66 matched healthy individuals and
investigated the association between eleven novel blood neutrophil-related biomarkers
and the risk of NSCLC. In the third phase, we developed predictive models incorporating
classic and novel neutrophil-related biomarkers and clinical variables for the diagnosis
of NSCLC.

2. Materials and Methods
2.1. Study Population and Data Collection

In the first phase of this study, a case—control design was adopted to explore the
associations between classic blood neutrophil-related biomarkers (NLR, absolute neutrophil
counts (NEU), absolute lymphocyte counts (LYM)), and the risk of NSCLC. From an
ongoing cohort study begun in 2020 at The Second Affiliated Hospital Zhejiang University
School of Medicine (SAHZU), a total of 3942 NSCLC patients were recruited. And 6791
healthy controls were drawn from the concurrently recruited healthy controls who had
health check-up examinations in the general practice clinic at the SAHZU. In the second
phase of the study, we further measured 11 novel blood neutrophil-related biomarkers in
132 cases and 66 healthy controls, which were individually matched on sex and age (£5
years).

The inclusion criteria for the case group are as follows: (1) with clinically and
histopathologically confirmed NSCLC; (2) the patient has provided informed consent
or waived consent; and (3) with data on classic blood neutrophil-related biomarkers. The
exclusion criteria for the case group are as follows: (1) multiple cancers; and (2) any
previous treatment undertaken by the patient at the point of enrollment.

The inclusion criteria for the healthy control group are as follows: (1) regular health
examination participants from the SAHZU; and (2) participants have provided informed
consent or waived consent. The exclusion criteria are as follows: (1) suffering from severe
lung disease; and (2) diagnosis of any malignant neoplasm.

This study has received approval from the Institutional Review Board of SAHZU. Clinical
pathological information was derived from detailed chart reviews. Concentrations of NEU,
LYM, and carcinoembryonic antigen (CEA) in the blood were quantified at NSCLC diagnosis
for cases or during routine health examinations for the controls. The staging of lung cancer
patients was carried out by the attending physicians and pathologists in accordance with the
NCCN Clinical Practice Guidelines Non-small-cell lung cancer v1, 2022.

Staff members gathered epidemiological information through face-to-face interviews.
The participants” weight, height, history of hypertension (yes or no), history of diabetes (yes
or no), and smoking status were recorded upon enrollment. The body mass index (BMI) was
derived by taking the ratio of weight to the square of the height (kg/m?). According to the
WHO guidelines, we divided BMI into two categories: underweight/normal (<25 kg/m?)
and overweight/obese (>25 kg/m?). The categorization of smoking status depends on
whether the subject had ever smoked (defined as having smoked at least 100 cigarettes in
their lifetime) [22,23].
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2.2. Detection of Novel Neutrophil-Related Biomarkers via Luminex Assays

In stage 2, venous blood samples of 20 mL were collected from 198 participants using
ethylenediaminetetraacetic acid tubes and promptly delivered to the SAHZU laboratory.
Prior to the initiation of the experiment, plasma was isolated, divided into aliquots, and
preserved at —80 °C. Plasma samples were defrosted on ice [23]. The concentrations of
11 novel neutrophil-related biomarkers (IL-1e, IL-1§3, IL-1RA, IL-6, IL-17, G-SCF, GM-CSF,
CXCL2, CXCLS5, IFN-¢, and S100B) in the plasma samples were quantitatively determined
utilizing the Luminex Discovery Assay—Human Premixed Multi-Analyte Kit (R&D Sys-
tems, Minneapolis, MN, USA, LXSAHM-11), strictly adhering to the protocol provided by
the manufacturer [24]. To ensure the reliability and accuracy of the measurements, each
sample was assayed in duplicates on a 96-well plate using a Luminex FLEXMAP 3D system
(Luminex Corp, Austin, TX, USA), utilizing undiluted plasma. Each plate incorporated
both positive and negative controls, as well as samples for the purpose of generating the
standard curve [23,25]. Laboratory personnel were completely blinded to the case and
control status. The assay was performed in alignment with the manufacturer’s instructions.

We selected 11 novel blood neutrophil-related biomarkers based on comprehensive
literature reviews and the feasibility of using Luminex assays. G-CSF is a critical regu-
latory agent in the biological genesis of neutrophils, with its receptors being expressed
throughout the entire bone marrow lineage, ranging from early stem cells and progenitor
cells to the mature status of neutrophils [26]. GM-CSF and IL-6 are both acknowledged
as cytokines involved in granulocyte formation and neutrophil proliferation in various
types of cancer [26]. IL-1, once activated, functions as a robust pro-inflammatory cytokine
locally, instigating vasodilation and recruiting monocytes and neutrophils to the stress
location [27]. The generation of active IL-1f is facilitated by inflammasomes or neutrophil
proteases through cleaving pro-IL-1f3, a process mediated by caspase-1 [27]. IL-1c triggers
sterile inflammation through the induction of neutrophil mobilization in reaction to cell
death. IL-1 RA, which can be released by neutrophils, binds and blocks IL-1 Receptor Type
1, competitively inhibiting the pro-inflammatory action of IL-1 [28]. IL-17, generated by
neutrophils, T cells, innate lymphoid cells, natural killer cells, macrophages, and so on,
exerts a crucial role in the recruitment of neutrophils [29]. CXCL2 plays a crucial role in
neutrophil recruitment by interacting with CXCR2 on neutrophils [30]. CXCL5 can enhance
the immunosuppressive features of the tumor microenvironment by stimulating immune
cell migration to the tumor and recruiting vascular endothelial cells for angiogenesis, thus
promoting tumor progression [31]. By targeting both tumor cells as well as immune cells,
type I interferons have demonstrated a pivotal role in inhibiting tumor growth [32,33]. The
5100 family proteins also hold vital value in natural immunity and act as mediators in
inflammatory responses. Neutrophils, among other immune cells, can produce consider-
able amounts of S100 A8/A9, which control inflammation by triggering the discharge of
cytokines and ROS. S100B is one of the most active members of the 5100 family [34,35].
Among the 11 biomarkers, 10 (except S100B) are produced by neutrophils under certain
circumstances. In general, IL-1RA, IFN-o, G-CSEF, and GM-CSF are considered anti-tumor
biomarkers, while the remaining factors are considered pro-tumor biomarkers.

2.3. Statistical Analysis

Categorical variables are characterized by frequencies with percentages. Statistical
differences between groups were compared using chi-square tests or Fisher’s exact proba-
bility method. Continuous variables are depicted using mean =+ standard deviation (SD)
or median [25th and 75th percentiles (Q1-Q3)] depending on the distribution type. A
comparison of groups for statistical differences was conducted using t-tests (for normal
distributions), Kruskal-Wallis tests or Wilcoxon rank-sum tests (for non-normal distribu-
tions). For the matched paired samples in stage 2, the comparison of measurement data
between the two groups was conducted using the paired samples t-test or non-parametric
test, while the comparison of categorical data was performed using the paired chi-square
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test or non-parametric test. Furthermore, we conducted a sensitivity analysis in stage 1
with cases and controls being individually matched on sex and age (£5 years).

All biomarkers were further processed as categorical variables to minimize skewness.
Using the median value in the control group as the cutoff, the values of NLR, NEU,
LYM, IL-6, CXCL2, IL-1RA, IL-1e, and CXCL5 were classified into low and high groups.
Meanwhile, the values of S100B and GM-CSF were divided into low and high groups, with
the experimental detection limit serving as the cutoff because a substantial of individuals
had levels under the experimental detection limit. The CEA value was divided into normal
and abnormal groups using the threshold of 5 ng/mL.

In stage 2, given the matched case—control design, the associations between novel
neutrophil-related biomarkers and NSCLC risk were examined by conditional logistic
regression. We first performed a univariate analysis for the 11 measured novel markers,
followed by a multivariate analysis adjusting for epidemiological variables, NLR, and
CEA, founded on the univariate analysis results and prior knowledge. The model outputs
the odds ratio (OR) and its 95% confidence interval (CI) to estimate the strength of the
association between the novel biomarkers and NSCLC risk.

In stage 3, we developed the predictive models by sequentially adding variables of
interest in the study population from stage 2. The risk prediction model was initially built
based on health history (model 1: BMI + smoking status). Then, we included relevant
clinical biomarkers (model 2: model 1 + NLR + CEA). Further, two newly identified novel
blood neutrophil-related biomarkers were incorporated (model 3: model 2 + IL-6 + IL-1RA).
We applied the receiver operating characteristic (ROC) curve and the area under the curve
(AUC) to evaluate the discriminative capacity of different models for NSCLC risk. Delong’s
test was used to test whether the differences in model performance across different models.
Additionally, the true positive rate (IPR) and false positive rate (FPR) were calculated. To
evaluate whether the predictive performance of models was enhanced after the addition of
more predictors, we calculated the net reclassification improvement (NRI) and integrated
discrimination improvement (IDI) metrics.

The collection of data and the presentation of tables were conducted in Excel (Mi-
crosoft Office 2021 version). R software (v4.2.1) was utilized for all data analysis and
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visualization. Specifically, the R software packages “readxl”, “readr”, “plyr”, “dplyr”,
“data.table”, “tableone”, “tablel”, “stringr”, “forcats”, “reshape2”, “broom”, “tidyverse”,
and “tidyr” were used for data preparation (including reading, cleaning, data transfor-
mation, etc.). The R package “Hmisc” was applied for the correlation analysis and the
“pROC” for the ROC curve. The restricted cubic spline analysis used the R packages “rms”,
“Hmisc”, “car”, and “smoothHR”. The comparative analysis was carried out by the R
package “rstatix”. The values of NRI and IDI were calculated using the R packages “nri-
cens” and “PredictABEL”. In order to visualize our results, the R packages “pheatmap”,
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“gegpubr”, “ggplot2”, “ggthemes”, “grid”, “gridExtra”, and “forestploter” were employed.
The R packages used for the logistic regression analysis were “pubh”, “rms”, “survival”,
“car”. All R packages and their instructions used in our study can be found in the link
(https:/ / cran.r-project.org/web/packages/available_packages_by_name.html (accessed on

25 September 2023). All statistical tests were two sided, setting the significance level at 0.05.

3. Results
3.1. Stage 1

Table S1 presents the baseline characteristics of all subjects in stage 1. More than half
of the healthy participants were female, while nearly two-thirds of patients were male. The
age of the subjects increased with disease status and severity. The proportion of smokers
was higher among patients with invasive adenocarcinoma (IAC), which includes early-
stage and late-stage NSCLC. The majority of patients did not present with either lymph
node metastasis or distant metastasis at the time of enrollment.
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The restricted cubic spline analysis revealed a positive association between NEU and
NSCLC risk, while an inverse association was seen with LYM (Figure 1B,C). NLR showed a
strong non-linear positive association with the risk of NSCLC (Figure 1A).
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Figure 1. The associations between classic neutrophil-related blood biomarkers (NLR, NEU, and
LYM) and NSCLC risk based on restricted cubic splines (A-C) and the inter-group comparisons of
classic biomarkers’ distribution across four groups (control, Tis, early-stage NSCLC, and late-stage
NSCLC) (D-F). (A) The associations between the plasma level of NLR and NSCLC risk. (B) The
associations between the plasma concentration of NEU and NSCLC risk. (C) The associations between
the plasma concentration of LYM and NSCLC risk. (D) The distribution of plasma concentration of
NLR across four groups. (E) The distribution of plasma concentration of NEU across four groups.
(F) The distribution of plasma concentration of LYM across four groups. Tis, carcinoma in situ;
NSCLC, non-small-cell lung cancer; NLR, neutrophil-to-lymphocyte ratio; NEU, absolute neutrophil
counts; LYM, absolute lymphocyte counts; OR, odds ratio; CI, confidence interval. Early stage
included stage 1 and 2 diseases. Late stage included stage 3 and 4 diseases. The reference value
(ref. value) means the level of the biomarker when the corresponding OR is 1 (the horizontal dotted
line). The p-overall indicates the statistical significance of the association between the biomarker and
NSCLC risk, with p-overall < 0.05 indicating a statistically significant association. The p-non-linear
value indicates whether there is a nonlinear relationship between the biomarker and NSCLC risk,
with p-non-linear < 0.05 indicating that the association between the biomarker and NSCLC risk could
not be fully explained by a linear relationship; in other words, there was a non-linear association.
**4* <0.0001.

The unconditional univariate logistic regression analysis indicated significant correla-
tions between classic blood biomarkers and NSCLC risk (Table S2 and Figure 2). Elevated
levels of NLR and NEU were associated with increased risk of NSCLC (ORyr = 2.983
(95% CI: 2.737, 3.252), ORNgy = 1.755 (95% CI: 1.620, 1.902)), whereas a high blood con-
centration of LYM was associated with decreased risk of NSCLC (OR = 0.434, 95% CI:
0.399, 0.471). After adjusting for age, sex, BMI, and smoking status, compared with the
low-level groups, the high-level groups of NLR and NEU were associated with higher risks
of NSCLC (ORNLR = 2.608 (95% CI: 2.333, 2.918), ORNgy = 2.222 (95% CI: 1.994, 2.477)),
while the higher LYM was associated with a lower NSCLC risk (ORpynm = 0.650 (95% CI:
0.583, 0.724)) (all p values were less than 0.05). Stratified analysis by age, sex, BMI, and
smoking status also revealed significant and highly consistent associations between these
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three indicators and NSCLC risks (Figure 2). In addition, our sensitivity analysis indicated
the results were notably consistent after matching the cases and controls on age and sex.

A. NLR and NSCLC risk in subgroups

Marker OR (95%CI)* p value* OR (95%CI)** p value**
Overall ' = 2.983(2.737, 3.252) <0.001 . == 2.608(2.333, 2.918) <0.001
Age : :
<65 ! - - 2.842(2.583, 3.129) <0.001 ! - 2.862(2.592, 3.162) <0.001
>=65 ' —=——  2.551(1.850, 3.507) <0.001 ' ——=— 2.811(1.934, 4.075) <0.001
Sex : :
Female X —-» 3.642(3.154, 4.216) <0.001 ' —— 2.501(2.100, 2.983) <0.001
Male ' —— 2.743(2.454, 3.067) <0.001 ! —— 2.758(2.383, 3.197) <0.001
BMI ! !
<25(kg/m?) ! —m—  3.428(3.094, 3.801) <0.001 ; —-— 2.841(2.490, 3.244) <0.001
>=25(kg/m?) 1 - 2.118(1.807, 2.486) <0.001 Loo—— 2.096(1.702, 2.587) <0.001
Smoking status !
Never X - — 2.994(2.714, 3.305) <0.001 X —— 2.850(2.510, 3.240) <0.001
Ever , —u—  3.010(2.481, 3.664) <0.001 L= — 1.932(1.528, 2.446) <0.001
- | L I I | | | | 1
o 005 2 3 0051 2 3
B. NEU and NSCLC risk in subgroups
Marker OR (95%CI)* p value* OR (95%CI)** p value**
Overall : [ 1.755(1.620, 1.902) <0.001 L - — 2.222(1.994, 2.477) <0.001
Age ! !
<65 Lo e 1.727(1.579, 1.890) <0.001 Lo 1.787(1.627, 1.964) <0.001
>=65 i 1.898(1.395, 2.584) <0.001 \ ——— 2.022(1.416, 2.887) <0.001
Sex : :
Female X —— 2.041(1.787, 2.333) <0.001 X —— 2.073(1.753, 2.454) <0.001
Male L e 1.781(1.603, 1.979) <0.001 ! —8—  2.375(2.059, 2.744) <0.001
BMI ! '
<25(kg/m?) : - 2.019(1.837, 2.220) <0.001 : —m—  2.353(2.074, 2.672) <0.001
>=25(kg/m?) 1 =— 1.333(1.141, 1.561) <0.001 P 1.877(1.523, 2.320) <0.001
Smoking status ! |
Never A 1.731(1.579, 1.899) <0.001 | —=—  2.384(2.108, 2.700) <0.001
Ever ,  —l— 1.716(1.428, 2.066) <0.001 | = 1.747(1.393, 2.194) <0.001
. | | | | | | |
oo 0 1 2 0 1 2
C. LYM and NSCLC risk in subgroups
Marker OR (95%CI)* p value* OR (95%CI)** p value**
Overall - . 0.434(0.399, 0.471) <0.001 ] ' 0.650(0.583, 0.724) <0.001
Age : :
<65 - ! 0.435(0.397, 0.477) <0.001 - ! 0.443(0.403, 0.488) <0.001
>=65 ——a— 0.963(0.692, 1.354) 0.827 ——=—— 0.910(0.627, 1.335) 0.622
Sex : :
Female - X 0.385(0.337, 0.439) <0.001 —_— X 0.631(0.535, 0.743) <0.001
Male o ! 0.507(0.454, 0.566) <0.001 —-— ! 0.652(0.565, 0.753) <0.001
BMI ! !
<25(kg/m?) i ' 0.424(0.384, 0.469) <0.001 - ' 0.603(0.530, 0.686) <0.001
>=25(kg/m?) - ! 0.477(0.409, 0.554) <0.001 —— 0.759(0.623, 0.926) <0.001
Smoking status 1 1
Never - I 0.414(0.376, 0.456) <0.001 - ! 0.598(0.528, 0.677) <0.001
Ever - - . 0.467(0.390, 0.557) <0.001 —— 0.837(0.671, 1.044) 0.113
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Figure 2. The overall and stratified associations between classic blood neutrophil-related biomarkers
(NLR, NEU, and LYM) and NSCLC risk in a large clinical cohort. (A) The univariate (left) and
multiple (right) logistic regression analysis of NLR and the stratified analysis. (B) The univariate

(left) and multiple (right) logistic regression analysis of NEU and the stratified analysis. (C) The

univariate (left) and multiple (right) logistic regression analysis of LYM and the stratified analysis.

NLR, neutrophil-to-lymphocyte ratio; NEU, absolute neutrophil counts; LYM, absolute lymphocyte
counts; BMI, body mass index; OR, odds ratio; CI, confidence interval. * shows the OR (95%CI) and
p values of the univariate conditional logistic regression analysis. ** shows the OR (95%CI) and

p values of the multiple conditional logistic regression analysis.
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We further analyzed the differences in NEU, LYM, and NLR across the control, car-
cinoma in situ (Tis), early-stage, and late-stage groups (Table 1). The concentrations of
NEU in cancer groups were significantly higher while LYM was lower in comparison to
the control group. The NLR was observed to be higher in the NSCLC groups. However,
the difference between the Tis and early-stage groups among these three indicators was
not significant. Compared to early-stage patients, late-stage patients had higher NLR and
NEU levels, while the difference was not significant in LYM level. Figure 1D-F graphically
illustrates the differences across those groups.

Table 1. The distribution of classic blood neutrophil-related biomarkers by disease status in stage 1.

NSCLC (n = 3942)

Control (n = 6791) Median [Q1-Q3] * o . -
Markers Median [Q1-Q3] p 14 P 14
Tis (n = 450) Early (n = 3376) Late (1 = 116)

2.179 2.142 2.436

NLR 1.657 [1.315-2.090] [1.670-2.962] [1.644-2.911] [1.972-3.102] <0.001 <0.001 0332  <0.001
NEU 3.750 3.715 4.120

(10°/1) 3.310 [2.690-4.020] [3.020-4.710] [2.970-4.660] [3.248-5.115] <0.001 <0.001 0.670 0.005
LYM 1.645 1.710 1.600

(10°/1) 1.990 [1.650-2.380] [1.333-2.060] [1.388-2.080] [1.305-2.053] <0.001 <0.001  0.360 0.142

Early stage indicates stage 1 and 2 diseases, late stage indicates stage 3 and 4 diseases, the staging criteria according
to NCCN Clinical Practice Guidelines Non-small-cell lung cancer v1, 2022. NSCLC, non-small-cell lung cancer;
Tis, carcinoma in situ; NLR, neutrophil-to-lymphocyte ratio; NEU, absolute neutrophil counts; LYM, absolute
lymphocyte counts. * p indicates control vs. NSCLC. ** p indicates control vs. Tis. *** p indicates Tis vs. early
stage. *** p indicates early stage vs. late stage.

Figure S1 depicts the comparison of classic blood biomarkers across various clinical
features among the healthy controls.

3.2. Stage 2

Table S3 shows the host characteristics of the subset of the study participants with
measurements of 11 novel blood neutrophil-related biomarkers. This phase included a
total of 198 participants, 132 of whom were NSCLC patients and 66 were healthy controls.
In the NSCLC group, there were 90 cases of invasive cancer (68.18%). Subsequent analyses
did not include IL-1p3, IFN-«, IL-17, and G-CSF due to excessive missing assay values.

The differences in NLR, NEU, and LYM between cases and controls in stage 2 were
consistent with those in stage 1 (Table S4). In terms of novel blood neutrophil-related
biomarkers, the IL-6 and IL-1RA levels in the controls were significantly lower than in the
cases (p < 0.001) (Table S4 and Figure S2).

Figure S3 presents the pairwise correlations among the novel blood neutrophil-related
biomarkers. IL-1oc and CXCL5 have a correlation coefficient of 0.9, indicating a strong cor-
relation. The correlation coefficients for the remaining factors were all below 0.5, indicating
weaker correlations.

In univariate analysis (Table 2), among the analyzed novel blood neutrophil-related
biomarkers, higher levels of IL-6 and IL-1RA were significantly associated with increased
risk of NSCLC, with OR values of 9.339 (95% CI: 3.882, 22.646) and 7.535 (95% CI: 3.293,
17.244), respectively. In multivariate conditional logistic regression analysis conducted on
IL-6, CXCL2, IL-1RA, IL-1e, CXCL5, S100B, and GM-CSEF, we found that after adjusting
for BMI, smoking status, NLR, and CEA, higher plasma levels of IL-6 and IL-1RA were
associated with substantially elevated risk of NSCLC. The risk of NSCLC in individuals
with higher plasma levels of IL-6 was 10.687 times (95% CI: 3.875, 29.473) that of the low-
level group, and similarly, the risk was 8.113 times (95% CI: 3.182, 20.689) higher for those
with high levels of IL-1RA. The forest plots of the univariate and multiple conditional
analysis are shown in Figure 54.
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Table 2. The associations between novel blood neutrophil-related biomarkers and NSCLC in stage 2.

Markers Control (n =66) NSCLC (n =132) OR (95% CI) * p Value * OR (95% CI) **2 p Value **2
IL-6

Low 34 (51.52) 15 (11.36) 1 (ref) 1 (ref)

High 32 (48.48) 117 (88.64) 9.339 (3.882, 22.464) <0001 10.687 (3.875,29.473)  <0-001
CXCL2

Low 33 (50.00) 52 (39.39) 1 (ref) 0151 1 (ref) 019

High 33 (50.00) 80 (6.61) 1570 (0.848,2.907) 1.824 (0.903, 3.683) :
IL-1RA

Low 33 (50.00) 17 (12.88) 1 (ref) 1 (ref)

High 33 (50.00) 115 (87.12) 7.535 (3.293,17.244) <0001 8.113 (3.182,20.689) ~ <0-001
L1

Low 33 (50.00) 64 (48.48) 1 (ref) 0809 1 (ref) ool

High 33 (50.00) 68 (51.52) 1.056 (0.603,1.850) " 1.314 (0.700, 2.466) :
CXCL5

Low 33 (50.00) 62 (46.97) 1 (ref) 0703 1 (ref) 0508

High 33 (50.00) 70 (53.3) 1.116 (0.636,1.958) " 1.371 (0.719, 2.613) :
S100B

Low 42 (63.64) 70 (53.3) 1 (ref) 0.184 1 (ref) 0.531

High 24 (36.36) 62 (46.97) 1.481 (0.830,2.645) 1.287 (0.663, 2.501) :
GM-CSF

Low 52 (78.79) 100 (75.76) 1 (ref) 0633 1 (ref) 0ol

High 14 (21.21) 32 (24.24) 1191 (0.582, 2.436) 1.294 (0.563, 2.977) :

The values of IL-6, CXCL2, IL-1RA, IL-1«, and CXCL5 were divided into low and high groups based on the
median value in the control group as the cutoff. The values of S100B and GM-CSF were divided into low and
high groups, with the experimental detection limit serving as the cutoff. * Adjusted factors: BMI + smoking
status + NLR + CEA. * shows the OR (95% CI) and p values of the univariate logistic regression analysis. ** shows
the OR (95% CI) and p values of the multiple logistic regression analysis. NSCLC, non-small-cell lung cancer;
BMI, body mass index; IL-6, Interleukin 6; IL-1c, Interleukin 1 alpha; IL-1RA, Interleukin-1 receptor antagonist;
GM-CSF, Granulocyte-macrophage colony-stimulating factor; CXCL2, C-X-C Motif Chemokine Ligand 2; CXCL5,
C-X-C Motif Chemokine Ligand 5; S100B, S100 Calcium-binding Protein B; NLR, neutrophil-to-lymphocyte ratio;
CEA, carcinoembryonic antigen; OR, odds ratio; CI, confidence interval. Values are presented as 1 (%) unless
otherwise specified.

3.3. Stage 3

Table S5 shows the comparison of the discrimination ability of different predictive
models. In Model 1, which only included the epidemiological predictors (BMI and smoking
status), the AUC value was 0.603 (95% CI: 0.527, 0.678). After adding NLR and CEA, the
AUC value of Model 2 increased to 0.716 (95% CI: 0.637, 0.794). Upon the addition of IL-6
and IL-1RA to Model 2 to create Model 3, the best performance was achieved with an AUC
value of 0.851 (95% CI: 0.793, 0.908), a TPR of 0.856, and a FPR of 0.333. The differences in
AUCs from the three models were statistically significant. The visualized ROC curves for
Models 1, 2, and 3 are shown in Figure 3.

We employed NRI and IDI to measure the improvement of the predictive performance
of models after the inclusion of new risk factors, enabling the comparison among models
(Table 3). Initially, we compared Model 2 (Model 1 + NLR + CEA) with Model 1 (baseline
model incorporating only epidemiological indicators: BMI + smoking status). The results
indicated a noteworthy enhancement in the predictive performance of Model 2 in contrast
to Model 1. The NRI reached 59.85% (95% CI: 0.331, 0.935), and the IDI was 0.128 (95% CI:
0.079, 0.176), both differences being statistically significant. By incorporating IL-6 and IL-
1RA into Model 2, the NRI for Model 3 increased to 97.73%, signifying that the integration
of IL-6 and IL-1RA could escalate the accurate reclassification proportion of the model by
97.73% (95% CI: 0.667, 1.279). The extent of improvement was also significantly increased,
with an IDI of 0.198 (95% CI: 0.137, 0.259).
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Figure 3. Comparison of ROC curves for different models. The AUC value of Model 1 was only 0.603
based on epidemiological variables (BMI and smoking status) data. In Model 2 (added NLR and CEA),
the AUC value increased to 0.716. Model 3 (added IL-6 and IL-1RA) showed the best performance,
with an AUC value of 0.851. IL-6, Interleukin 6; IL-1RA, Interleukin-1 receptor antagonist; NLR,
neutrophil-to-lymphocyte ratio; CEA, carcinoembryonic antigen; BMI, body mass index; ROC,
receiver operating characteristic; AUC, area under the curve.

Table 3. The comparative efficacy of predictive models.

Models NRI 95% CI @ * p Value IDI 95% CI P ** p Value
Model 1 vs. Model 2 59.85% 0.331,0.935 <0.001 0.128 0.079,0.176 <0.001
Model 2 vs. Model 2 + IL-6 75.00% 0.319, 1.022 <0.001 0.148 0.092,0.203 <0.001
Model 2 vs. Model 2 + IL-1RA 61.36% 0.122,0.962 0.003 0.122 0.068,0.176 <0.001
Model 2 + IL-6 vs. Model 3 16.67% —0.055, 0.779 0.423 0.050 0.012, 0.088 0.010
Model 2 + IL-1RA vs. Model 3 29.55% —0.001, 0.866 0.227 0.076 0.033,0.119 0.001
Model 2 vs. Model 3 97.73% 0.667,1.279 <0.001 0.198 0.137,0.259 <0.001

Model 1: epidemiology variables: BMI + smoking status. Model 2: epidemiology variables + NLR + CEA.
Model 3: epidemiology variables + NLR + CEA + IL-6 + IL-1RA. BMI, body mass index; IL-6, Interleukin 6;
IL-1RA, Interleukin-1 receptor antagonist; NLR, neutrophil to lymphocyte ratio; CEA, carcinoembryonic antigen;
NRI, net reclassification improvement; IDI, integrated discrimination improvement; CI, confidence interval.
2 shows the 95% CI on NRI. ® shows the 95% CI on IDL. * indicates the p value on the difference of NRI. ** indicates
the p value on the difference of IDI.

4. Discussion

Our findings indicated a significant association between NLR and NSCLC risk. Plasma
IL-6 and IL-1RA also emerged as independent risk factors for NSCLC. These mean high lev-
els of NLR, IL-6, and IL-1RA signaling a dramatically increased NSCLC risk. Moreover, we
established a model incorporating NLR and novel blood neutrophil-related biomarkers to
aid in predicting NSCLC diagnosis in the clinic, outperforming models reliant on the classic
cancer marker CEA. Thus, our research underscores the importance of neutrophil-related
biomarkers in predicting NSCLC risk, offering valuable assistance in clinical diagnosis.
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NLR, a parameter derived from the NEU divided by the LYM, is one of the most widely
investigated features based on blood cell counts and serves as an indicator of systemic
inflammation [36]. NLR captures the balance between the detrimental effects of increased
neutrophils and the beneficial roles of adaptive immunity mediated by lymphocytes [37].
In the field of cancer research, NLR serves as an effective indicator of the dynamic balance
between pro-tumor and anti-tumor responses in the body. Most published studies have
mainly focused on the correlation between NLR and the prognosis of NSCLC [36—40], with
little attention paid to its association with disease risk. Therese Haugdahl Nost et al. con-
ducted a study on approximately 440,000 participants based on data from the UK Biobank,
evaluating the longitudinal relationships between four systemic inflammation indicators
(NLR, systemic immune-inflammation index, platelet-to-lymphocyte ratio, lymphocyte-to-
monocyte ratio) and the risk of 17 cancer sites diagnosed clinically in the years preceding
the study [41]. The study found that NSCLC patients exhibited higher NLR values, which
was particularly apparent in the year before diagnosis, possibly driven by an elevated
neutrophil count.

IL-6, a multifunctional cytokine, exhibits both pro-inflammatory and anti-inflammatory
properties [42]. Under cancerous conditions, IL-6 can participate in various processes such
as tumor formation, cancer cell proliferation, epithelial-mesenchymal transition, interac-
tions between tumor cells and the matrix environment, tumor dissemination, and drug
resistance. By releasing chemokine receptors including CXCR3/4 and CCR5/7, and secret-
ing pro-inflammatory cytokines, notably IL-6, TANSs play a pivotal role in the pathogenesis
of lung cancer [43]. Currently, the predictive capabilities evaluation of IL-6 in cancer mostly
focuses on treatment outcomes or survival status [44-50], making it one of the most dis-
cussed prognostic markers for NSCLC patients. However, studies dedicated to evaluating
associated risks remain sparse. In a case—control study conducted at the National Cancer
Institute in Maryland, Sharon R. Pine and colleagues analyzed the association between IL-6
and lung cancer in six pairs of patients and controls. They discovered a notable association
between lung cancer and the highest quartile of serum IL-6 levels (OR = 3.29, 95% CI:
1.88-5.77) [51]. In a subsequent verification within the prospective Prostate, Lung, Col-
orectal, and Ovarian Cancer Screening Trial, they found that an increase in IL-6 levels was
exclusively connected to lung cancer cases diagnosed within two years of blood sampling.
A nested case—control study including 224 cases and 644 controls indicated higher blood
IL-6 was associated with rising hepatocellular carcinoma (HCC) risk [52]. The relative risk
was 5.12 (95% CI: 1.54-20.1) for HCC in the top tertile of IL-6 levels. This result was not
influenced by variables such as hepatitis virus infection, lifestyle-related elements, and
radiation exposure. Scholars have underscored the importance of early monitoring of IL-6
levels. Further gene expression analysis showed an increased expression of IL-6 in patients
compared to controls. The latest research on the Lung Cancer Cohort Consortium, an
international cohort with over two million participants from North America, Europe, Asia,
and Australia, identified 36 proteins independently and reproducibly associated with the
imminent risk of being diagnosed with lung cancer. IL-6 was found a robust correlation
with lung cancer within the first year following diagnosis (OR = 2.56, 95% CI: 1.92-3.41) [34].
Therefore, the measurement of IL-6 in plasma can serve as an early auxiliary diagnostic
indicator for NSCLC, providing predictive value for clinical work.

IL-1RA, a component of the IL-1 family, operates as a competitive binding factor
that can inhibit the signal cascade response and suppress the pro-inflammatory signal
transduction activated by IL-1a and IL-1f [53]. IL-1RA is commonly generated by the cells
that concurrently produce IL-1« or IL-15, notably monocytes, macrophages, dendritic cells,
neutrophils, and so on. An increase in IL-1 production is often paired with a raised IL-1RA
level. Even though IL-1RA does not trigger a biological response, it is described as an
anti-inflammatory molecule due to its capacity to impede the pro-inflammatory activities
of IL-1a and IL-1p [53]. The expression of IL-1RA has been investigated in many human
diseases, such as inflammatory diseases, immune-related diseases, and numerous kinds of
cancer. Generally, IL-1RA in cancer is considered to exert a tumor-suppressive effect due

82



Cancers 2024, 16, 513

to its ability to inhibit pro-tumor cytokines [54]. Post myocardial infarction, animals with
high expression of IL-1RA displayed decreased symptoms of inflammation, less neutrophil
infiltration, and reduced ventricular expansion [55]. In a range of diseases, increased levels
of circulating IL-1RA have been reported, such as chronic arthritis, inflammatory bowel
disease, rheumatoid arthritis, and Acute Respiratory Distress Syndrome [56]. Synthesized
research suggested that the balance between IL-1RA and the pro-inflammatory cytokine IL-
1 was associated with increased risks of various cancers, including NSCLC [57]. Elevated
serum IL-1RA concentrations had been observed in patients with Hodgkin’s disease,
lung cancer, colorectal cancer, cervical cancer, and endometrial cancer, underscoring the
critical function of IL-1RA throughout the formation and advancement of tumors [54].
In 2013, a nested case—control study was performed on 526 lung cancer patients and
592 control subjects [20]. Using the Luminex beads-based experimental method, more
than 70 serum inflammation markers were examined. The researchers found a correlation
between increased serum IL-1RA levels and a decreased risk of lung cancer (OR = 0.71,
95% CI: 0.51-1.00). Genetic research in humans also showed that the genetic variability of
IL-1«, IL-1B, and IL-1RA correlated with elevated risks of tumors, including NSCLC [58].
Although IL-1RA was discovered almost concurrently with IL-1a and IL-1p, its value in
cancer remains relatively uncertain compared to the other two. Current research on IL-1RA
in tumors mostly reports its anti-inflammatory role. However, some scholars have reported
that the role of IL-1RA in cancer is not limited to suppressing inflammation, but it can also
promote the growth of malignant tumors [53].

We acknowledge that there are several limitations. First, several novel factors that
were to be tested in the samples inherently had low expression levels, which made their
detection difficult. They were excluded from data analysis due to numerous undetected
values, despite our meticulous handling of the samples, including storage at —80 degrees
Celsius, prevention of repeated freeze—thaw cycles, and strict adherence to the instructions
during the procedures. Second, as a cross-sectional study, we were unable to determine
causality. Further rigorous validation work along with an increase in sample size is needed.
Third, our research focused on studying the NSCLC population. However, the significant
variations among different cancers and subtypes limit the generalizability of our findings.

5. Conclusions

Our study suggests that IL-6 and IL-1RA play key roles in lung carcinogenesis and
progression. NLR, IL-6, and IL-1RA in the blood can serve as biomarkers for diagnosis
of NSCLC. Combining these with patients’ clinical features and tumor markers (for ex-
ample, CEA) may enhance the effectiveness of diagnosing NSCLC, potentially providing
heightened early warning at pre-diagnosis and diagnosis.
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Simple Summary: Cancer may be recognized by the immune system. For patients with non-small-
cell lung cancer (NSCLC), immune checkpoint inhibitors (ICI) are a first-line treatment in most
patients. However, most of these patients do not respond to ICI, implying that the treatment is
ineffective, where it may have relevant side effects. Currently, there is no solid biomarker to predict
response to ICI. Thus, there is an urgent need for a new biomarker to predict this response, preferably
via minimally invasive techniques. We tested the potency of T cells to be activated ex vivo in the
peripheral blood of patients with advanced NSCLC. We found an increased ability to activate CD8*
T cells and produce intracellular IL-2 in peripheral CD8* T cells in patients that respond to ICI
compared to non-responders and healthy controls before the start of ICI. The potency of peripheral T
cells to be activated before treatment seems a promising biomarker.

Abstract: Background: Tumor-infiltrating immune cells have been correlated with prognosis for
patients treated with immune checkpoint inhibitor (ICI) treatment of various cancers. However,
no robust biomarker has been described to predict treatment response yet. We hypothesized that
the activation potency of circulating T cells may predict response to ICI treatment. Methods: An
exploratory analysis was conducted to investigate the association between the response to immune
checkpoint inhibition (ICI) combined with stereotactic radiotherapy (SBRT) and the potency of
circulating T cells to be activated. Blood-derived lymphocytes from 14 patients were stimulated ex
vivo with, among others, Staphylococcal enterotoxin B (SEB) and compared to healthy controls (HCs).
Patients were grouped into responders (>median progression free survival (PFS)) and non-responders
(<median PFS). The expression of the T cell activation marker CD69 and intracellular cytokines (IL-2,
IFNy, TNF«) in both CD4" and CD8" T cells in response to stimulation was measured using flow
cytometry. In addition, serum levels of BAFF, IFNYy, and IL-2 receptor (sIL-2R) were measured
by Luminex. Results: At baseline, a higher percentage of activated CD8* T cells (15.8% vs. 3.5%
(p =<0.01)) and IL-2*CD69*CD8* T cells (8.8% vs. 2.9% (p = 0.02)) was observed in responders
compared to non-responders upon ex vivo stimulation with SEB. The concurrently measured serum
cytokine levels were not different between responders and non-responders. Conclusion: Baseline
blood CD8" T cell activation potency, measured by intracellular cytokine production after ex vivo
stimulation, is a potential biomarker to discriminate responders from non-responders to SBRT
combined with ICL

Cancers 2024, 16, 2592. https:/ /doi.org/10.3390/cancers16142592 88 https://www.mdpi.com/journal/cancers



Cancers 2024, 16, 2592

Keywords: NSCLC; immune checkpoint inhibition; immunotherapy; biomarker; T cell function
assay; cytokines; liquid biopsy

1. Introduction

Cancers can be recognized by the immune system, and immune checkpoint inhibi-
tion (ICI) presents an important treatment option, particularly for Non-Small-Cell Lung
Cancer (NSCLC) [1-4]. However, not all tumors exhibit a favorable outcome to ICI. “Hot”
tumors, characterized by a heightened T cell inflammatory profile, demonstrate a markedly
superior response to ICI compared to “cold” tumors, which are defined by a low or
absent T cell inflammatory profile. Resected tumors from individuals who respond to
neoadjuvant ICI show a dense presence of immune activation, including infiltrating lym-
phocytes, macrophages, and tertiary lymphoid structures (TLS) [5-7]. The abundance of
tumor-infiltrating CD8* T cells in both the TLS and the tumor microenvironment has been
correlated with a more favorable prognosis in various cancers, including lung cancer [8-10].

To this date, the only biomarker in clinical practice used to predict the responsiveness
of NSCLC to ICI is the expression of PD-L1 on tumor cells. In advanced lung cancer, tissue
biopsy is essential for diagnosis and treatment decisions [11,12]. However, tissue availabil-
ity is usually limited owing to small biopsies or cytological specimens. Consequently, there
is ongoing exploration of less invasive techniques to obtain biomarkers, particularly those
from peripheral blood sampling, to predict tumor response. In patients with NSCLC who
received second-line nivolumab, a pre-treatment neutrophil-to-lymphocyte ratio (NLR)
below 5 was associated with an extended progression free survival (PFS) and overall sur-
vival (OS) compared to a higher NLR (>5) [13,14]. Furthermore, elevated baseline levels
of serum Interleukin 6 (IL-6) levels were associated with a shortened PFS and OS [15].
Flow cytometric analysis of peripheral blood lymphocytes of NSCLC patients receiving ICI
treatment revealed that response to treatment was associated with a higher percentage of
CD62lowCD4* T cells, whereas non-responders were characterized by a higher percentage
of CD25*FOXP3*CD4* T cells prior to treatment [16]. Additionally, higher levels of CD4*
T cells, CD4*/CD8*cell ratios, and absolute numbers of natural killer cells (NK cells) were
associated with response to ICI [17].

Beyond the conventional assessment of immune status through flow cytometry, var-
ious aspects of T cell function, such as cytokine production following mitogenic ex vivo
stimulation of T cells, can be assessed. Cytokines, such as tumor necrosis factor alpha
(TNFw), interferon gamma (IFNy), and interleukin 2 (IL-2) play an important role in modu-
lating the immune response. Both IFNy and IL-2 are known to promote the cytotoxicity of
CD8" cells and NK cells and to stimulate the differentiation of CD4* T cells into Th1 helper
cells [10,18]. In patients with NSCLC, the IFNy signature is associated with prolonged
survival [19].

We hypothesized that peripheral blood lymphocytes from NSCLC patients at baseline
who respond to ICI exhibit increased sensitivity to mitogenic stimulation, leading to an
augmented production of intracellular cytokines. If substantiated, this could potentially
serve as a viable biomarker for selecting patients for ICI treatment. In this study we
evaluated the baseline expression of the T cell activation marker CD69 and intracellular
cytokines (IL-2, IFNy, TNF«) in both CD4* and CD8" T cells after ex vivo stimulation and
their association with response to combined ICI and SBRT treatment.

2. Materials and Methods

This exploratory analysis was part of a phase 1 study on safety and tolerability in
patients with stage IIIB/IV NSCLC treated with stereotactic radiotherapy (SBRT) on a part
of the primary tumor, combined with ICI treatment. ICI was administered in three different
regimes in sequential cohorts as >2nd line treatment after platinum-based chemotherapy.
The 1st cohort (1 = 3) received durvalumab (PD-L1 inhibitor), while the 2nd and 3rd cohorts
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(both 1 = 6) received a combination of durvalumab and tremelimumab (CTLA-4 inhibitor)
followed by durvalumab monotherapy. All patients were irradiated on the primary tumor
(1 x 20 Gy on 9 cc) one week after the 1st dose of ICI. For further details regarding inclusion
and exclusion criteria, patient characteristics, and full trial design of this phase 1 study,
the SICI (stereotactic radiotherapy and immune checkpoint inhibition) trial, we refer to
Kievit et al. [20]. Patients were grouped into responders (>median progression free survival
(PFS)) and non-responders (<median PFS).

Exploratory endpoints in this study were the correlation of response and survival with
lymphocyte count, T cell activation potency, and the correlation between intracellular and
serum cytokines at baseline just before the start of the combined ICI and SBRT treatment.
PFS was defined from date of start of the treatment to the date of the first documented date
of progression or death by any cause. OS was defined from date of start of the treatment to
date of death. If a patient had not died, the OS was censored at the date of last follow-up.
Cutoff date was 1 July 2024.

2.1. Lymphocyte Count

Blood lymphocyte counts were differentiated into CD45*CD3* T cells, CD45"CD3*CD4*
T helper cells, CD45*CD3*CD8" cytotoxic T cells, CD45"CD19* B cells and CD45*CD16*CD56*
NK cells. The NLR was calculated by dividing the absolute neutrophil count by absolute
lymphocyte count and marked as low (<5) or high (>5).

2.2. T Cell Activation Analysis

Potency of T cell activation was assessed using flow cytometric analysis of peripheral
blood T cellT cells and compared to simultaneously included healthy controls, a standard
assay that is used for the diagnosis of immune deficiencies as described by Stam et al. [21].
In short, whole blood was activated ex vivo using one of the following mitogens or antigens:
5 ug/mL Staphylococcal enterotoxin B (SEB; Sigma, Deisenhofen, Germany), anti-CD3
(aCD3; 10% v/v WT32 hybridoma culture supernatant), 5 ug/mL Phyto haemaglutine
(PHA; Remel, Lenexa, KS, USA), a cocktail of 15 Lf/mL tetanus toxoid and diphtheria
toxoid (cocktail; Netherlands Vaccine Institute; NVI, Bilthoven, The Netherlands), and
0.5 TE/mL purified protein derivative Tuberculosis (PPD; NVI, Bilthoven, The Nether-
lands). To block cytokine release from cells, 10 pg/mL brefeldin A (BFA; Sigma-Aldrich,
St. Louis, MI, USA) was added to each sample. Next, samples were incubated for 24 h at
37 °C with 5% CO,. Post-incubation, samples were treated with 10 uL of 40 mM EDTA
in PBS for 10 min to inhibit activated cell adhesion. Following this, red blood cells were
lysed, and white blood cells were fixed by adding 2 mL of FACS lysing solution (Becton
Dickinson, Franklin Lakes, NJ, USA) for 10 min at room temperature, followed by a PBS
wash with 1% bovine serum albumin (BSA). Next, each sample was permeabilized with 500
uL of Perm II (Becton Dickinson) containing varying concentrations and/or combinations
of Pacific Blue (PB) and/or Pacific Orange (PO) dyes (Invitrogen, Carlsbad, CA, USA) to
facilitate fluorescent cell barcoding (FCB) as depicted in Figure S1. Unstimulated samples
were stained with 1.25 pg PB and 10 pg PO, while samples stimulated with PPD, SEB,
aCD3 (WT32), cocktail, and PHA were stained with 0 pg PB and 0 ug PO, 1,25 ug PB
and 0 ug PO, 10 pg PB and 0 ug PO, 0 pg PB and 10 pg PO, and 10 ug PB and 10 ug PO,
respectively. After 10 min of incubation at room temperature in the dark, samples were
washed and resuspended in PBS with 20% fetal calf serum (FCS). T cell activation potency
was assessed by evaluating the expression of CD69 and intracellular cytokines (IL-2, IFNYy,
TNF«x). Alongside each patient’s sample, we included a healthy control sample in our
test. Flow cytometric analysis was done on 50,000 recorded events per analysis using a
FACSCanto-II flow cytometer (Beckton Dickinson Biosciences, San Jose, CA, USA). Diva
v9.3.1 (Beckton Dickinson) and Kaluza v2.2 (Beckman Coulter, Brea, CA, USA) software
was used for gating and flow cytometry data analysis. The gating strategy is shown in
Figure S1. Patients were divided into above median PFS (responders; 0 R) and below
median PFS (non-responders; NR). We compared intracellular cytokine production in both
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CD4" and CD8* T cells between both groups and with healthy controls (HC) using the
Mann-Whitney U test.

2.3. Serum Cytokines

The intracellular cytokine production of IL-2, IFNy and TNFx was correlated to serum
concentrations of BAFF/BLyS/TNFSF13B, CD25/IL-2R alpha and IFNy measured by
multiplex Luminex as described by the protocol of the manufacturer (R&D, Austin, TX,
USA). For an overall indication of T cell and B cell activation, the Luminex panel was
expanded with CCL17/TARC, IL-6 and CXCL13/BLC/BCA-1.

2.4. Statistics

Relationships between lymphocyte count and response, as well as the relationship
between serum cytokines and response were analyzed with the Mann-Whitney U test. The
same test was used to compare differences in T cell activation assay between responders,
non-responders, and healthy controls. Spearman’s correlations were calculated between
survival and NLR and the lymphocyte count and to assess relations between intracellular
and serum cytokines.

2.5. Ethical and Regulatory Requirements

This study was performed in accordance with ethical principles that have their origin
in the Declaration of Helsinki and are consistent with ICH-Good Clinical Practice, and
applicable regulatory requirements concerning subject data protection. The study protocol
was approved by the local medical ethic committee (ICTRP: NL-OMON44296; EudraCT:
2017-002797-39). All patients gave their written informed consent prior to the start of any
study related procedures.

3. Results

Fifteen patients were included in the phase 1 SICI trial. In one patient, blood storage
failed due to technical issues. Therefore, the data of 14 patients (8 non-responders and
6 responders) were available for the exploratory analysis at baseline. Patients categorized as
responder by the mean PFS had either stable disease or partial response as best response to
treatment and all non-responders had progressive disease as best response. As an internal
control of the T cell activation assay, 14 healthy controls served as reference. Healthy
controls were younger compared to the NSCLC patients (median age 48 years vs. 64 years,
p < 0.001) and were more often female (71% vs. 14%, p = 0.002). None of the patients used
corticosteroids at the start of treatment. Overall survival (OS) was 12 months (range 1—not
reached) and superior for responders compared to non-responders (Figure S2 and phase 1
SICI trial [20]).

3.1. Lymphocyte Count

There was no significant difference in blood lymphocytes at baseline between respon-
ders and non-responders (Figure 1, Table S1). For all patients, OS showed a significant
negative correlation with the neutrophil-to-lymphocyte ratio NLR (spearman’s rho -0.55,
p = 0.04). Furthermore, OS was positively correlated with all lymphocytes (0.71, p = 0.005),
CD3* T cells (0.73, p = 0.003) and CD8* T cells (0.63, p = 0.016) (Table S2). All other
correlations between the lymphocyte count and PFS or OS were not significantly different.

3.2. T Cell Activation Assay at Baseline

Before the start of treatment, responders had significantly higher percentages of ac-
tivated (CD69%)CD8* T cells, especially those producing IL-2 in response to SEB stim-
ulation, compared to both non-responders (CD69"CD8* 15.8% vs. 3.5% (p = 0.008);
IL-2*CD69"CD8* 8.8% vs. 2.9% (p = 0.02)) and healthy controls (5.6% (p = 0.009) and
4.7%, respectively (p = 0.001)). No difference in the expression of IL-2 was observed be-
tween T cells of non-responders and healthy controls. In addition, significantly higher
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expression of TNFa and IFNy was observed in activated CD8* T cells of responders when
compared to healthy controls (resp 19.8% vs. 10.4%; p = 0.01 and 21.4% vs. 9.3%; p = 0.03).
The expression of TNFo and IFNy by T cells was not different between responders and
non-responders (TNFx and IFNy of non-responders resp. 8.0% and 5.5%) (Figure 2). No
difference was observed in the percentage of activated CD8* T cells after stimulation with
anti-CD3 between responders, non-responders, and healthy controls. Stimulation with the
strong mitogen PHA resulted in strong T cell activation, evident from significant CD69
upregulation without observable differences between responders, non-responders, and
healthy controls in activated T cells and intracellular cytokine production. Stimulation with
the weak antigenic cocktail or PPD resulted in almost no stimulation of both CD8* and
CD4" T cells with no differences between groups (Table S3).

NLR - e * Non-responder

Neutrophiles (1049/L)— = = Responder

NK-cells (10*9/L)—,;
CD19+ B-cells (1079/L)—,
CD8+ T-cells (1079/L){=—
CD4+ T-cells (1079/L)— .o,
CD3+ T-cells (1079/L)
Lymphocytes (10%9/L)4 ‘==~

B

012 3 441016

Figure 1. Blood lymphocytes between responders and non-responders at baseline. Data are presented
as median with its range. No significant differences were observed, p > 0.14. NK cells: natural killer
cells. NLR: neutrophile-to-lymphocyte ratio.

In contrast to CD8* T cells, in activated (CD69") CD4* T cells, no significant dif-
ferences were observed between responders and non-responders after stimulation with
SEB (CD69*CD4" 18% vs. 12.6% (p = 0.23), IL-2*CD69*CD4* 17.1% vs. 12.5% (p = 0.41),
TNFo*CD69*CD4* 22.5% vs. 15.4% (p = 0.49) and IFNy*CD69*CD4* resp 9.8% and
6.3% (p =0.10). Compared to healthy controls, only responders had significant higher
percentages of activated (CD69") CD4* T cells when stimulated with SEB, including higher
expression of IL-2 and TNFa (CD69*CD4* 18% vs. 7.3% (p = 0.03), IL-2*CD69*CD4* 17.1%
vs. 7.4% (p = 0.009), and TNFa*CD69"CD4* 22.5% vs. 9.6% (p = 0.02)). No significant
difference was observed in IFNy expression between responders and healthy controls
(IFNy*CD69"CD4" 9.8% vs. 3.1% (p = 0.72)). TNFax expression only, was significantly
different between non-responders and healthy controls (TNFa*CD69*CD4*15.4% vs. 9.4%
(p = 0.03), Figure 3). For CD4* T cells stimulated with anti-CD3, a similar cytokine response
as with SEB was observed (Table S3).

3.3. Luminex Assay

At baseline, serum cytokines (IFNy, IL-2 (CD25/IL-2R alpha), TNFo (BAFF/BLyS/
TNFSF13B), CCL17 (CCL17/TARC), IL-6, and CXCL13 (CXCL13/BLC/BCA-1)), which
were selected based on complementarity, appearance, and function in immune activation,
were not different between responders and non-responders (Table S4). In addition, there
was no correlation between intracellular IL-2, IFNy and TNF«x expression by T cells and
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serum levels of three selected cytokines (BAFF/BLyS/TNFSF13B, CD25/IL-2R alpha, IFNY)

(Figure 4).
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Figure 2. Activation of intracellular cytokine expression in CD8* T cells after stimulation with SEB.
(A) Representative flow cytometry plots of SEB-stimulated CD8* T cells showing CD69 expression
alone (histograms) or CD69 expression in combination with expression of intracellular cytokines IL-2,
TNFa«, IENY (dot-plots) in a non-responder (NR; upper plots), a responder (R; middle plots), and an
age- and sex-matched healthy control (HC; lower plots). Values in each gate represent the percentage
of positive cells; (B) frequencies of CD69, IL-2, TNF«, and IFNy expression within responding CD8*
T cells from NR (1 = 8), R (n = 6) and HC (n = 14) after in vitro stimulation with SEB. Horizontal
lines represent the median percentage. p-values were calculated using the Mann-Whitney U test. *: p
<0.05. **: p <0.001. ns: non-significant.
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Figure 3. Activation and intracellular cytokine expression in CD4" T cells after stimulation with
SEB. (A) Representative flow cytometry plots from SEB-stimulated CD4* T cells showing CD69
expression alone (histograms) or in CD69 expression combination with expression of intracellular
cytokines IL-2, TNF«, and IFNYy (dot-plots) in a non-responder (NR; upper plots), a responder (R;
middle plots), and an age- and sex-matched healthy control (HC; lower plots). Values in each gate
represent the percentage of positive cells. (B) Frequencies of CD69, IL-2, TNF«, and IFNy expression
within responding CD4* T cells from NR (1 = 8), R (n = 6), and HC (n = 14) after in vitro stimulation
with SEB. Horizontal lines represent the median percentage. p-values were calculated using the
Mann-Whitney U test. *: p <0.05. **: p <0.001. ns: non-significant.
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Figure 4. Correlation between baseline intracellular and serum cytokine expression after stimulation
with SEB and anti-CD3. A red circle indicates a positive correlation, a blue circle a negative correlation.
aCD3: anti CD3. BAFF: B-cell-activating factor belonging to the TNF family. IFNy: interferon gamma.
IL-2: interleukin 2. SEB: Staphylococcal enterotoxin B. TNF«: tumor necrosis factor alpha.

4. Discussion

In this study, we provide evidence that the potency of T cell activation at baseline, as
assessed through stimulated intracellular cytokine production, may serve as a non-invasive
biomarker to discriminate responders from non-responders to ICI. Specifically, our findings
indicate increased expression of cytokines, particularly IL-2 expression by CD8" T cells
following ex vivo stimulation at baseline in patients who turned out to respond to ICI (in
combination with SBRT to the primary tumor).

To the best of our knowledge, this is the first study in NSCLC exploring peripheral
T cell activation potency as a predictor of response to ICI. T cell activation was assessed
by measurement of intracellular cytokines (IL-2, IFNy, TNF«) following stimulation of
peripheral blood T cells with PHA, a tetanus and diphtheria cocktail, PPD, anti-CD3, or
SEB. Stimulation of T cells using PHA involves several cell surface receptors, most notably
CD3 and CD2 and is, as such, an unselective and strong mitogenic activator of T cells that
partly bypasses co-stimulation [22,23]. The strong nature of stimulation using PHA masks
possible subtle differences in the activation potency of T cells between groups. In line with
this, we did not observe any differences between responders, non-responders, and healthy
controls in the expression of cytokines by T cells upon stimulation with PHA. In contrast,
the cocktail and PPD are weak antigenic recall stimuli, only activating a subpopulation
of T cells, i.e., those that were previously exposed to these stimuli. Using these weak
recall stimuli, no differences were noted between the three groups analyzed here, possibly
reflecting a too-weak or not-sensitive-enough readout. Using a more intermediate stimulus,
such as SEB (or anti-CD3), functional differences in the activation potency of T cells derived
from the different groups might be revealed. Both SEB and anti-CD3 stimulate T cells
specifically via the T cell receptor (TcR)/CD3 complex, where anti-CD3 does so with
higher affinity compared to SEB. As such, SEB potentially represents the most optimal
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mode of T cell activation to reveal intrinsic differences in the T cell activation potency
between the different groups studied here. Indeed, most notable and significant differences
in the responses were observed upon SEB stimulation, especially in the CD3*CD8" T
cell compartment.

CD8" T cells play an important role in the immune response to cancer and the number
of CD8* T cells, and their capability of infiltration into the tumor (environment) is associated
with prolonged survival. Activated CD8* T cells are capable of killing cancer cells, which
is associated with the release of cytokines [24]. Effective activation of (cytotoxic) CD8*
T cells requires signaling via the TcR/CD3 complex in combination with one or more
costimulatory signals. Using ICI, both anti-CTLA4 and anti-PD(L)1 enhance the activation
of the T cell by blocking an inhibitory signal (the interaction between CTLA-4 and CD80
and PD-1 with PD-L1, respectively) allowing unrestrained T cell (co)stimulation [25,26].

In our study, the CD8" T cells of responders were significantly more prone to acti-
vation at baseline compared to non-responders and healthy controls and expressed more
intracellular cytokines, especially IL-2, after ex vivo stimulation with SEB. This suggests
that the CD8* T cells of responders have an increased potential to become activated via
the TcR/CD3 complex even before starting ICI treatment than non-responders. This in-
creased potential to be activated might reflect the observed response to ICI treatment
and as such, may represent a potential baseline biomarker for ICI response. A similar
difference, although non-significant, was seen in the activation potency of CD4* T cells
of responders and non-responders. Alternatively, the poorer responsiveness of T cells to
ex vivo stimulation in non-responders may be an indication of an increased presence or
activity of regulatory T cells, which has been described as a resistance mechanism to ICI
treatment [16]. Alternatively, it may be an indication of exhausted CD8" T cells, another
resistance mechanism for immunotherapy to fail [27].

Absolute lymphocyte count, including different subtypes, was not significantly dif-
ferent between responders and non-responders. We compared the intracellular cytokine
production of IL-2, IFNy, and TNFa with the serum values of these cytokines. There
was no correlation between the serum cytokines and T cell activation potency, nor with
intracellular cytokine production upon stimulation of T cells at baseline. This is in line with
the melanoma data and ICI of the research by Pedersen et al., where baseline serum derived
cytokines including TNF«, IFNy and IL-6 were not associated with PFS [28]. Cytokines
released by T cells after stimulation in vivo are likely either directly used or bound by
surrounding cells. Therefore, circulating serum cytokines levels may not be representative
for T cell activation potency at baseline. Apparently, T cells prone to activation by ICI
are thus not reflected in serum cytokines or lymphocyte subsets, and this specific charac-
teristic needs to be measured with ex vivo stimulation in combination with intracellular
cytokine expression.

Our study included patients with an indication for >second-line ICI. Unfortunately,
we were not able to include more patients in this study. Due to advancements in knowledge,
ICI became standard first-line treatment in patients with advanced NSCLC without a driver
mutation during the period of our study. We realize that because of this, our sample size
is limited. Nevertheless, this is an exploratory parameter and for the generalizability of
our result, this should be repeated in an independent and larger cohort. We think that the
use of SBRT in our patient cohort had little influence on the result because of the small
treatment volumes. Radiation-induced lymphopenia is associated with multiple courses,
multiple irradiated sites, and higher dose (>50 Gy) and is mainly seen when large vessels
and the heart are part of the irradiated field [29,30]. Therefore, we suggest studying T cell
activation in patients receiving immune checkpoint inhibition in a first-line setting. Our
healthy controls were laboratory employees working on the day of blood withdrawal of
the participating patients and were not age- and sex-matched with the patients. As such,
we cannot rule out that differences between patients and healthy controls observed are due
to differences in sex and or age between the groups included.
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5. Conclusions

The potency to activate CD8" T cells at baseline, as determined through ex vivo
activation and intra-cellular cytokine production, discriminates responders from non-
responders to immune checkpoint inhibition combined with stereotactic radiotherapy in
our patient cohort with non-small-cell lung cancer. Further research—for instance, in
first-line ICI treatment in a larger cohort—is needed to confirm this potential biomarker.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers16142592/s1, Figure S1: Representative gating strategy
of quantifying cytokine-expressing CD4* and CD8* T cells using fluorescent cell barcoding (FCSB)
technique; Figure S2: Overall survival; Table S1: Baseline characteristics; Table S2: Correlation
between lymphocyte count and survival; Table S3: Median percentages of responding (CD69") CD4*
and CD8* T—cells and cytokine production after stimulation; Table S4: Median percentages of
responding (CD69") CD4* and CD8" T—cells and cytokine production after stimulation.
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Simple Summary: The development of immune checkpoint inhibitors has revolutionized the treat-
ment of lung cancer by becoming the standard therapy for advanced non-small cell lung cancer that
lacks specific genetic mutations. However, not all patients respond equally, underscoring the need for
biomarkers to predict treatment response. To address this, a study was conducted with 55 lung cancer
patients treated with immune checkpoint inhibitors to investigate whether biomarkers like TCR3
diversity and certain cytokines linked to T cell activity could predict the response to immunotherapy.
While higher TCRf clonality and specific cytokine levels appeared to be associated with improved
survival rates, the findings were not statistically significant. Specifically, higher levels of IL-2 and
IL-15 were linked to shorter overall survival, with high IL-15 levels increasing the risk of death
threefold in multivariable analysis. Although further research with larger sample sizes is needed for
confirmation, these results offer promising insights into potential markers for predicting responses to
immune checkpoint inhibitors.

Abstract: The development of immune checkpoint inhibitors (ICIs) has changed the therapeutic
paradigm of lung cancer (LC), becoming the standard of treatment for previously untreated advanced
non-small cell lung cancer (NSCLC) without actionable mutations. It has allowed the achievement of
durable responses and resulted in significant survival benefits. However, not all patients respond;
hence, molecular biomarkers are needed to help us predict which patients will respond. With this
objective, a prospective observational study was designed, including a cohort of 55 patients with
NSCLC who received ICIs. We studied whether biomarkers such as TCR and specific cytokines
involved in the regulation of T cell activity were related to the immunotherapy response. In the
survival analysis, it was found that patients with higher TCRf clonality, lower TCRf evenness,
higher TCRP Shannon diversity and lower TCRf convergence had higher overall survival (OS)

Cancers 2024, 16, 2798. https:/ /doi.org/10.3390/cancers16162798 100 https://www.mdpi.com/journal/cancers



Cancers 2024, 16, 2798

and progression-free survival (PFS). However, no statistically significant association was observed.
Regarding cytokines, those patients with higher levels of IL-2 and IL-15 presented statistically
significantly shorter OS and PFS, respectively. In fact, in the multivariable analysis, the high IL-15
level increased the risk of death by three times. Although the sample size was small and more studies
are needed to confirm our results, our study reveals promising markers of responses to ICIs.

Keywords: lung cancer; immune checkpoint inhibitors; predictive biomarker; T cell receptor repertoire;
cytokines

1. Introduction

Lung cancer (LC) has traditionally been considered a poorly immunogenic tumor.
Currently, we know that it is one of the tumors with the highest mutational burden (MBT),
with a median of approximately 10 mutations per megabase [1]. The development of
immune checkpoint inhibitors (ICIs) has spurred a change in the therapeutic paradigm
of LC, becoming the standard of treatment for previously untreated advanced non-small
cell lung cancer (NSCLC) without actionable mutations, achieving durable responses and
resulting in significant survival benefits.

In LC, an immunoresistance mechanism adopted by tumor cells is the expression of
immuno-inhibitory molecules in the tumor microenvironment such as PD-L1 and CTLA-
4 [2]. Therefore, using monoclonal antibodies directed against these molecules to block
their action and re-establish T cell-mediated antitumor immunity has become an effective
therapeutic option [3,4].

Despite the current success of ICIs, not all patients will benefit from this therapeutic
strategy. Up to 50% develop resistance to treatment, a complex and dynamic mechanism
in which alterations in the antigenic processing and presentation machinery, epigenetic
modifications, alterations in signaling pathways (MAPK, PI3K, WNT) and the modulation
of the tumor microenvironment towards a tolerogenic state can arise [5,6]. Due to this
heterogeneity in responses, the need arises to identify predictive biomarkers of responses
to ICIs that allow us to select which patients will benefit and which will not.

A tumor’s molecular and phenotypic characteristics are altered and modified through-
out the disease and depending on the treatment, so it would be ideal to find biomarkers
that reflect the changes in tumor characteristics and help us identify which tumors will
respond to treatment with immunotherapy [7]. In this context, biomarkers, such as TMB
and PD-L1 expression, have emerged, albeit with inconclusive results. In the search to
find markers of response, the determination of the T cell receptor repertoire (TCRf{) in
peripheral blood has emerged as a new predictive biomarker of the response to IT [8-11].

TCR is the antigen-specific receptor essential for the specific immune response located
on the cell surface of helper and cytotoxic T lymphocytes [11]. TCR is a complex formed
by two variant chains linked by disulfide bonds forming a heterodimer («f3 or y9) that
gives it the unique specificity for the antigen. Each chain has a variable (V) and a constant
(C) immunoglobulin-type domain. The complementarity-determining regions (CDRs)
are part of the variable chains in the TCR and are crucial for the diversity of antigen
specificity generated by lymphocytes. For each chain, there are three CDRs; CDR3s have
the highest variability and are encoded by the combination between V(D)] regions and are
the primary sites of antigen contact. The CDR3 region of the 3-chain accounts for most of
the variation [11].

Statistically derived descriptive indexes have emerged to estimate the repertoire
diversity and homology of TCR. TCR richness refers to the number of clonotypes that
comprise the repertoire defined by the number of unique CDR3 TCRf sequences. Clonal
diversity is determined by the Shannon index, which identifies the proportions of the
repertoire containing an expanded clone. Evenness is known as Shannon’s normalized
diversity. It measures clonotype size similarity and ranges from 0 (the sample contains
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clonotypes of non-equivalent sizes as occurs in clonal expansion) to 1 (the sample is
composed of clonotypes that are at the same frequency). TCR convergence refers to the
frequency of identical clonotypes in amino acid sequences but different in nucleotide
sequences due to codon degeneration.

TCR richness and convergence could be predictive markers of responses to ICIs. A
high T cell richness and convergence level before initiating treatment with ICIs in NSCLC
patients has been described as a predictive marker of response to ICIs [12]. It has also been
observed that an increase in TCRf3 richness and convergence during treatment with ICIs is
associated with better outcomes [13].

Tumors produce a wide variety of neoantigens presented by MHC molecules and
recognized by specific TCRs via TCR/peptide/MHC interactions. These T cell clones with
specificity for each respective neoantigen can be reactivated again with ICIs, thereby aug-
menting the host antitumor immune response. Therefore, determining the TCR repertoire
could allow a more precise approach and could be a more selective and effective biomarker
than TMB and PD-L1 [14,15].

In contrast to TMB, TCR convergence is able to detect T cell responses to any antigen,
including neoantigens arising not only from nonsynonymous mutations but also aberrant
posttranslational modifications, ectopic gene expression, splicing defects, self-antigens and
virus-derived antigens [16-18].

Determining the TCR repertoire during treatment may be a helpful tool to establish
the evolution and prognosis of patients with LC. The combination of these features together
with other established biomarkers, such as PD-L1 expression, would improve response
prediction [17]. Even so, both TMB and TCR present certain limitations in their determi-
nation, such as the lack of standardization in the cut-off points used, and the cost of the
sequencing techniques employed.

Thus, our study aims to prospectively analyze a cohort of patients with LC receiving
treatment with ICIs to determine whether the TCRf3 repertoire and certain soluble factors
in peripheral blood involved in the regulation of T cell antitumor function such as IL-2,
IL-4, IL-10, IL-12, IL-15, MICA, MICB, ULBP1, ULBP2, ULBP4, IFN-y and CXCL10 could
predict the efficacy of treatment with ICIs.

2. Materials and Methods
2.1. Population

A prospective observational study was performed on a 55-patient cohort with locally
advanced and metastatic non-small cell lung cancer (NSCLC) (stage III and IV) who
received treatment with PD1/PD-L1/CTLA-4 ICIs at Hospital Clinico Universitario Lozano
Blesa, a tertiary hospital in Zaragoza (Spain) from April 2019 to October 2020.

Patients with histology other than NSCLC, those with contraindications for treatment
with ICIs such as autoimmune diseases, synchronous tumors of other origins, patients with
immunodeficiencies or at grade 2 or higher in the Eastern Cooperative Oncology Group
(ECOG) scale were excluded from the study.

Patients previously treated with immunotherapy were excluded from the study. A
total of 23 of 55 patients included had previously received chemotherapy, 14 patients had
received treatment of localized disease (chemotherapy + radiotherapy) and 18 patients
were treatment naive.

The demographic and clinicopathologic characteristics of the patients were collected
from anonymized medical records and by direct interview with the patient. The functional
status of the patients was assessed using the ECOG scale. The responsible physician carried
out treatment indications. Response to treatment was evaluated according to the criteria for
response evaluation in solid tumors (RECIST) carried out by radiodiagnosis. The prognostic
indicator variables to predict the benefit to ICIs were progression-free survival time (PFS)
and overall survival (OS), defined as the time elapsed from the start of treatment to the
date of disease progression or death, and to death, respectively. For those patients who did
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not experience progression or death, the last recorded assessment was considered the end
of the study (1 October 2021).

The treatment of personal data corresponded to the Biobank of the Aragon Health
System (integrated into the Spanish National Biobanks Network (PT20/00112)) after in-
formed consent had been given and signed by the patients included in the study. The
Clinical Research Ethics Committee of Aragon (CEICA) approved and evaluated the study
with code (CI PI19/052). All research was performed in accordance with relevant guide-
lines /regulations and with the Declaration of Helsinki.

2.2. Sample Type and Processing

Plasma from patients was collected at baseline before starting any treatment with
immunotherapy alone or immunotherapy combined with chemotherapy. Patient samples
were incorporated as a final destination in the Biobank of the Aragon Health System. The
analyses were performed at the Instituto de Investigacion Sanitaria de Aragéon (IIS Aragon)
with the technological infrastructure available at the Service of Functional Genomics (SAI,
Unizar/IACS) at the Biomedical Research Center of Aragon (CIBA).

2.2.1. Sample Processing

The 55 peripheral blood samples were collected in tubes containing ethylenediaminete-
traacetic acid (EDTA) to prevent coagulation and centrifuged at room temperature for
10 min at 2600 revolutions per minute (rpm) to separate the cells from the plasma. Sub-
sequently, peripheral blood mononuclear cells (PBMCs) were isolated using a density
gradient medium (Ficoll-Paque Plus) and incubated in RNAlater® solution (Invitrogen,
Carlsbad, CA, USA) overnight at 4 °C and then stored at —80 °C until processing.

A kit (MagMAX mirVana Total RNA Isolation Kit (Thermo Fisher Scientific, Waltham,
MA, USA)) was used for RNA extraction from the lymphocytes isolated. The quantification,
quality and measurement of the integrity of the extracted RNA were evaluated using
the Qubit fluorometer, and the integrity of the extracted RNA was evaluated using the
TapeStation 2200 bioanalyzer. Complementary DNA (cDNA) synthesis was carried out
using the SuperScript (IV) VILO ¢cDNA Synthesis kit (Thermo Fisher Scientific).

2.2.2. Sequencing and Analysis of the TCR{3 Repertoire

For sequencing, we used the Oncomine TCR Beta-SR Assay system (Thermo Fisher
Scientific) targeting the CDR3 region of the TCR B-chain responsible for antigen recognition,
allowing us to identify a clonotype of T lymphocytes with the same TCR (same VD]
rearrangement). For each clonotype, the nucleotide sequence of the CDR3 region (CDR3NT),
the corresponding amino acid sequence (CDR3AA), and the V (variable) and J (junction)
segments that compose it were reported. This platform thus allows the identification
of rare or abundant clones and enables TCR convergence profiling that can measure
tumor immunogenicity. The productive sequences obtained from each library were used to
determine the indices that characterize the repertoire: richness, Shannon diversity, evenness
and convergence.

2.2.3. Determination of Cytokines in Peripheral Blood

Luminex® Discovery Assay (R&D Systems a bio-techne brand) was run according
to the manufacturer’s instructions in plasma, using a human premixed multi-analyte kit
cytokine panel. The next soluble factors were included (IL-2, IL-4, IL-10, IL-12, IL-15, MICA,
MICB, ULBP1, ULBP2, ULBP4, IFN-y and CXCL10). Briefly, supernatants were mixed with
beads coated with capture antibodies, incubated, washed and incubated with biotin-labeled
detection antibodies, followed by a final incubation with streptavidin-PE. Assay plates
were measured using a Luminex 200 instrument (ThermoFisher, catalog no. APX10031).
Data acquisition and analysis were performed using 57 xPONENT software. The standard
curve for each analyte had a five-parameter R2 value > 0.95 with or without minor fitting
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using XPONENT software. These determinations were carried out in collaboration with
the National Centre of Oncological Investigation (CNIO) in Madrid.

2.3. Statistical Analysis

The population included in the study was 50 patients plus an additional 10% (5 pa-
tients) to account for possible losses, resulting in a total of 55 patients. Qualitative variables
were expressed as percentages, and quantitative variables as median and standard devia-
tion. The Kolmogorov-Smirnov test was used to test the normal distribution of a variable.
The T-Student U or Mann—-Whitney U test was used for independent samples according
to whether the variable followed the normal distribution or not, respectively. Spearman’s
correlation analysis was used to examine the association between two quantitative variables
that did not follow the normal distribution (and Pearson’s correlation analysis was used
if they did). For the survival analysis (OS and PFS), the nonparametric Kaplan-Meier
estimator and the Mantel-Cox test were used to determine statistical significance in the
comparative analysis. The Cox proportional hazard model was used on the variables
detected as significant with Kaplan—-Meier to determine the Hazard ratio (HR) and 95%
confidence interval (95%CI).

All statistical analyses were performed using Statistical Package for the Social Sciences
(SPSS) software version 24.0. Two-sided p-values < 0.05 were considered statistically
significant.

3. Results
3.1. Descriptive Analysis
Patient and Tumor Disease Characteristics

The cohort of patients in our study was the same as that included in another recently
published study, in which other different variables (the frequency of peripheral blood
T and NK cell subsets) were analyzed [18]. A total of 55 patients were included in the
study with a mean age of 65.02 years, 70.9% were male, and 98.2% were Caucasian. The
vast majority (96.4%) were smokers or ex-smokers, with an Eastern Cooperative Oncology
Group (ECOG) of 0 (65.5%) and no concomitant chronic infections (90.9%). Of the patients,
60% had lung adenocarcinoma, and 40% had squamous cell lung cancer. A total of 70.9%
of the patients were classified with stage IV lung cancer, and only 29.1% had stage IIL.

PDL1 determination was performed in 47 patient tumor samples, 34% had high PDL1
expression >50%, 44.7% had PDL1 expression from 1 to 49% and 21.3% had an expression
of PDL1 < 1%. A total of 63.6% had a baseline blood lactate dehydrogenase (LDH) level
(<214 U/L). An intermediate prognostic index LIPI score calculated by LDH and derived
neutrophil/lymphocyte ratio (derived neutrophil /lymphocyte ratio > 3 or LDH > ULN)
was present in 49.1% or poor (neutrophil/lymphocyte ratio > 3 + LDH > ULN) in another
49.1%.

The main indication for treatment with ICIs was being palliative in successive lines
(41.8%) followed by being palliative first line (32.75%) and locally advanced (25.5%). Pem-
brolizumab (38.2%) was the ICI most frequently administered followed by Atezolizumab
(32.7%), Durvalumab (25.5%) and Nivolumab (3.6%).

Regarding response to ICls, 18.2% [10] experienced complete response (CR), 23.6% [13]
experienced partial response (PR) and 21.8% [12] experienced disease stabilization (DS).
The average time to response to ICIs was 2.74 months (95% CI 1.85-3.63), with a response
duration of 8.06 months (95% CI 4.54-11.58). Despite the initial response, 56.4% (31 patients)
of patients experienced disease progression.

A total of 45.5% [19] of patients presented immune-mediated toxicity: cutaneous
(10.9%) and pneumonitis (10.9%) followed by endocrine (9.1%), musculoskeletal (9.1%),
renal (7.3%), hepatic (5.5%) and colitis (3.6%). Immune-mediated adverse events occurred
early, within the first 3 months, for endocrine, neurologic, skin and cardiovascular toxicities
and late (>3 months) for the rest. Most toxicities were grade 1 and 2, and there was only
one case of liver toxicity that was grade 4 (Table 1).
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Table 1. Overview of the patient cohort comprised in the study that includes 55 LC patients. Demo-
graphic parameters such as sex, age, gender, race, smoking habits, PD-L1, LDH, LIPI score, histology,
tumor stage, treatment indication, ICI, ICI response, death, immune-mediated toxicity and type of
immune-mediated toxicity are included.

Variable Total: 55 Patients (N) (%)
Sex
Males 39 70.9
Female 16 29.1
Age
Mean age: 65.02
<5 47 85
>75 8 15
ECOG
ECOG 0 36 65.5
ECOG 1 19 34.5
IMC
<30 kg/m? 46 83.6
>30 kg/m? 9 16.4
Race
Caucasian 54 98.2
Others 1 1.8
Smoking Habit
Never smoker 2 3.60
Former smoker/Current smoker 53 96.40
PD-L1
<1% 10 18.20
1-49% 21 38.20
>50% 16 29.10
Unknown 8 14.50
LDH
Normal (<214 U/L) 35 63.60
High (>214 U/L) 20 36.40
LIPI Score
Poor 27 49.10
Intermediate 27 49.10
Good 1 1.80
Histology
Adenocarcinoma 22 40
Squamous 33 60
Tumor Stage
III 16 29.1
v 39 70.9
Treatment Indication
Locally advanced 14 25.50
First line 18 32.70
Second line or more 23 41.80
ICI
Durvalumab 14 25.50
Pembrolizumab 21 38.20
Atezolizumab 18 32.70
Nivolumab 2 3.60
ICI Response
Complete response (CR) 10 18.80
Partial response (PR) 13 23.60
Stable disease (SD) 12 21.80
Progressive disease (PD) 15 27.30
Not evaluable (NE) 5
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Table 1. Cont.

Variable Total: 55 Patients (N) (%)
Death
Yes 32 58.20
No 23 41.80
Immune-Mediated Toxicity
Yes 25 45.50
No 30 54.50
Immune-Mediated Toxicity
Skin 6 24
Pneumonitis 6 24
Endocrine 5 20
Musculoskeletal 5 20
Renal 4 16
Liver 3 12
Colitis 2 8

ECOG: Eastern Cooperative Oncology Group, LDH: lactate dehydrogenase, LIPI: Lung Immune Prognostic Index.

3.2. Survival Analysis
3.2.1. Clinical Pathological Features

The average PFS to ICI therapy was 6.42 months (95% CI 3.97-8.87). Thirty-two
patients (58.2%) had died at the time of analysis, and the time to death had a mean of
8.38 months (95% CI 5.61-11.14). The OS median was 19 months. No statistically significant
differences were found in OS according to age, sex, race, smoking, BMI, latent infections,
histology, immunoreactive toxicity, degree of toxicity, or PDL1 expression level. Statistically
significant differences were found in OS according to ECOG (ECOGO0, ECOGL1), disease
stage, treatment indication, the type of ICls, the administration of corticosteroids, LIPI
score, and LDH levels (Table 2).

Regarding PFS, a statistically significant association was observed between PFS and
immunorelated toxicity and tumor stage (Table 2).

Table 2. Analysis of the influence of each variable on patient survival (OS and PFS). Statistical
analysis was conducted to assess the influence of each variable (sex, age, ECOG, BM]I, race, smoking
habit, PD-L1 expression, LDH, LIPI score, histology, tumor stage, treatment indication, ICI, ICI
response, immune-mediated toxicity, type of immune-mediated toxicity) on patient survival (OS and
PFS). Nonparametric Kaplan-Meier estimators and the Mantel-Cox test were utilized to determine
statistical significance in the comparative analysis.

Overall Survival Progression-Free Survival
IC (11.13-26.87) IC (2.81-17.19)
p value p value
Sex
pales 0.396 0.646
Age
Mean age: 65.02
<75 0.065 0.170
>75
ECOG
Eggg (1) 0.000 0.643
IMC
;;% lf(gg//fz 0.695 0.889
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Table 2. Cont.

Overall Survival Progression-Free Survival

IC (11.13-26.87) IC (2.81-17.19)

p value p value

Race
Caucasian
Others

Smoking Habit
Never smoker
Former smoker/Current smoker

PD-L1
<1%
1-49% 0.194 0.389
>50%
Unknown

LDH
Normal (<214 U/L)
High (>214 U/L)

LIPI Score
Poor
Intermediate
Good

0.196 0.113

0.165 0.528

0.017 0.086

0.000 0.005

Histology
Adenocarcinoma

S 0.487 0.713
quamous

Tumor Stage
I

v 0.000 0.034

Treatment Indication
Locally advanced
First line 0.000 0.076
Second line or more

ICI
Durvalumab
Pembrolizumab
Atezolizumab
Nivolumab

0.000 0.354

ICI Response
Complete response (CR)
Partial response (PR)
Stable disease (SD) 0.000 0.000
Progressive disease (PD)
Not evaluable (NE)

Immune-Mediated Toxicity
Yes

No 0.051 0.030

Immune-Mediated Toxicity
Skin
Pneumonitis 0.588 0.697
Endocrine
Musculoskeletal

Renal

Liver

Colitis
ECOG: Eastern Cooperative Oncology Group, LDH: lactate dehydrogenase, LIPI: Lung Immune Prognostic
Index.
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3.2.2. TCRP Repertoire
TCRB Sequencing Data Analysis

TCR analysis was performed on cell populations from peripheral blood samples,
before starting treatment with immunotherapy. TCR analysis and CDR3 sequencing were
finally performed on 44 samples. A total of 11 samples could not be used due to insufficient
quantity or low RNA quality. The mean RNA concentration was 51.8 ng/pL, and their
integrity (RIN values) had a mean of 5.2. The finally sequenced libraries had an average
depth of 878,956.64 reads with an average read length of 88 base pairs per library. From the
total number of libraries, three were discarded due to low quality, and the rest had 50% or
more productive reads, indicating that the sequencing of all samples was satisfactory and
sequencing analysis could continue.

The productive sequences obtained from each library were used to determine the
indices that characterize the TCRf repertoire, as explained in the methodology. The mean
of TCRf3 evenness was 0.77 £ 0.14 (median: 0.81 £ 0.14), the Shannon diversity index was
10.7 & 2.56 (median: 10.9 £ 2.56) and the TCRf convergence pre-treatment was 0.01 = 0.01
(median: 0.007 4 0.01). The median of the different TCRf variables was chosen to divide
the cohort into two groups. The cohort was divided into two groups for each variable
according to the median to analyze the impact of TCRf repertoire characteristics on OS
and PFS (Figure 1).

No statistically significant differences were observed in OS or PFS according to TCRf3
clonality (Figure 1A) and TCR{ evenness (Figure 1B). However, there was a tendency to
increase the OS and PFS with higher clonality and, therefore, a better ICI response. Regard-
ing TCRP Shannon diversity, those patients with a survival >24 months had higher levels
of TCR Shannon diversity with a trend to statistical significance (p = 0.089) (Figure 1C).
Finally, when analyzing TCRf3 convergence, there were no differences in OS (p = 0.096) nor
in PFS between the TCRf3 convergence groups, although there was a trend that at a lower
convergence, OS was higher (Figure 1D). When comparing TCR{3 convergence between
patients with PFS < or > 12 months, statistically significant differences were observed with
lower convergence in patients with PFS > 12 months (Figure 1E).

3.2.3. Cytokines and Other Soluble Factors
Analysis of the Determination of Cytokines

The levels of 10 cytokines in 54 pre-treatment peripheral blood patient samples were
analyzed (Table 3).

Table 3. Analysis of the determination of cytokines.

Cytokine Median Mean ]gzirril:t?(i Into;{g:;:tile
MICA 119.5 128.0 49.5 449
MICB 117.4 126.7 42.4 49.6
ULBP1 21.0 42.7 96.7 16.1
ULBP2 157.5 159.5 22.9 27.9

CXCL10 16.4 19.0 11.0 111
IL10 2.8 6.7 9.2 9.9
ULBP4 0.0 27.6 81.4 20.6
IFNy 25.5 26.5 8.0 5.1

1L4 0.0 18.0 23.8 37.3
1L2 26.1 26.7 3.5 29
IL15 6.7 7.0 3.8 2.8
IL12 0.0 137.7 412.2 153.9
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Figure 1. Characteristics of the TCR repertoire and its relationship with OS or PFS. (A) Kaplan-Meier
curves for OS of patients with TCRf clonality that was high vs. low (p = 0.176), (B) Kaplan-Meier
curves for OS of patients with TCRP evenness that was low vs. high (p = 0.536), (C) TCRf3 Shannon
diversity between patients with OS < or >24 months, (D) Kaplan-Meier curves for OS of patients
with TCR convergence that was high vs. low (p = 0.096), (E) TCRf3 convergence between patients
with PFS < or >12 months. Mantel-Cox test was used to determine statistical significance.

An analysis was performed between ICI responders and non-responders, selecting
only those cytokines or soluble factors that were statistically significant or close to signifi-
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cance such as MICB, CXCL10, IFNy and IL15 (Table 4). Responders showed lower MICB
values before initiating therapy, reaching statistical significance (p = 0.037) (Figure 2).

Table 4. Analysis of cytokines between ICI responders and non-responders.

Cytokines Response to ICI N Mean p Value
MICA No 20 133.7 0516
Yes 34 124.6
MICB No 20 140.2 0037
Yes 34 118.8
2 21.
CXCL10 No 0 6 0.094
Yes 34 17.5
1Ny No 20 28.4 0,002
Yes 34 25.4
N 2 21
ULBP1 ° 0 > 0.589
Yes 34 37.2
ULBP2 No 20 162.8 0.206
Yes 34 157.5
IL10 No 20 4.0 0.162
Yes 34 5.6
ULBP4 No 20 92 0.302
Yes 34 7.1
2 19.
L4 No 0 96 0.356
Yes 34 17.0
2 26.
) No 0 63 0319
Yes 34 26.0
IL15 No 20 74 0.061
Yes 34 6.2
. No 20 204.6 0,183
Yes 34 98.4

Patients with no disease progression also had significantly lower levels of MICB
(p = 0.049), ULBP1 (p = 0.041) and IL2 (p = 0.043). Likewise, those who had not died at
the end of the analysis, showed lower levels of MICB (p = 0.029) and IL-2 (p = 0.04), and
those who survived 12 months or more had statistically significantly lower levels of MICB
(p = 0.024) and ULBP1 (p = 0.044) (Figure 2).

A second analysis was carried out. The cohort was divided for each soluble factor
using the median to analyze the impact of each one on OS and PFS. It was observed that
those patients with levels of IL-2 > 26.1 presented shorter OS (p = 0.037) and shorter PFS
(p = 0.009). Similarly, those patients with levels of IL-15 > 6.7 had shorter OS (p = 0.033) and
PFS (p = 0.050). Significant differences were observed in PFS between groups according to
ULBP1 levels (p = 0.002), with PFS being lower if the levels of ULBP1 > 21.0. Although not
statistically significant (p = 0.058), it was observed that those patients with levels of IL-10 >
2.8 tended to have higher OS (Figure 3). Regarding the rest of the cytokines: I1L-4, IL-12,
MICA, MICB, ULBP2, ULBP4, IFN-y and CXCL10 no statistically significant differences
were observed between expression level and OS or PFS (Figure 3).
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Figure 2. Analysis of expression of cytokines. (A) Levels of cytokines between ICI responders (=1)
and non-responders (=0), (B) Levels of cytokines between patients with disease in progression (=1)
and no progression (=0), (C) Levels of cytokines between dead patients (=1) and not dead patients
(=0), and (D) Levels of cytokines in those with overall survival >12 months.

3.3. Multivariate Analysis

In order to develop an analysis for identifying independent predictive biomarkers, we
performed a multivariate analysis. We studied the relationship between variables with p-
values < 0.05 in the univariate analysis and OS. For this purpose, the Cox regression model
was used. The variables included were ECOG, tumor stage, the indication for treatment,
the type of ICI, the best response, LDH, IL-2 and IL-15. The variables of immune-related
toxicity and IL-10 were also added, as they were close to being significant. The coefficient
estimate, standard error, significance, hazard ratio and confidence interval are shown in
Supplementary Table S1 as the hazard ratio (log HR) confidence interval for each variable
(Supplementary Table S1).

The multivariate COX analyses (Table 5) showed the simultaneous analysis of more
than one response variable according to the Cox analysis. Some variables appeared to be
associated with OS. For the same reason, these variables validate our statistical model and
the use of IL-15 as a biomarker to predict the ICI therapy response. As can be seen, patients
with high IL-15 levels in plasma had a shorter OS, indicating that IL-15 is an independent
prognostic factor. Elevated IL-15 levels in plasma increased the risk of death by three times
(HR = 3, 95% CI: 1.368-6.578, p < 0.006).
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Figure 3. Characteristics of cytokines and their relationships with overall survival and progression-

free survival. (A) Kaplan—Meier curves for OS of patients with levels of IL-2 >26.1 vs. levels of IL-2
<26.1 (p = 0.037), (B) Kaplan—-Meier curves for PFS of patients with levels of IL-2 > 26.1 vs. levels
of IL-2 < 26.1 (p = 0.009), (C) Kaplan—Meier curves for OS of patients with levels of IL-15 > 6.7 vs.
levels of IL-15 < 6.7 (p = 0.033), (D) Kaplan-Meier curves for PFS of patients with levels of IL-15 > 6.7
vs. levels of IL-15 < 6.7 (p = 0.050), and (E) Kaplan—-Meier curves for PFS of patients with levels of

ULBP1 >> 21.0 vs. levels of ULBP < 21.0 (p = 0.002).
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Table 5. Multivariate analysis.

Covariable Coefficient Estimate (B;) SD Estimation Sig. Exp (B) (HR.) IC (HR) 95%
TI Locally advanced - - 0.006 - -
TI First line 2.363 0.901 0.009 10.627 1.816-62.181
TI Second line or more 2.708 0.852 0.001 14.998 2.823-79.679
ECOG [1] 0.915 0.393 0.020 2.496 1.155-5.391
Staging (IV) 2.295 1.081 0.034 9.929 1.193-82.625
IL-15 (>6.7) 1.098 0.401 0.006 3.000 1.368-6.578
Atezolizumab - - 0.008 - -
Nivolumab —1.615 1.082 0.135 0.199 0.024-1.657
Pembrolizumab —1.457 0.444 0.001 0.233 0.098-0.557
Durvalumab —0.790 1.277 0.536 0.454 0.037-5.540

Cumulative survival

e e
- [
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In the same multivariate model, other variables showed a statistical correlation. Pa-
tients with an indication for palliative first-line treatment had a 10.63 times higher risk of
death than those with locally advanced treatment. On the other hand, patients with pallia-
tive successive lines of treatment had a 15-fold increased risk of death. The ICI response
variable showed great variability (possibly due to the scarcity of data within each category).
Patients with PD increased the risk of death 53.256 times over CR patients. ECOG1 patients
had 2.5 times the risk of death over ECOGO, in any time unit and adjusted for all other
confounding variables. Those patients with stage IV tumor disease had a 10-fold higher
risk of death than stage III patients.

In previous studies, all these variables have already been demonstrated to affect OS
and are used in clinical practice. Hence, they validate our model and the use of IL-15 as a
biomarker to predict the ICI therapy response. The following graphs show the survival
functions estimated with the proposed model for the different levels of the influential
categorical factors (Figure 4).
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Figure 4. Kaplan-Meier curves of survival functions for the different levels of the influential categori-
cal factors. (A) OS according to type of ICI, (B) OS according to IL-15.

4. Discussion

Although immunotherapy has revolutionized lung cancer management, we still need
to identify markers to help us better select patients who will benefit from it, thus avoiding
toxic treatments and a lack of therapeutic benefit in non-responders.

With this objective, we designed a study that included a cohort of patients with
advanced and locally advanced lung cancer in which the characteristics of the TCRf reper-
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toire in mononuclear cells and certain soluble factors were analyzed in peripheral blood
samples before the initiation of ICIs in monotherapy or in combination with chemotherapy.
Although our study’s sample size is limited, the cohort included is representative of the
lung cancer population, which may help us draw certain conclusions in this regard.

There is evidence that the analysis of the TCRf3 profile provides predictive information
on responses to ICIs [8]. However, the evidence in this regard is quite variable, possibly
due to small sample sizes, studies performed in different tumor pathologies, the type of
immunotherapeutic agent administered and the sequencing methods performed [20]. One
of the advantages of using TCRf as a biomarker is that it can be determined in an easily
accessible sample, such as peripheral blood, without resorting to tumor tissue, which is
often scarce in lung cancer [21]. Evaluating TCR clonality in both compartments, blood
and tissue, can provide valuable insights into the dynamics of the immune response in
lung cancer patients. In lung cancer, it has been observed that a more clonal TCR reper-
toire in tumor tissue is associated with greater T cell infiltration and a better response to
immunotherapy. However, the exact relationship between clonality in peripheral blood
and tumor tissue may vary, as peripheral blood does not always reflect the clonal diver-
sity present in the tumor microenvironment [19]. Even so, TCRf has certain limitations
regarding its determination, such as the lack of standardization in the cut-off points, the
platforms and the cost of the sequencing techniques employed.

In our study, it was observed that there is a trend, although not significant, that the
greater the richness or baseline number of different TCR{ clonotypes, the greater the
clinical benefit, achieving an increase in OS. Previous studies have shown that treatment
with ICIs can have a pharmacodynamic effect by increasing the number of unique TCR
clonotypes in peripheral blood and, consequently, a greater possibility of recognizing
tumor neoantigens, thus improving therapeutic response [14,19]. This has been proven
by analyzing tumor tissues in responder patients with NSCLC receiving treatment with
neoadjuvant ICls, observing tumor tissue enriched with expanded clonotypes [14]. Thus,
it has been observed that the pre-treatment presence of clones in the tumor shows clonal
expansion in blood after treatment, correlating with better response and the clearance of
circulating tumor DNA [20].

TCR} diversity refers to the number of clonotypes present. It is to be expected that the
greater the diversity of the TCRf repertoire, the greater the probability that T lymphocytes
will recognize tumor antigens and, therefore, have the best antitumor response. Han, J.
et al. 2020 and Huang, A.C. et al. 2017 showed that the diversity of the PD-1+ CD8+ TCR
population in blood could indicate that there is a greater proportion of exhausted T cells that
can be reactivated with ICIs, leading to a more effective immune response in patients with
non-small cell lung cancer [22,23]. However, the conclusions reached by previous studies
regarding TCRf diversity are pretty mixed. In fact, in our study, no significant differences
in OS or PFS were observed according to the TCRP Shannon diversity index. However,
there was a trend towards better OS after treatment in those with greater TCR(3 Shannon
diversity. This can be explained by the fact that there are antigen-specific TCRs in the
peripheral blood mononuclear cells that are non-tumorigenic and can dilute tumor-specific
TCRs [19].

Therefore, our study confirms that a wide repertoire of TCR in blood with greater
richness and diversity makes the recognition of tumor antigens more likely and that they are
reactivated later with the action of ICIs, thus decreasing the immune escape of tumor cells.

In terms of the convergence analysis, it has been seen that patients with a greater
response to ICIs have a greater pre-treatment TCR convergence, thus reinforcing the
idea that T cells with convergent TCRs target tumor antigens [16]. An advantage of
TCR convergence as a biomarker is that it is able to detect the T cell response to tumor
neoantigens beyond those originating from nonsynonymous mutations (point mutations
that alter the resulting protein sequences). The evidence in this regard is contradictory to
what was observed in our study, in which no significant differences in OS or PFS were
observed according to TCRf3 convergence, and even a tendency was observed that the
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lower the TCRf convergence, the higher the OS and PFS. TCR convergence is a process
by which a tumor antigen determined by antigenic specificity leads to the expansion of
T cells that share TCRs with antigen specificity. Furthermore, some studies suggest that
successful immunotherapy was not reliant on the select expansion of specific T cell clones,
but instead induced the relatively uniform expansion of most tumor-infiltrating T cells,
enhancing effector capabilities [24]. However, different therapeutic approaches and distinct
cancers could likely yield different results.

It has also been shown that the sequencing method or platform chosen for analysis
can vary in determining TCRf3 [16]. Thus, a study comparing TCRf3 sequencing using
the Illumina platform with the Oncomine assay was performed and differences were
seen between them. Both were consistent in detecting TCR clonality and diversity, but
[Nlumina resulted in a higher detection of convergent TCRs [16]. With prior knowledge
of the different substitution error rates in the different sequencing platforms, the most
appropriate platform can be chosen accordingly.

In our study, the Oncomine platform was used. Perhaps the sequencing platform
employed with a lower detection rate than others, such as [llumina along with the paucity of
peripheral blood samples that could be used for TCRf3 determination, contributed to these
results. Still, further understanding of the mechanisms involved and studies involving
larger cohorts are required to consider TCR as a predictive biomarker of responses to ICIs.

It has been shown that several factors in peripheral blood prior to initiating treatment
with ICIs, such as the number of activated CD4 memory T cells and a more clonally diverse
TCR repertoire, are associated with the development of severe immune-mediated adverse
effects and with a greater response to ICIs [25]. In addition, it has been observed that
patients receiving treatment with ICIs experience changes in TCR clonality that may be
related to the severity of the immune-mediated event and the timing of the event [25].
In fact, according to other studies, patients with NSCLC with greater increases in PD-1+
CD8+ TCR repertoire clonality intra and post-ICI presented greater PFS and OS, reflecting
an expansion of a successful anti-tumoral clonotype. On the contrary, pre-treatment TCR
repertoire diversity could be a treatment-agnostic prognostic factor [26].

These findings could be of great utility because the modification in the characteristics
of the TCRf repertoire during treatment could serve as a tool to predict and identify which
patients are at a higher risk of developing them. In our cohort, it was seen that patients
with higher toxicity had higher values of TCRf3 convergence and as mentioned, this has
been found to be associated with higher response to IClIs.

A proinflammatory gene expression profile in pre-treatment samples is associated with
a superior pathologic response after treatment with chemotherapy and immunotherapy [27].
Thus, pre-treatment peripheral blood analysis of some cytokines was performed to study
whether certain pre-treatment blood soluble factors could predict the response to or benefit
of ICIs.

In our cohort, it was observed that higher pre-treatment levels of IL-2 and IL-15 were
associated with more aggressive tumor behavior and worse outcomes: patients survived
less and had lower PFS. This is consistent with evidence from other studies [28]. In
patients with lung cancer, high concentrations of intratumoral IL-15 are associated with
a worse prognosis [29]. It appears that intratumoral production and/or circulating sIL-
15/1IL-15R« complexes contribute to developing a tumor microenvironment favorable for
tumor progression and immune escape [30]. However, there are exceptions to the behavior
described above since, in some solid tumors, the IL-15/IL-15R complex may also play
an antineoplastic role [29,30]. Therefore, the role of intratumoral and circulating IL-15 is
complex and depends on several factors, such as the type of IL-15 produced, the IL-15-Re
chain isoforms involved in sIL-15/IL-15R ¢, the presence of functional IL-15 receptors on
tumor cells, as well as their response to stromal and endogenous IL-15. Therefore, it is
difficult to say whether it predicts aggressive behavior [30]. Although there is no data
regarding levels of circulating IL-15 in relation with antiPD1/PDL1 efficacy, a previous
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study showed that low serum IL-15 levels correlates with better responses to antiCTLA4
treatment in melanoma [31].

Regarding IL-2, this cytokine seems to have a dual effect on the tumor immune
microenvironment. On the one hand, ICIs could, by interacting with T cells, increase IL-2
secretion, enhancing the immune response, but recent studies show that IL-2 also induces
immunosuppressive activity by promoting Treg proliferation and activation, which inhibits
the antitumor response [32]. Therefore, further studies are needed to investigate and clarify
the relationship between IL-2 and IClIs.

No statistically significant association was observed in the univariate analysis between
IL-10 levels and OS. IL-10 is an immunosuppressive and anti-inflammatory cytokine that
regulates the growth and differentiation of different cell types. It is well known that in
cancer patients, higher levels of IL-10 in serum correlate inversely with oncologic progno-
sis [32,33]. Despite this, it has recently been observed that IL-10 may play a role in CD8+ T
cell activation and proliferation in cancer and chronic inflammation [32]. In addition, IL-10
and PD-1 play immunosuppressive roles through very different pathways [33], and a dual
blockade has synergistic antitumor action [34-36]. Their efficacy and safety as antitumor
therapy has been proven in several studies [37]. Considering the heterogeneity of the
findings regarding this cytokine, the small size of our sample, and the arbitrary value taken
to consider high IL-10 expression (>2.8), more studies and data are needed to clarify the
prognostic significance of IL-10 in the treatment of IClIs.

IFN-y exerts a dual role. On the one hand, it is a potent inducer of the antitumor
immune response, but it can also serve as a tumor escape mechanism. Its direction towards
one or the other action will depend on tumor specificity, signal intensity and the tumor
microenvironment [38]. In our work, we found no association between an IFN-y expression
signature and a response to ICIs; in fact, responders were observed to have lower levels of
MICB, CXCL10 and IFN-y. Several studies have shown that ICIs increase IFN-y production,
contributing to tumor clearance, and it has been demonstrated that resistance to IT could
be due to defects in the IFN-y signaling pathway [38,39]. The IFN-y and PD-L1 gene
signature combination has been associated with a greater therapeutic benefit to IT and
could constitute a predictive biomarker of response to ICIs [40-43].

It has been shown in different studies that tumors with higher CXCL10 expression
correlate with a better prognosis [44]. On the contrary, in our cohort, it was seen that
responder patients had lower pre-treatment levels of CXCL10. This soluble factor is
involved in T and NK cell mobilization. Thus, patients with low levels of this factor may
have more of a CXCL10 increase after ICI treatment and, therefore, a better response. Deep
research is needed to confirm this hypothesis.

The important role of NK cells and NKG2D ligands in cancer immunosurveillance
suggests that their presence in serum could serve as a prognostic marker [45]. Their
relationship with survival in cancer patients has been studied [46—49]. The ligands of
NKG2D are MICA, MICB and six members of the ULBP family [50]. The release of soluble
NKG2D ligands represents a form of tumor cell immune evasion strategy since these
ligands deregulate NKG2D expression by decreasing NK cell function and T cell activation,
and furthermore these soluble ligands compete in receptor binding with ligands expressed
on the surface of tumor cells [45]. Therefore, it is to be expected that higher levels are
associated with worse prognosis and disease progression, although its relation with ICI
response has not been previously determined.

These findings are consistent with our work, in which patients with lower levels of
ULBP1, ULBP2, MICB and MICA had better survival outcomes. Higher levels of ULBP1
were significantly associated with lower PFS. Patients with OS > 12 months had statistically
lower levels of MICB, ULBP1 and ULBP4. Although these ligands may play an essential
role as predictors of the evolutionary course of cancer, the complex regulation of NKG2D
ligands, their variation, and specificity depending on tumor type will have to be taken
into account, and a better future understanding of the effects of these soluble factors on
immune cells will be necessary [51].
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The difference in cytokine serum level values between responders and non-responders
could be appreciated as small. However, serum determination is an indicator of the
different levels in the tumor microenvironment (TME), meaning the differences could
be higher in the TME. Other publications report similar or minor differences between
healthy and patient serum samples and between treated and non-treated patients with
statistical differences and biological significance [52]. In our research, serum determinations
were performed in all patients before starting treatment, so it is normal not to see large
differences. However, these slight variations seem to help predict the response to ICIs. Of
course, these findings need to be corroborated by subsequent studies using a bigger cohort
of patients, but if so, they would be a valuable tool in clinical practice. Other publications
in pediatric autoimmune hepatitis also detected minor differences between groups and
showed how IL-2 levels predicted treatment response [53]. The relevance of our research
just lies in the relatively few studies that have been published describing the relationship
between cytokines and ICI responses.

The differences (or trends) in PFS and OS associated with TCR diversity and cytokines
might be indicating a prognostic role of these biomarkers but there is not enough evidence
to confirm the predictive role of the proposed biomarkers.

The cohort included in the study was heterogeneous, as it included patients with both
localized and metastatic lung cancer, who therefore had different tumor burdens. Moreover,
it is well established that the efficacy and possibly the underlying molecular mechanisms of
immune checkpoint inhibitors (ICIs) in patients receiving immunotherapy after progression
on platinum-based chemotherapy is different from untreated patients. To verify that the
predictive value of cytokines and TCR diversity as markers of response to immunotherapy
is not influenced by tumor burden among patients with localized and advanced lung
cancer, we conducted a comparison using a t-test (Supplementary Materials Table S2).
As shown, no significant differences were observed between the two groups, indicating
that the results are not influenced by tumor burden. Although larger cohorts would be
necessary to confirm these results, we suggest that the expression levels of certain cytokines
and TCR diversity may have a predictive value for immunotherapy response.

In summary, we found in our study that the high clonality and diversity of the
TCR repertoire and low levels of IL-2 and IL-15 are associated with a greater response
to immunotherapy. This relationship between lower levels of interleukins and a greater
response to immunotherapy treatment may seem paradoxical and contradictory, as both
cytokines are known to induce the proliferation and activity of T and NK cells. This could
be due to the fact that interleukins IL-2 and IL-15 play a role in the regulation and counter-
regulation of the immune response. Very high levels of these cytokines can lead to an
overactivation of the immune system, which may result in the induction of tolerance and
immunosuppressive mechanisms [54]. On the other hand, the immune response is dynamic,
and low levels of IL-2 and IL-15 may indicate a more balanced immune environment that
favors an effective antitumor response. However, persistently high levels can result in a
chronic inflammatory response, contributing to an immunosuppressive environment [55].

Additionally, it has been observed that ICIs can be more effective in the presence of
not very high levels of IL-2 and IL-15, allowing T and NK cells to respond more effectively
to the treatment.

Concerning markers predictive of immune toxicity during treatment, in our study, an
association was observed between IL-15 and MICB expression and the development or not
of immune-mediated toxicity; thus, those who did not present toxicity had higher levels
of IL-15 and MICB and lower survival. Therefore, although more evidence is needed, it
would be interesting to validate these findings in future studies and to observe the role of
these soluble factors as predictors of immune toxicity and thus, of responses to ICIs.

5. Limitations

The small sample size is the main limitation of our study, which probably prevented
us from reaching statistical significance for several of the variables studied. Another
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limitation is the heterogeneity of the cohort, related to the inclusion of patients with
localized NSCLC and metastatic patients, which affects intrinsic characteristics of response
to immunotherapy treatment.

TCR} is a dynamic marker that can be modified throughout the disease course of a
cancer patient being treated with IT. In the same way, ICIs can modify the basal characteris-
tics of that TCRf repertoire. In our study, the TCRf analysis was only performed before the
start of treatment. Therefore, although it may help us predict which patients may benefit
most from treatment, it would have been interesting to analyze how the TCRf3 repertoire is
modified. Another limitation of our study is that we did not study the characteristics of the
TCRp repertoire according to the patient’s demographic characteristics and smoking habits
and that these models will require validation in larger independent cohorts of LC patients.

6. Conclusions

Characteristics of the TCR repertoire and cytokines such as IL-2 and IL-15 constitute
promising molecular markers of response to immunotherapy treatment. In addition, IL-15
appears to be involved in immune-mediated toxicity. However, future studies are needed
to consolidate our results in order to apply them in clinical practice.
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Simple Summary: Vascular endothelial growth factor (VEGF)-A is known to play a cru-
cial role in the tumor microenvironment. This study investigated the relationship be-
tween circulating total VEGF-A (tVEGF-A) and its isoforms with the therapeutic effects
of anti-programmed cell death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) anti-
body monotherapy in patients with non-small-cell lung cancer (NSCLC). Higher levels of
tVEGF-A were associated with shorter progression-free survival (PFS) in anti-PD-1/PD-L1
antibody monotherapy only when measured in serum, not in plasma. Notably, higher
levels of serum VEGFj3;, an isoform of VEGF-A, were significantly associated with not
only shorter PFS but also a lower objective response rate. Serum VEGF,; levels could
serve as a useful biomarker for predicting anti-PD-1/PD-L1 antibody monotherapy efficacy
in patients with NSCLC.

Abstract: Background/Objectives: Vascular endothelial growth factor (VEGF)-A promotes
an immunosuppressive tumor microenvironment, potentially affecting the efficacy of anti-
programmed cell death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) antibody therapy.
VEGFj71 and VEGF;¢5, VEGF-A isoforms, promote and inhibit tumor growth, respectively.
Additionally, VEGF-A levels differ depending on whether they are measured in serum or
plasma. However, whether the serum or plasma levels of total VEGF-A (tVEGF-A) or its
isoforms are the most suitable for predicting anti-PD-1/PD-L1 antibody therapy efficacy
remains unclear. Methods: Eighty-six patients with non-small-cell lung cancer (NSCLC)
who were treated with anti-PD-1/PD-L1 antibody monotherapy between December 2015
and December 2023 were retrospectively enrolled. The association between the serum and
plasma levels of tVEGF-A and its isoforms (VEGF;,; and VEGFj45) and treatment outcomes
was analyzed. Results: The median progression-free survival (PFS) was 2.9 months, and
the objective response rate (ORR) was 23.3%. PFS was significantly shorter in patients
with higher tVEGF-A serum levels (>484.2 pg/mL) than in those without (median PFS
2.1 vs. 3.7 months, p = 0.004). In contrast, plasma tVEGF-A levels could not be used to
stratify PFS. Therefore, the serum levels of VEGF-A isoforms were measured. Patients
with higher VEGFp; serum levels (>523.5 pg/mL) showed both significantly shorter PFS
(median PFS 2.3 vs. 3.3 months, p = 0.022) and a lower ORR (9.7% vs. 30.9%, p = 0.033)
than those without. Multivariate Cox and logistic regression analyses showed that higher
levels of serum VEGFj,; were significantly associated with shorter PFS and a lower ORR.
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Conclusions: Serum VEGFj,; levels may be useful in predicting anti-PD-1/PD-L1 antibody
monotherapy efficacy.

Keywords: vascular endothelial growth factor-A; VEGFi,1; non-small cell lung cancer;
anti-PD-1/PD-L1 antibody; biomarker

1. Introduction

Non-small-cell lung cancer (NSCLC) has a poor prognosis compared to many other
cancers [1]. The prognosis of advanced NSCLC has dramatically improved with the advent
of nivolumab [2,3], pembrolizumab [4,5] (anti-programmed cell death 1 [PD-1] antibodies),
and atezolizumab [6] (anti-programmed cell death ligand 1 [PD-L1] antibodies). Currently,
the PD-L1 tumor proportion score (TPS) is a predictor of the response to anti-PD-1/PD-
L1 antibody therapy and is used in clinical practice [7]. However, even in patients with
advanced NSCLC harboring high PD-L1 expression, the response rate for anti-PD-1/PD-L1
antibody monotherapy as a first-line treatment is only 38.3—44.8% [4,6], and the accuracy
of predictions based on PD-L1 expression is limited. Therefore, there is an urgent need to
identify new biomarkers other than PD-L1 that can predict the efficacy of anti-PD-1/PD-L1
antibody therapy.

Vascular endothelial growth factor (VEGF)-A is a homodimer protein of 40—45 kDa
that is secreted by various cells, including tumor cells, immune cells, and platelets [8-11].
VEGEF-A binds to vascular endothelial growth factor receptor (VEGFR) and neuropilin
(NRP) [12]. VEGE-A expression is regulated by hypoxia-inducible factor-1x and is induced
under hypoxic conditions [13]. Secreted VEGEF-A is involved in angiogenesis, tumor
growth, and tumor metastasis [13,14]. VEGF-A is highly expressed in lung cancer tissues,
and its overexpression is a poor prognostic factor [15]. Furthermore, VEGF-A increases
the presence and function of myeloid-derived suppressor cells, regulatory T cells, and
tumor-associated macrophages, which suppress anticancer immunity and inhibit cytotoxic
T lymphocytes and dendritic cells [16]. Hence, VEGF-A promotes the development of an
immunosuppressive tumor microenvironment, which may affect the therapeutic efficacy of
anti-PD-1/PD-L1 antibodies.

The VEGEF-A gene is located on chromosome 6p21.1 and consists of eight exons sep-
arated by seven introns [17]. The alternative splicing of VEGF-A mRNA from exons
5 to 8 produces different VEGF-A isoforms, such as VEGFj31, VEGF45, VEGFg9, and
VEGF; [18-20]. Of these, VEGFj1 and VEGF¢s5 are primarily secreted by tumor cells [21].
In a cancer mouse model with the overexpression of VEGFj5; or VEGF;¢5, VEGF15; pro-
motes tumor growth, whereas VEGF45 suppresses it [22]. However, no studies have
examined the association between the efficacy of anti-PD-1/PD-L1 antibody monotherapy
and the levels of VEGF-A isoforms in the blood.

VEGF-A can be measured in both serum and plasma; however, because serum VEGF-
A levels include VEGF-A pooled in the platelets, serum VEGF-A levels have been reported
to be approximately 2-7 times higher than plasma levels [23,24]. Additionally, conflicting
reports have demonstrated a relationship between the efficacy of anti-PD-1 antibody
therapy in NSCLC and circulatory VEGF-A levels [25,26]. Shibaki et al. revealed that
higher levels of VEGF-A in serum were associated with shorter survival [25], although
Tiako et al. showed that there was no significant association between VEGF-A levels in
plasma and efficacy in patients with NSCLC [26]. These data suggest that the usefulness of
VEGF-A as a blood marker for predicting the efficacy of anti-PD-1/PD-L1 antibody therapy
in patients with NSCLC depends on the sample type, such as serum or plasma.
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Therefore, we investigated whether the association between the efficacy of anti-PD-
1/PD-L1 antibody monotherapy and the circulatory levels of total VEGF-A (tVEGF-A)
was dependent on sample types, such as serum and plasma, and compared the predictive
value of tVEGF-A and its major isoforms, VEGFj51 and VEGFjgs, for the efficacy of anti-
PD-1/PD-L1 antibody monotherapy.

2. Materials and Methods

2.1. Study Population and Design

This study screened 137 patients with NSCLC treated with anti-PD-1/PD-L1 antibody
monotherapy (nivolumab, pembrolizumab, or atezolizumab) at the Department of Respi-
ratory Medicine, Hiroshima University Hospital, between December 2015 and December
2023 (Figure 1). Forty-two patients without serum and plasma samples were excluded.
Because the administration of bevacizumab and ramucirumab has been reported to cause
fluctuations in circulatory VEGF-A [27-29], eight patients with a history of bevacizumab
or ramucirumab before anti-PD-1/PD-L1 antibody administration were also excluded.
Moreover, one patient who developed radiation pneumonitis immediately before the initi-
ation of anti-PD-1/PD-L1 antibody monotherapy was excluded because VEGF-A levels
may fluctuate owing to the development of pneumonitis [30]. Ultimately, 86 patients with
serum and plasma samples were included in this study. This study was performed in
accordance with the principles of the Declaration of Helsinki and approved by the Ethics
Committee of Hiroshima University Hospital (E2004-0326-23, approved 7 August 2024).
Written informed consent was obtained from all the participants.

All patients with NSCLC treated with anti-PD-1/PD-L1 antibody monotherapy
between December 2015 and December 2023
(n=137)

Without pre-treatment serum and plasma samples
(n=42)

With pre-treatment serum and plasma samples
(n=95)

Ineligible for enrollment:
« History of treatment with bevacizumab or ramucirumab (n=8)
« History of radiation pneumonitis (n=1)

Enrolled patients
(n=86)

Figure 1. Flowchart of patient enrollment. This study included patients with non-small-cell lung
cancer (NSCLC) treated with anti-programmed cell death 1(PD-1)/programmed cell death ligand
1(PD-L1) antibody monotherapy (nivolumab, pembrolizumab, or atezolizumab) at the Department
of Respiratory Medicine, Hiroshima University Hospital, between December 2015 and December
2023, for whom serum and plasma samples were stored. After excluding eight patients who had
a history of bevacizumab or ramucirumab prior to anti-PD-1/PD-L1 antibody administration and
one patient who developed radiation pneumonitis just prior to the initiation of anti-PD-1/PD-L1
antibody monotherapy, 86 patients were finally included in the study. NSCLC, non-small-cell lung
cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1.

124



Cancers 2025, 17,572

2.2. Evaluations of the Objective Response Rate and Progression-Free Survival

Complete response (CR), partial response (PR), stable disease (SD), progressive disease
(PD), and not evaluable (NE) were determined based on the Response Evaluation Criteria
in Solid Tumors (RECIST) 1.1 [31]. The objective response rate (ORR) was defined as the
proportion of patients who achieved CR or PR. Progression-free survival (PFS) was defined
as the time from the start of each treatment until progression or death from any cause.
Patients who failed to follow-up were censored on the date of their last known survival.

2.3. Measurement of tVEGF-A and Its Isoforms

Serum and plasma samples were collected prior to anti-PD-1/PD-L1 antibody ad-
ministration and stored at —80 °C. Serum and plasma tVEGF-A levels were determined
using an ELISA system developed by Shino-Test Corporation. Polystyrene microtiter plates
were coated and incubated with 100 pL of anti-human VEGEF-A polyclonal antibody (R&D
Biosystems, Minneapolis, MN, USA) in PBS overnight at 4 °C. The plates were washed
three times with PBS containing 0.05% Tween 20, and the remaining binding sites in the
wells were blocked by incubating the plates for 2 h with 400 pnL/well of PBS containing
0.5% casein. After the plates were washed, 100 pL of each dilution of the calibrator and
samples (1:1 dilution in 0.2 mol/L Tris pH 8.5 and 0.15 mol/L sodium chloride containing
1% casein) was added to the wells. The plates were then incubated for 15 h at 25 °C. The
plates were washed again and were incubated with 100 pL/well of peroxidase-conjugated
anti-human VEGF-A monoclonal antibody (R&D Biosystems, Minneapolis, MN) for 2 h at
25 °C. After another washing step, chromogenic substrate 3,3’ 5,5 -tetra-methylbenzidine
(Dojindo Laboratories, Kumamoto, Japan) was added to each well. The reaction was termi-
nated with sulfuric acid, and the absorbance at 450 nm was read using a microplate reader
(Model 680, Bio-Rad, Irvine, CA, USA). VEGF3; and VEGF¢5 levels were measured using
ELISA kits (Shino-Test, Kanagawa, Japan) [19].

2.4. Statistical Analysis

Values are expressed as a median (interquartile range [IQR]) unless stated otherwise.
Differences among the groups were examined using the Fisher’s exact, Wilcoxon signed-
rank, and Mann-Whitney U tests. Spearman’s rank correlation coefficient was calculated
to evaluate the association between the levels of tVEGF-A and its isoforms. A receiver
operating characteristic (ROC) curve analysis was performed to identify the optimal cut-off
levels of tVEGF-A and its isoforms for predicting the objective response (CR or PR) to
anti-PD-1/PD-L1 antibody monotherapy. The optimal cut-off level was determined by
maximizing the sum of sensitivity plus specificity — 1. PFS was evaluated using a Kaplan-—
Meier analysis and the log-rank test. Median PFS intervals with a corresponding 95%
confidence interval (CI) were calculated. Univariate and multivariate Cox proportional
hazard models and logistic regression analyses were used to identify the independent
predictors of PFS and the objective response for anti-PD-1/PD-L1 antibody monotherapy,
respectively. Statistical significance was set at p < 0.05. All data analyses were performed
using JMP statistical software version 17.0.0 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Patient Characteristics

The baseline characteristics of the patients are shown in Table 1. Of the 86 patients,
the median age was 73 years (67-77), 60 (69.8%) were male, and 14 (16.3%) were NSCLC
positive for driver oncogenes. PD-L1 TPS was >50% in 41 (47.7%), 1-49% in 18 (20.9%),
<1% in 8 (9.3%), and unknown in 19 (22.1%). Anti-PD-1/PD-L1 antibody monotherapy was
administered to 54 patients (62.8%) as a second- or later-line treatment.
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Table 1. Baseline characteristics.

All Patients CR/PR SD/PD/NE Value
(n = 86) (1 = 20) m=66) F
Age, years 73 (67-77) 70 (68-79) 73 (66-77) 0.705
Sex 0.163
Male, 1 (%) 60 (69.8) 11 (55.0) 49 (74.2)
Female, 1 (%) 26 (30.2) 9 (45.0) 17 (25.8)
Smoking history, 500 (225-60.0) 563 (30.0-79.5) 498 (16.0-60.0)  0.242
pack-years
BMI 21.3(19.3-23.2) 21.2(19.7-23.1) 21.3(19.0-232)  0.759
pPS 0.221
0-1, n (%) 68 (79.1) 18 (90.0) 50 (75.8)
>2, 1 (%) 18 (20.9) 2 (10.0) 16 (24.2)
History of COPD 0.427
+ 1 (%) 31 (36.0) 9 (45.0) 22 (33.3)
- 1 (%) 55 (64.0) 11 (55.0) 44 (66.7)
Previous thoracic RT 0.405
+, 1 (%) 26 (30.2) 4 (20.0) 22 (33.3)
— 1 (%) 60 (69.8) 16 (80.0) 44 (66.7)
Stage 0.022 *
I, 1 (%) 8(9.3) 5 (25.0) 3(45)
IV, n (%) 50 (58.1) 11 (55.0) 39 (59.1)
Recurrence, 1 (%) 28 (32.6) 4 (20.0) 24 (36.4)
Histological type 1.000
Squamous, 1 (%) 13 (15.1) 3 (15.0) 10 (15.2)
Non-Squamous, 1 (%) 73 (84.9) 17 (85.0) 56 (84.8)
Driver oncogene * 0.505
positive, 1 (%) 14 (16.3) 2 (10.0) 12 (18.2)
negative, n (%) 72 (83.7) 18 (90.0) 54 (81.8)
PD-L1 TPS 0.122
>50%, 11 (%) 41 (47.7) 14 (70.0) 27 (40.9)
1-49%, 11 (%) 18 (20.9) 3 (15.0) 15 (22.7)
<1%, 11 (%) 8(9.3) 0(0.0) 8 (12.1)
unknown, 71 (%) 19 (22.1) 3 (15.0) 16 (24.2)
ICI treatment line 0.070
1st, 1 (%) 32(37.2) 11 (55.0) 21 (31.8)
2nd or later, 1 (%) 54 (62.8) 9 (45.0) 45 (68.2)
ICI agent 0.009 **
A““'P]?q'(lo/a)n“b"dy' 69 (80.2) 20 (100.0) 49 (74.2)
AP gndbody 17 19.9) 0(0.0) 17 (25.8)

Data are presented as a median (interquartile range) unless stated otherwise. BMI, body mass index; COPD,
chronic obstructive pulmonary disease; CR, complete response; ICI, immune checkpoint inhibitor; NE, not
evaluable; PD, progressive disease; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1;
PR, partial response; PS, performance status; RT, radiotherapy; SD, stable disease; TPS, tumor proportion score.
* There are missing data for one patient.  Driver oncogenes included 12 patients with epidermal growth factor
receptor gene mutations and 2 patients with mesenchymal-epithelial transition exon 14 skipping. * p < 0.05 and
**p < 0.01, comparison between CR/PR and SD/PD/NE using the Mann-Whitney U test or Fisher’s exact test.

The median observation period was 10.6 months (4.6-30.6). At the data cut-off in July

2024, progression or death from any cause was observed in 78 patients (90.7%). The treat-
ment responses to anti-PD-1/PD-L1 antibody monotherapy in 86 patients were classified
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as CR in 4 (4.7%), PR in 16 (18.6%), SD in 17 (19.8%), PD in 36 (41.9%), and NE in 13 (15.1%).
The ORR and median PFS of anti-PD-1/PD-L1 antibody monotherapy were 23.3% and
2.9 months (95% CI: 2.1-3.4), respectively.

3.2. Prediction of the Therapeutic Effect of Anti-PD-1/PD-L1 Antibody Monotherapy by Serum
and Plasma tVEGF-A

The serum and plasma levels of tVEGF-A were measured. Serum tVEGF-A levels
were significantly higher than plasma levels (452.9 pg/mL [252.3-704.7] vs. 49.4 pg/mL
[0.0-131.6], p < 0.001) (Figure 2a, Supplementary Table S1). Serum and plasma tVEGF-A
levels were positively correlated (p = 0.502, p < 0.001) (Supplementary Figure Sla). The ROC
curve analysis revealed that the optimal cut-off levels for predicting the objective response
to anti-PD-1/PD-L1 antibody monotherapy were 484.2 pg/mL for serum tVEGF-A (area
under the curve [AUC] = 0.54 [95% CI: 0.40-0.68], specificity = 48.5%, sensitivity = 70.0%)
and 137.1 pg/mL for plasma tVEGF-A (AUC = 0.54 [95% CI: 0.39-0.68], specificity = 81.8%,
sensitivity = 35.0%) (Supplementary Figure S2a,b). There was no significant difference
in the ORR between the groups stratified by serum and plasma tVEGF-A cut-off levels
(Figure 3a,b). Conversely, the Kaplan—-Meier analysis showed that PFS was significantly
shorter in patients with higher levels of serum tVEGF-A than in those with lower levels
(median PFS 2.1 months [95% CI: 1.2-3.3] vs. 3.7 months [95% CI: 2.1-5.4], p = 0.004), but
there was no significant difference in PFS between patients stratified by the cut-off levels of
plasma tVEGF-A (median PFS 2.3 months [95% CI: 0.7-4.0] vs. 2.9 months [95% CI: 2.1-4.4],
p =0.611) (Figure 4a,b). The univariate Cox proportional hazards model revealed that serum
tVEGEF-A levels, a history of chronic obstructive pulmonary disease (COPD), an immune
checkpoint inhibitor (ICI) treatment line, and the ICI agent were significant predictors
of PFS (Table 2). Furthermore, the multivariate Cox proportional hazards model (model
1) revealed that serum tVEGF-A levels (>484.2 pg/mL) were independent predictors of
shorter PFS when adjusted for a history of COPD, ICI treatment line, and ICI agent (Table 2).
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Figure 2. Comparison of baseline levels of (a) serum and plasma tVEGF-A, and (b) serum VEGF»;
and VEGFy45 before the initiation of anti-programmed cell death 1/programmed cell death ligand
1 antibody monotherapy. The serum levels of tVEGF-A are significantly higher than the plasma levels
of tVEGF-A (452.9 pg/mL [interquartile range (IQR), 252.3-704.7] vs. 49.4 pg/mL [IQR, 0.0-131.6],
p <0.001) (a). The serum levels of VEGF are significantly higher than the serum levels of VEGF¢5
(466.4 pg/mL [IQR, 309.3-611.9] vs. 169.4 pg/mL [IQR, 98.8-251.8], p < 0.001) (b). The boxes represent
the 25th to 75th percentiles; the solid lines within the boxes show the median values; the whiskers
represent the 10th and 90th percentiles; the dots represent outliers. IQR, interquartile range; tVEGEF,
total vascular endothelial growth factor. * p < 0.001, using the Wilcoxon signed-rank test.
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Figure 3. Comparison of the objective response rate (ORR) of anti-programmed cell death 1/pro-
grammed cell death ligand 1 antibody monotherapy in non-small-cell lung cancer stratified by
baseline levels of (a) serum tVEGF-A, (b) plasma tVEGEFE-A, (c) serum VEGFy1, and (d) serum
VEGFj¢5. The ORR is not significantly different for serum tVEGF-A (a) and plasma tVEGF-A (b). In
contrast, the ORR is significantly lower in the high serum VEGFjy; group (9.7% vs. 30.9, p = 0.033)
(c) but not significantly different in serum VEGF45 (20.0% vs. 26.8%, p = 0.610) (d). ORR, objective
response rate; tVEGE, total vascular endothelial growth factor. * p < 0.05, using the Fisher’s exact test.
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Figure 4. Kaplan-Meier analysis for progression-free survival (PFS) in anti-programmed cell death
1/programmed cell death ligand 1 antibody monotherapy in non-small-cell lung cancer stratified by
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baseline (a) serum tVEGF-A, (b) plasma tVEGF-A, (c) serum VEGF;, and (d) serum VEGFygs.
Patients with higher levels of serum tVEGF-A showed significantly shorter PFS than those with lower
levels (a), but no significant difference in PFS was observed when stratified by plasma tVEGEF-A (b).
Also, patients with higher levels of serum VEGFj;; showed significantly shorter PFS than those with
lower levels (c), but there was no significant difference in PFS when evaluated by serum VEGF¢5
(d). CI, confidence interval; PFS, progression-free survival; tVEGEF, total vascular endothelial growth
factor. * p < 0.05 and ** p < 0.01 using the log-rank test.

3.3. Prediction of the Therapeutic Effect of Anti-PD-1/PD-L1 Antibody Monotherapy by Serum
VEGF-A Isoforms

This study additionally measured VEGF;,; and VEGFjg5 levels using serum sam-
ples, as only the serum levels of tVEGF-A, not the plasma levels, were used to strat-
ify PFS. The serum levels of VEGFjy; were significantly higher than the serum lev-
els of VEGF¢5 (466.4 pg/mL [309.3-611.9] vs. 169.4 pg/mL [98.8-251.8], p < 0.001)
(Figure 2b, Supplementary Table S1). The serum levels of VEGF;y; and VEGF;¢5 were
positively correlated with the serum levels of tVEGF-A (p = 0.607, p < 0.001 and p = 0.865,
p < 0.001, respectively) (Supplementary Figure S1b,c). The ROC curve analysis revealed
that the optimal cut-off levels for predicting the objective response to anti-PD-1/PD-L1
antibody monotherapy were 523.5 pg/mL for serum VEGF;5; (AUC = 0.61 [95% CI: 0.47—
0.73], specificity = 42.4%, sensitivity = 85.0%) and 165.0 pg/mL for serum VEGF;45 (AUC =
0.50 [95% CI: 0.36-0.65], specificity = 54.6%, sensitivity = 55.0%) (Supplementary Figure
S2¢,d).

The ORR was significantly lower in patients with higher levels of serum VEGFiy;
(>523.5 pg/mL) than in those without (9.7% vs. 30.9%, p = 0.033), although there was
no significant difference in the ORR between patients with and without VEGF;¢5 serum
levels higher than 165.0 pg/mL (20.0% vs. 26.8%, p = 0.610) (Figure 3c,d). Univariate and
multivariate logistic regression analyses revealed that, among circulatory tVEGF-A and
its isoforms, only higher levels of serum VEGFi,; were independently and significantly
associated with a failure to achieve the objective response (Table 3).

Table 3. Univariate and multivariate logistic regression analyses for predicting the objective re-
sponse in patients with non-small-cell lung cancer treated with anti-programmed cell death 1(PD-
1)/programmed cell death ligand 1(PD-L1) antibody monotherapy.

Univariate Analysis Multivariate Analysis
Variabl
anables OR 95% CI p-Value OR 95% CI p-Value
Age, >75 1.342 0.479-3.698 0.570
Sex, male 0.424 0.149-1.215 0.109
Smoking history, 1.005 0.992-1.019 0.432
pack-years
BMI 1.006 0.867-1.165 0.932
PS, >2 0.347 0.052-1.387 0.145
History of COPD 1.636 0.581-4.549 0.346
Previous thoracic RT 0.500 0.131-1.559 0.242
Histological type, 0.988 0.205-3.679 0.987
squamous
Driver oncogene, positive 0.500 0.073-2.068 0.364
PD-L1 TPS, >50% 3.370 1.193-10.551 0.021 * 2.645 0.864-8.845 0.089
ICI treatment line, 1st 2.619 0.947-7.451 0.064
Il agen?, anti-PD-1 Not available * Not available * 0.001 ** Not available * Not available * 0.005 **
antibody
Serum tVEGEF-A,
>484.2 pg /mL 0.455 0.146-1.284 0.139
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Table 3. Cont.

Univariate Analysis Multivariate Analysis
Variabl
ariables OR 95% CI p-Value OR 95% CI p-Value

Plasma tVEGF-A,

>137.1 pg/mL 2423 0.774-7.337 0.126
Serum VEGFyy;, g . . *

>523.5 pg/mL 0.239 0.052-0.799 0.019 0.231 0.049-0.819 0.022
Serum VEGF45, B

>165.0 pg/mL 0.682 0.244-1.862 0.454

BMI, body mass index; CI, confidence interval; COPD, chronic obstructive pulmonary disease; ICI, immune
checkpoint inhibitor; OR, odds ratio; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1; PS,
performance status; RT, radiotherapy; TPS, tumor proportion score; tVEGE, total vascular endothelial growth
factor. ¥ OR and 95% CI could not be calculated because only one group responded to anti-PD-1/PD-L1 antibody
monotherapy. * p < 0.05 and ** p < 0.01, logistic regression analysis.

The Kaplan—-Meier analysis also showed a significantly shorter PFS in the group with
higher levels of serum VEGF;,; than in the group without (median PFS 2.3 months [95%
CI: 0.7-3.3] vs. 3.3 months [95% CI: 2.1-4.7] months, p = 0.022), but not in the group with
and without higher levels of serum VEGF;45 (median PFS 2.9 months [95% CI: 1.4-3.3]
vs. 2.8 months [95% CI: 2.1-4.7] months, p = 0.454) (Figure 4c,d). The univariate Cox
proportional hazards model revealed that serum VEGFy; levels were significant predictors
of PFS (Table 2). A positive correlation was observed between the serum levels of tVEGF-A
and VEGFjy;; therefore, the association between PFS and serum VEGFj5; was analyzed
in a multivariate Cox proportional hazards model not including serum tVEGF-A. The
multivariate Cox proportional hazards model (model 2) revealed that higher levels of
serum VEGFjy; were an independent predictor of shorter PFS when adjusted for a history
of COPD, ICI treatment line, and ICI agent (Table 2).

4. Discussion

In this study, serum and plasma tVEGF-A levels were examined to predict the efficacy
of anti-PD-1/PD-L1 antibody monotherapy in patients with NSCLC. Higher levels of
tVEGF-A in serum, but not in plasma, were significantly associated with a shorter PFS.
Furthermore, among the serum levels of tVEGF-A and its isoforms, higher levels of serum
VEGF,; were useful for predicting a lower ORR and shorter PFS in patients treated with
anti-PD-1/PD-L1 antibody monotherapy.

This study demonstrated that serum samples were suitable for measuring tVEGF-A
levels to stratify the PFS of patients receiving anti-PD-1/PD-L1 antibody monotherapy.
Consistent with our results, high serum tVEGF-A levels have been reported to be associated
with shorter PFS in patients with NSCLC who are elderly or have poor PS [25]; however,
these associations have not been shown in other studies using plasma samples [26]. This
discrepancy in the association between the efficacy of anti-PD-1/PD-L1 antibodies and
serum or plasma tVEGF-A levels is potentially caused by platelet-derived VEGF-A in the
serum. First, in circulation, most VEGF-A is pooled in the alpha granules of platelets, and
VEGF-A is released from platelets, particularly when platelets are activated by several
factors, including blood coagulation [32,33]. When serum samples are obtained, VEGF-A is
released from platelets owing to blood coagulation in the serum collection tubes [33]. Ac-
cordingly, serum VEGE-A levels have been reported to be approximately two to seven times
higher than plasma VEGEF-A levels [23,24]. It has also been shown that the VEGF-A content
of platelets increases with tumor progression, and much of the serum VEGF-A in patients
with cancer is thought to be derived from VEGF-A pooled in platelets [10,11]. Secondly,
VEGEF-A released from activated platelets by tumor cells plays a role in promoting tumor
progression and metastasis [34,35]. Additionally, VEGF-A promotes the development of

131



Cancers 2025, 17,572

an immunosuppressive tumor microenvironment associated with resistance to anti-PD-
1/PD-L1 antibody therapy [16]. These data suggest that the measurement of VEGF-A levels
pooled in platelets is needed to predict the efficacy of anti-PD-1/PD-L1 antibody therapy,
and therefore, serum tVEGF-A could be a predictive biomarker for efficacy by reflecting
the amount of VEGF-A in platelets in this study.

This study also showed that higher levels of serum VEGF;,; were significantly and
independently associated with a lower ORR and shorter PFS in patients treated with
anti-PD-1/PD-L1 antibody monotherapy, although high levels of serum tVEGF-A were
associated with shorter PFS but not the ORR. Additionally, VEGF;45 serum levels could not
be used to stratify PFS or the ORR. VEGFj5; promotes tumor angiogenesis and increases
vascular permeability around the tumor [22,36-38]. Moreover, VEGFjy; promotes lym-
phangiogenesis in the sentinel lymph nodes of NSCLC cells [39]. Furthermore, in various
types of cancer, including lung cancer, high expression of VEGF;,; evaluated using tumor
samples has been shown to be associated with poor prognosis [40-42]. In contrast, VEGF45
inhibits tumor growth by normalizing tumor blood vessels and reducing the hypoxic state
of the tumors. VEGF45 has an NRP-binding domain and can bind to NRP1, although
VEGFjy; cannot accelerate NRP1 signaling [43]. The interaction between VEGF;¢45 and
NRP1 recruits NRP1-expressing monocytes (NEMs) to newly formed blood vessels [43].
NEMs produce molecules that contribute to the stabilization of tumor blood vessels (such
as transforming growth factor-f3, platelet-derived growth factor-B, and stromal cell-derived
factor-1) and chemokines with anti-tumor activity (C-C motif chemokine ligand [CCL]2,
CCL4, CCL5, C-X-C motif chemokine ligand [CXCL]9, CXCL10, etc.), thereby inhibiting
tumor growth [44]. Therefore, the use of VEGFi31, which is involved in tumor growth
more specifically than tVEGF-A, including VEGFj45, could stratify both the PFS and ORR
of anti-PD-1/PD-L1 antibody treatment.

This study has several limitations. First, this was a retrospective study with a limited
sample size. Second, the study included patients who received anti-PD-1/PD-L1 antibody
monotherapy from the second-line treatment onwards. Currently, ICI alone or in combi-
nation with chemotherapy is administered as the first-line therapy for the treatment of
advanced-stage NSCLC in most cases. To further investigate the usefulness of VEGFyy1,
it is necessary to confirm the results of this study in a prospective cohort of patients with
NSCLC who received anti-PD-1/PD-L1 antibody therapy as the first-line treatment. Addi-
tionally, to overcome ICI resistance in patients with higher levels of serum VEGFjy;, our
future perspective is that the efficacy of the combination therapy with molecular targeted
therapies for VEGF-A or VEGFR needs to be evaluated. Third, the AUC value of serum
VEGFi; was 0.61, which is not sufficiently high. To enhance its predictive accuracy, a
combination with other predictive markers may be necessary. Fourth, VEGF-A levels may
have fluctuated due to the influence of the fasting state and time of day [45,46], as the
conditions for obtaining blood samples were not unified with considering these factors in
this study.

5. Conclusions

In patients with NSCLC who received anti-PD-1/PD-L1 antibody monotherapy, high
serum tVEGEF-A levels, but not plasma levels, were significantly associated with a shorter
PFS. Furthermore, as the focus was on the VEGF-A isoforms VEGFj3; and VEGFjg5, only
VEGFiy; could be used as a predictive marker for the efficacy of anti-PD-1/PD-L1 antibody
monotherapy, and high serum VEGFiy; levels were associated with a low ORR and shorter
PFS. Therefore, VEGF-A levels, particularly VEGFj,;, measured by serum levels, could be
a predictive biomarker for the efficacy of anti-PD-1/PD-L1 antibody monotherapy.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers17040572/s1. Figure S1: Association between circulatory
levels of tVEGF-A and VEGF-A isoforms; Figure S2: Receiver operating characteristic (ROC) curve
analysis for predicting the complete response or partial response to anti-programmed cell death
1/programmed cell death ligand 1 antibody monotherapy; Table S1: Baseline levels of circulatory
tVEGF-A and VEGF-A isoforms before the initiation of anti-programmed cell death 1/programmed
cell death ligand 1 antibody monotherapy.
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Abbreviations

The following abbreviations are used in this manuscript:
AUC area under the curve

CCL C-C motif chemokine ligand

CI confidence interval

COPD  chronic obstructive pulmonary disease
CR complete response

CXCL C-X-C motif chemokine ligand

ELISA  enzyme-linked immunosorbent assay
ICI immune checkpoint inhibitor

IOR interquartile range

NSCLC  non-small-cell lung cancer

NE not evaluable

NRP neuropilin

ORR objective response rate

PD-1 programmed cell death 1

PD-L1  programmed cell death ligand 1

PFS progression-free survival

PR partial response
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PD progressive disease

RECIST Response Evaluation Criteria in Solid Tumors
ROC receiver operating characteristic

SD stable disease

tVEGF  total vascular endothelial growth factor
TPS tumor proportion score

VEGF vascular endothelial growth factor

VEGFR  vascular endothelial growth factor receptor
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Simple Summary: This research proposes distinct immunological profiles associated
with non-responding NSCLC patients who have poor survival outcomes and those with
a more favorable prognosis and better performance status. An inflammatory signature
characterizes the patients in the first group, while a network based on checkpoint molecules
identifies NSCLC patients with better outcomes. Defining the connectivity among the
molecules of each profile serves as an optimal starting point for developing combinatory
targeted drugs that aim to optimize the therapeutic strategies for each patient and avoid
unnecessary, toxic treatments.

Abstract: Background/Objectives: Non-small cell lung cancer (NSCLC) patients without
gene driver mutations receive anti-PD1 treatments either as monotherapy or in combination
with chemotherapy based on PD-L1 expression in tumor tissue. Anti-PD1 antibodies target
various immune system components, perturbing the balance between immune cells and
soluble factors. In this study, we identified the immune signatures of NSCLC patients asso-
ciated with different clinical outcomes through network analysis. Methods: Twenty-seven
metastatic NSCLC patients were assessed at baseline for the levels of circulating CD137* T
cells (total, CD4", and CD8") via cytofluorimetry, along with 14 soluble checkpoints and
20 cytokines through Luminex analysis. Hierarchical clustering and connectivity heatmaps
were executed, analyzing the response to therapy (R vs. NR), performance status (PS = 0 vs.
PS > 0), and overall survival (OS < 3 months vs. OS > 3 months). Results: The clustering of
immune checkpoints revealed three groups with a significant differential proportion of six
checkpoints between patients with PS = 0 and PS > 0 (p < 0.0001). Furthermore, significant
pairwise correlations among immune factors evaluated in R were compared to the lack
of significant correlations among the same immune factors in NR patients and vice versa.
These comparisons were conducted for patients with PS = 0 vs. PS > 0 and OS < 3 months
vs. OS > 3 months. The results indicated that NR with PS > 0 and OS < 3 months exhibited
an inflammatory-specific signature compared to the contrasting clinical conditions char-
acterized by a checkpoint molecule-based network (p < 0.05). Conclusions: Identifying
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various connectivity immune profiles linked to response to therapy, PS, and survival in
NSCLC patients represents significant findings that can optimize therapeutic choices.

Keywords: NSCLC; anti-PD1 therapy; network analysis

1. Introduction

Targeting the PD1/PD-L1 pathways enhances the immune response against tumor
cells, providing clinical benefits for cancer patients with advanced solid tumors, such as
non-small cell lung cancer (NSCLC) [1]. Current therapies for metastatic, non-oncogene-
addicted NSCLC patients are based on the tumor expression of PD-L1 (tPD-L1), which
is defined by the tumor proportional score (TPS). Patients receive pembrolizumab (anti-
PD1) [2] when TPS > 50%, and either pembrolizumab plus chemotherapy [3,4] or a combi-
nation of nivolumab (anti-PD1) and ipilimumab (anti-CTLA4) with chemotherapy [5] when
TPS <50%. The latter two treatments demonstrate comparable efficacy, with an objective
response rate of 48.3%, a median progression-free survival (PFS) of 9 months, and a 4-year
overall survival (OS) rate of 23.6% for pembrolizumab plus chemotherapy. In contrast,
the nivolumab/ipilimumab plus chemotherapy combination shows an objective response
rate of 38%, a median PFS of 6.7 months, and a 4-year OS rate of 22% [3,5]. Although
tPD-L1 expression is validated and employed in clinical practice, it remains an inadequate
biomarker with limited predictive value.

It is well known that anti-PD-1/PD-L1 treatments act on various components of the im-
mune system, altering the balance among immune cells and soluble factors [6]. Identifying
the connections between each factor of the immune system could help define specific signa-
tures of patients who may benefit from immunotherapy and have a favorable prognosis,
serving as valuable biomarkers for identifying patients with a defined clinical outcome.

Among immune cells, CD137* lymphocytes form a T-cell subset that significantly
contributes to the anti-tumor immune response. Activated CD8" and CD4* T cells express
high levels of CD137 (4-1BB) marker, which induces effector functions, division, and
survival of T cells [7,8], enhances mitochondrial metabolism in T cells [9], and promotes
DNA methylation of CD8 genes [10]. These cells are recognized as tumor-specific T cells [11].
We have also demonstrated their role as predictive and prognostic biomarkers in NSCLC
and other solid tumors [12,13].

Similarly, soluble checkpoints and cytokines are other critical players in the overall
anti-tumor response in cancer patients. Immune cells release checkpoint molecules as alter-
native splice variants via microvesicles or proteolytic cleavage [14,15]. These molecules
maintain their functional activity in modulating the anti-tumor immune response. Fur-
thermore, their concentrations change during therapy, affecting the overall response rate
of cancer patients [13,16,17]. Soluble PD1 (sPD1) is the most studied among patients with
NSCLC. sPD1 inhibits the interaction between PD1 and PD-L1, enhancing T-cell responses,
increasing the release of IFNy, and reducing the percentage of regulatory T cells (Tregs) [18].
A similar effect has been observed for sCD80, which reverses PD-L1 signaling by binding to
PD-L1 [19,20]. sPD1 is positively correlated with response and survival in NSCLC [17,21].
In contrast, high levels of sSPD-L1 and sPD-L2 are associated with shorter progression-free
survival and resistance to immunotherapy [21-24]. Likewise, sSBTLA and sCTLA4 are
considered negative regulators of the immune response linked to poor prognosis. sBTLA
inhibits T-cell activation upon binding to its ligand HVEM, which is also expressed by
antigen-presenting cells [25]. SCTLA4 acts as an immunosuppressive factor by blocking
CD28-B7.1 ligation, inducing the release of IDO (indoleamine 2,3-deoxygenase), a trypto-
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phan catabolic enzyme, and the FoxO3 transcription factor that regulates inflammatory
cytokine production [25-28]. Recently, it was demonstrated that NK cells expressing CTLA-
4 exhibited reduced cytotoxic activity, produced lower amounts of IFNy and TNF-c«, and
increased IL-10 release [29].

Among the soluble factors, cytokines support the immune response toward inflam-
mation (IL-1, IL-4, IL-6, IL-8, IL-13, IL-17, and TNF«), immune suppression (IL-10, TGF-§3,
and IL-35), and immune activation (IL-2, IL-12, and IFN-y). Several cytokines, such as
IFN-y, exhibit pleiotropic activity and can function as both immune activators and sup-
pressors [30]. Moreover, these molecules may reprogram the metabolic pathways of tumor
cells, promoting metastasis and cell proliferation [31]. In recent years, serum cytokines
have emerged as potential biomarkers for predicting treatment outcomes. High levels
of IL-6 and IL-10 are correlated with poor survival in NSCLC patients undergoing im-
munotherapy [32]. Several cytokines, including IL-5, IL-6, IL-8, IL-4, and IL-10, have been
identified as potential prognostic factors in NSCLC patients receiving anti-PD-1 treatment
in combination with chemotherapy [33].

This evidence highlights that many immune parameters act simultaneously in the
response against tumors (influencing reciprocally). The contribution of each factor strongly
depends on its interaction with the immune context and tumor microenvironment that
characterize each patient.

This study employs network analysis to evaluate the immunological connections
among activated cells (including T-cell subsets), cytokines, and soluble immune checkpoints.
These relationships were correlated with various clinical parameters, such as response to
therapy, performance status, and overall survival, to identify specific immune signatures
that indicate which patients are more suitable for immunotherapy.

2. Materials and Methods
2.1. Patients’ Characteristics

Twenty-seven patients diagnosed with metastatic non-oncogene-addicted NSCLC
(stage IV) were enrolled at Policlinico Umberto I Hospital between 2022 and 2023. NGS
analysis confirmed the mutational profile for each patient. These patients received immune
checkpoint inhibitor (ICI) treatment following Italian guidelines. Patients with a TPS of
>50% received pembrolizumab as monotherapy, while those with a TPS of <50% were
treated with a combination of chemotherapy and IClIs (either pembrolizumab or nivolumab
and ipilimumab), based on the physicians’ discretion. The Inclusion and Exclusion Criteria
for NSCLC patients are illustrated in Supplementary Figure S1.

PS describes the patient’s level of functioning based on physical ability, daily activities,
and self-care capabilities. PS = 0 indicates fully active patients with no restrictions on
activities; PS = 1 characterizes patients who cannot perform strenuous activities but are
able to carry out light housework and sedentary tasks; PS = 2 defines patients who can
walk and manage self-care but are unable to work; PS = 3 describes patients confined to
bed or a chair for more than 50% of waking hours and capable of limited self-care; PS = 4
defines patients who are completely disabled.

Each patient’s response to treatment and overall survival (OS) were evaluated. Re-
sponder (R) patients displayed a complete, partial response, or stable disease according
to iRECIST criteria, whereas non-responders (NR) exhibited progression, both evaluated
after 6 months of therapy. OS corresponded to the duration between the date of treatment
initiation and death.

This study was conducted in accordance with good clinical practice guidelines and
the Declaration of Helsinki, and it was approved by the Ethics Committee of Policlinico
Umberto I (Ethical Committee Protocol, RIF.CE: 4181).
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2.2. PBMC and Serum Collection

Peripheral blood mononuclear cells (PBMCs) and serum samples derived from
27 NSCLC patients were isolated prior to the initiation of immunotherapy. Specifically,
blood samples were collected using BD Vacutainer EDTA tubes for PBMC isolation and
BD Vacutainer Plus Plastic Serum tubes (both from Becton Dickinson, Franklin Lakes,
NJ, USA) for serum isolation. PBMCs were stratified on Ficoll-Hypaque (Lympholite-H)
(Cedarlane, Burlington, ON, Canada) and centrifuged for 30 min at 1400 rpm. The PBMCs
were then collected and washed three times at 1200 rpm with PBS without Ca?* and Mg?*
(Sigma-Aldrich, St. Louis, MO, USA). Serum samples were isolated by centrifuging the
serum tubes for 30 min at 1800 rpm. PBMCs and serum were cryopreserved until use.

2.3. Flow Cytometry

The evaluation of T-cell subsets was conducted using cytofluorimetry with a mul-
tiparametric analysis employing the following monoclonal antibodies (MoAbs)—anti-
CD3-BV510 (HIT3a clone), CD8-APC-H7 (SK1 clone), and CD137 (4-1BB)-APC (4B4-1
clone)—all sourced from BD Biosciences, San Jose, CA, USA. Live cells were identified
utilizing the Live/Dead cell exclusion (Beckman Coulter, Brea, CA, USA). The negative
controls were established using fluorescence minus one (FMO) and autofluorescence. All
samples were processed using the DxFLEX Flow Cytometer (Beckman Coulter) and ana-
lyzed via FlowJo software (version 10.8.8, Becton Dickinson). Gating strategies are reported
in the Supplementary Figure S2.

2.4. Cytokine and Chemokine Evaluation

Soluble immune checkpoints and cytokines were measured using the Immuno-
Oncology Checkpoint 14 Plex Human ProcartaPlex Panel and the Inflammation 20 Plex Hu-
man ProcartaPlex Panel (both from ThermoFisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. The 14 immune checkpoints and 20 cytokines analyzed
were the BTLA, GITR, HVEM, IDO, LAG-3, PD-1, PD-L1, PD-L2, TIM-3, CD28, CDS0,
CD137, CD27, and CD152 checkpoints, as well as the sE-Selectin, GM-CSE, ICAM /CD54,
IFNe, IFNy, IL1x, IL13, IL4, IL6, ILS, IL10, IL12p70, IL13, IL17A /CTLAS, IP10/CXCL10,
MCP1/CCL2, MIP1a/CCL3, MIP1f3/CCL4, sP-Selectin, and TNF« cytokines. All these
factors were evaluated using Luminex multiplex assays and analyzed with Bioplex Man-
ager MP 6.2 software (Bio-Rad, Hercules, CA, USA). The instrument did not reveal the
quantities of HVEM, PD-L1, GM-CSF, and MIP1« because their values were below the
standard curves. The median values of these soluble factors are reported in Supplementary
Tables S1 and S2.

2.5. Hierarchical Clustering of Circulant Molecules” Expression Profile

The expression profiles of soluble molecules (cytokines and checkpoints) were lo-
gistically transformed. The checkpoint dataset was preprocessed by removing patients
with outlier expression profiles through hierarchical clustering and applying a height
threshold to the cluster dendrogram. Two patients were excluded from the analysis of
checkpoints (25 patients in total) as outliers, while all patients were examined for the
cytokine clustering study.

Unsupervised hierarchical clustering was conducted in the R environment using Eu-
clidean metrics like distance and Ward’s method. The D2 clustering algorithm was applied
through the heatmap function in R. The differential expression analysis of checkpoint
expression between the checkpoint-induced clusters was evaluated using the linear mixed
model from the limma R package [34]. The resulting p-values were adjusted with the false
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discovery rate (FDR) to control for the expected proportion of false positives among the
rejected hypotheses.

2.6. Differential Correlation Analysis of Multiple Clinical Conditions

Although the clustering analysis provided insights into the immune state of patients
with the worst outcomes, it is limited by a small sample size. We performed a differential
correlation analysis to address this limitation and provide more information about the
molecular network of the immune system involved in immune therapy outcomes. In
this case, the molecular profiles of patients were not evaluated in isolation; rather, the
focus of the analysis shifted to all possible associations between the immune molecules
and cell pairs, as well as how they change between patients with opposing therapeutic
outcomes. We utilized the Differential Gene Correlation Analysis (DGCA) R package [35].
The Pearson correlation coefficient was used to assess the linear relationship between all
immune molecules and cell pairs, given that a sample size of approximately 30 is generally
considered acceptable when the data meet the assumptions of normality and linearity [36].
DGCA transforms sample correlation coefficients into z-scores to stabilize the variance of r,
thereby allowing reliable comparisons of correlation coefficients across different subgroups.
Then, DGCA uses the differences in z-scores to assess the statistical significance of the
differentially correlated gene pairs.

In our study, we set DGCA to perform a differential correlation analysis of the immune
molecule/cell pairwise Pearson’s correlation coefficients among multiple clinical conditions.
The dataset, which included circulating checkpoint and membrane markers (CD3*CD137*,
CD8*CD137*, CD4*CD137* T cells), as well as cytokines, was z-normalized and used
as input for DGCA. Consequently, we calculated the immune molecule/cell pairs that
exhibited a differential correlation between the following comparisons: (1) non-responding
vs. responding patient groups, (2) PS> 0 vs. PS =0, and (3) OS < 12 vs. OS > 12. To
identify immune molecule/cell pairs that were differentially correlated across multiple
conditions, we focused on those with a difference in the absolute value of the z-scores > 1.64
(p-value < 0.05).

The DGCA could categorize differentially correlated immune molecule/cell pairs into
nine possible categories across two conditions: +/+: positive correlation in both conditions
A and B; +/0: positive correlation in condition A and no significant correlation in condition
B; +/—: positive correlation in condition A and negative correlation in condition B; 0/+:
no significant correlation in condition A and positive correlation in condition B; 0/0: no
significant correlation in either condition; 0/ —: no significant correlation in condition A and
negative correlation in condition B; —/+: negative correlation in condition A and positive
correlation in condition B; —/0: negative correlation in condition A and no significant
correlation in condition B; —/—: negative correlation in both conditions A and B. Molecule
pairs that maintain the same sign of correlation between different conditions, such as the
+/+ and —/— classes, were not further investigated.

3. Results
3.1. Patients’ Characteristics

Twenty-seven patients with metastatic non-oncogenic-addicted NSCLC were enrolled
in this study, as detailed in Table 1. Most histotypes were adenocarcinoma (21), with
16 patients having a TPS < 50%, while 11 had a TPS > 50%. Fifteen patients were classified
as PS = 0 (55%), and twelve were rated as PS > 0. Twenty patients were current or former
smokers (74%), while 26% stated they had never smoked. Patients with an OS < 3 months
(6 patients, 22%) were categorized as early progressors, whereas 21 exhibited an OS > 3
months. The response to treatments was assessed after six months of immunotherapy, with
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14 patients considered responders (R) (52%) and 13 non-responders (NR) (48%). Median
values of PFS and OS are reported in Supplementary Figure S3

Table 1. Patients’ characteristics.

Tot N°27 (100%)
Sex

Male 18 (67%)

Female 9 (33%)
AgeMedian range 48-84

<75 22 (81)

>75 5(19)
Histotype

Squamous 6 (22)

Adenocarcinoma 21 (78)
TPS

<50% 16 (59)

>50% 11 (41)
EOCG Performance Status

0 15 (55)

>0 12 (45)
Overall Survival

<3 months 6 (22)

>3 months 21 (78)
Smoking Status

Current 13 (48)

Former 7 (26)

Non-smoker 7 (26)
Response to immunotherapy

Yes 14 (52)

No 13 (48)

3.2. Non-Responding Patients with PS > 0 Showed an Immunosuppressive Soluble
Checkpoint Signature

The unsupervised hierarchical clustering of the expression profiles of circulating
checkpoints resulted in three clusters (Cluster 1: n = 3 (left column), Cluster 2: n = 15
(central column), Cluster 3: n = 7 (right column), Figure 1). Cluster 1 is characterized by a
higher expression of six circulating checkpoints (i.e., sCD80, sBTLA, sGITR, sCD137, sPD1,
and sPD-L2) compared to Clusters 2 and 3 (log2 Fold Change > 1.5, FDR < 0.05, imma
modified t-test, Supplementary Table S1). Cluster 3 is remarkable for its significantly higher
expression of sCD27 compared to Clusters 1 and 2 (log2 Fold Change > 1.5, FDR < 0.05,
limma modified t-test, Supplementary Table S3).

Furthermore, we observe a statistically significant difference in the proportion of
patients” performance status (PS) among the clusters through the application of Fisher’s
exact test (p-value < 0.05, Table 2). Indeed, Cluster 1 consists entirely of patients with PS > 0
who are non-responsive to therapy, whereas Cluster 2 includes 60% of responders (9/15)
and 53% of patients (8/15) with PS = 0. Interestingly, 85% of non-responding patients (5/6)
have a PS > 0. Cluster 3 primarily comprises patients who respond to immunotherapy
(4/7, 57%) or have PS = 0 (6/7, 85.7%); notably, the only patient with PS > 0 in this
cluster was also non-responsive. Moreover, no differences between the three clusters were
detected when evaluating the differential proportions of the variables according to immune
response and OS. All these results suggest that non-responding patients with a worse PS
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(Cluster 1) exhibit a more immunosuppressive profile than those with a longer response to
ICIs and/or a PS = 0, confirming that poorer clinical status corresponds to a failure of the
immune response.

I oS os
[T immResp good
L0 Mps 15 B8 bad
sPDL1 immResp
10 g
SCTLA4 NR
ps
SHVEM 5 0
>0
sCD28
SLAG3

sPD1

sCD80

sCD137

sGITR

sPDL2

sCD27

sBTLA

sTIM3

Cluster 1 Cluster 2 Cluster 3

Figure 1. Unsupervised hierarchical clustering of the circulant checkpoints reveals three identified
clusters: Cluster 1 corresponds to the left column, Cluster 2 to the central column, and Cluster 3
to the right column. The clustering includes 13 checkpoints analyzed across 25 patients (with two
patients excluded due to outliers) and was conducted based on the following criteria: Overall survival
(OS) categorized into good and poor (bad), with OS > 3 months indicated by a yellow square and
<3 months by a gray square; response to treatment (immResp) after 6 months denoted as R for
responders (green square) and NR for non-responders (red square); performance status (PS) = 0
indicated by a light green square and PS > 0 by a dark green square.

Although high levels of sPD1 and sCD80 are generally associated with better responses
and improved survival, the increased expression of various immunosuppressive checkpoint
molecules, such as sSBTLA, sGITR, sCD137, and sPD-L2, shifts the immune balance toward a
modified anti-tumor response. This pro-tumoral balance is further influenced by the release
of multiple cytokines essential for maintaining the inflammatory environment in NR and
PS > 0 patients. Indeed, unsupervised hierarchical clustering performed on the cytokines,
chemokines, and adhesion molecules released into peripheral blood (Figure 2) identified
two clusters. Cluster 1 (left column), consisting of 75% of NR patients with PS > 0, was
primarily characterized by elevated levels of several molecules (log2 Fold Change > 1.5,
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FDR < 0.05, limma modified f-test, Supplementary Table S4), including TNF«, IL1f3, IL4,
IL6, IL17, and CCL2, which are associated with an inflammatory network that supports
tumor growth. Cluster 2 (right column) included 56% of responders and 61% of patients
classified as PS = 0. Twenty-six percent of these patients (6/23) were simultaneously
classified as NR and PS > 0, indicating that proinflammatory soluble factors are not the sole
parameters influencing overall response rates and patient survival.

Table 2. The differential proportions of patients’ overall survival, response to ICIs, and performance
status evaluated in the soluble checkpoint inhibitor clustering.

Clinical Variables Cluster 1 Cluster 2 Cluster 3 p ~Value
Fisher Test

Good 2 10 3

OveFall NS
survival Bad 1 5 4

Response to R 3 6 3 NS
therapy NR 0 9 1

Performance 0 0 8 6 < 00005

Status >0 3 7 1

NS: not statistically significant.
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bad
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R
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IL4

‘ IFNa

‘ IL17

IL1b
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Figure 2. Unsupervised hierarchical clustering of the circulant cytokines. Two different clusters were
identified: Cluster 1 corresponds to the left column, and Cluster 2 corresponds to the right column.
The clusterization includes 18 cytokines, chemokines, and adhesion molecules analyzed in 27 patients
and was performed according to 1. Overall survival (OS) divided for good and bad, corresponding to
OS > 3 (yellow square) and <3 months (gray square), respectively; response to treatment (immResp)
after 6 months (R: responders, green square; NR: non-responders, red square); performance status
(PS) = 0 (light green square) and >0 (dark green square).
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However, no significant differences were observed between the two clusters when
analyzing the differential proportions of variables based on OS, response to therapy, and
PS (Table 3).

Table 3. The differential proportions of patients’ overall survival, response to ICIs, and performance
status evaluated in the cytokine/chemokine clustering.

Clinical Variables Cluster 1 Cluster 2 p-Value
Fisher Test

Good 15 2

Ove%ﬂall NS
Survival Bad 8 5

Response to R 10 3 S
therapy NR 13 1

Performance 0 3 1 NS
Status >0 9 14

NS: not statistically significant.

3.3. Non-Responding Patients Showed a Pronounced Inflammatory Network

The results of the DGCA analysis can be represented as a network, where the nodes
are the immune soluble molecules (cytokines, chemokines, adhesion molecules, and check-
points) and cellular subsets (CD137* T cells: total, CD4* and CD8"). A link occurs when
the molecules and cell subset pairs are differentially correlated between two conditions,
according to DGCA. In the comparison between non-responding (NR) and responding (R)
groups, we found 75 differentially correlated pairs of soluble molecules and cell subsets; 11
of these links were not represented because the correlation among the immune parameters
showed a similar trend in both NR and R groups (NR/R: +/+ and —/—, corresponding
to positive and negative correlation in both groups, respectively). Most of the differen-
tially correlated immune molecule/cell pairs were included in the class +/0 (Figure 3a),
where we observed 44 positive correlations (59%) involving diverse molecule species and
lymphocyte subsets in NR, with no significant correlation in R. Similarly, other negative
correlations were found to be significant in the NR group (six, accounting for 8% of the total
links) compared to R, as observed in the class —/0 (Figure 3a). Conversely, 14 significant
positive correlations (19%) were found in the R group compared to NR patients, as seen in
class 0/+ (Figure 3a).

We highlighted the most connected nodes for each edge class (NR vs. R), specifically
those with a class-specific degree above the 90th percentile of the entire class-specific degree
distribution (Supplementary Table S5 ). This includes sBTLA, sCD80, IFN«, and IL12 for
the +/0 class; sCD27 for the -/0 class; and sCTLA4, sCD28, and sLAG3 for the 0/+ class.
In the non-responding group, there were limited negative connections, which in most
cases involved a checkpoint molecule connected to one or more cytokines linked to the
inflammatory pathway (IL6, IL4, IL13, and IL17) (Figure 3b). In the responding group, there
were only positive connections, primarily among checkpoints, except for the interactions
between IFN« and IL17-IL13. Interestingly, we found fewer connections among molecules
in the responding group when comparing the network connectivity analysis between
responders and non-responders. Furthermore, no common nodes were identified between
the highlighted nodes within each edge class, indicating a distinct signature of network
connectivity characterizing the responding and non-responding patients (Figure 3b).
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Figure 3. Connectivity network evaluation concerning the response to treatment in 27 naive NSCLC
patients (a) and dividing the analysis into non-responder and responder groups (b). In each net-
work, nodes represent the immune factors (soluble cytokines/chemokines/adhesion and check-
point molecules and CD137* T-cell subsets); the link between two nodes is established when the
absolute value of Spearman correlation between their expression levels is statistically significant
(p-value < 0.05). Node volume depends on the number of connections. The color of the connection
depends on the class described. The yellow links and histogram identify the —/0 class that corre-
sponds to the presence of negative correlations among the NR group, not present in the R group; the
green connections and histogram discern the +/0 class that corresponds to the presence of positive
correlations among the NR group, not present in the R group; the violet links and histogram are
associated with the 0/+ class that corresponds to the presence of positive correlations among the R
group, not present in the NR group.

3.4. PD-L2-1L6 and PD-L2-I1L10 Connections Were Inversely Correlated in Patients with PS > 0
and PS =0

The network analysis of performance status subgroups (PS > 0 vs. PS = 0) revealed 43
differentially correlated molecule/cellular pairs (PS> 0/PS=0: +/0, —/0,0/+, and +/—).
Eight of these connections were excluded because a similar trend was observed between
patients scored as PS > 0 and PS = 0 (+/+ and —/ —). Interestingly, the two PS subgroups
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exhibited a similar differential correlation network between the R and NR groups (Figure 4)
due to the significant overlap between the responding and PS score subgroups. Indeed, in
the PS differential correlation network, most of the positive molecule pairs (24) were linked
through the +/0 class (55%, Figure 4a), indicating a loss of correlation among different
molecule species when transitioning from the worst state (PS > 0) to a better state (PS = 0)
in the patients. A similar observation was made for the — /0 class (Figure 4a), where four
negative links were noted exclusively in patients with a PS > 0 score (9%). In the 0/+ class,
five significant positive correlations were identified with neighboring molecules in the
PS = 0 state (12%) compared to the PS > 0 states (Figure 4a). Notably, we identified two
molecule pairs (5%) that interacted through the +/— edge class (PD-L2-IL6 and PD-L2-
IL10), altering the sign of their correlation when transitioning from PS > 0 to PS = 0 states
(Figure 4a,b).
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Figure 4. Connectivity network evaluation concerning performance status (PS) in the overall NSCLC
population (a) and dividing the analysis into patients scored as PS > 0 and PS = 0 (b). In each network,
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nodes represent the immune factors (soluble cytokines/chemokines/adhesion and checkpoint
molecules and CD137" T-cell subsets); the link between two nodes is established when the ab-
solute value of Spearman correlation between their expression levels is statistically significant
(p-value < 0.05). Node volume depends on the number of connections. The color of the connec-
tion depends on the class described. The yellow links and histogram identify the —/0 class that
corresponds to the presence of negative correlations among patients with PS > 0, not present in
patients with PS = 0; the sky blue links and histogram represent the +/— class that corresponds to the
presence of positive and negative correlations between the PS > 0 and PS = 0 groups, respectively; the
green connections and histogram represent the +/0 class that corresponds to the presence of positive
correlations among the PS > 0 patients, not present in the PS = 0 group; the violet links and histogram
are associated with the 0/+ class that corresponds to the presence of positive correlations among
patients belonging to the PS = 0 group, not present in the patients with PS > 0.

We highlighted the most connected nodes within each edge class of the PS differential
correlation network by selecting the nodes with a class-specific degree above the 90th
percentile of the entire class-specific degree distribution (Supplementary Table S6). The
highlighted molecules for the +/0 class were sSBTLA and CCL2, while the highlighted node
for the — /0 class was the cellular subset CD3*CD137". The selected molecule for the +/—
class was sPD-L2. Notably, sSBTLA emerged as the circulating checkpoint with the highest
degree in the 0/+ class, playing a significant role in the transition from a PS > 0 to a PS
= ( state. Furthermore, in the PS > 0 group, the only negative connection involved the
cellular subset CD137* (total and CD4%) T cells with cytokines (IFNe, IL1§3, and IL12) and
PD-L2, respectively. In the PS = 0 group, we mainly observed low positive connections and
two negative associations between PD-L2 and the proinflammatory cytokines IL6 and IL10
(Figure 4b).

3.5. Most of the PD-L1 Connections Were Interrupted in Patients with a Favorable Prognosis

The analyses of DCGA were conducted by comparing patients with overall survival
(OS) of less than 3 months to those with OS greater than 3 months. This timing identified
patients with early progression (OS < 3 months). We found 52 differentially correlated
molecule pairs (OS < 3 months/OS > 3 months: +/0, 0/ —, and 0/+); 6 of these correlations
were not included because the two OS groups exhibited a similar trend (+/+ and —/—).
As previously described, most differentially correlated molecule pairs were found in the
+/0 class (37 pairs, corresponding to 71%, Figure 5a), confirming the trend of certain
molecule species, such as sPD-L1 and inflammatory cytokines like IL133, TNF«, or IL17,
being significantly correlated in the poor prognosis group (OS < 3 months) and losing
any significant correlation in the good prognosis group (OS > 3 months). In the 0/+ class,
seven positive links were observed only in patients with OS > 3 months (13%, Figure 5a).
Interestingly, we discovered two molecule pairs interacting in the 0/ — class (4%, Figure 5a),
represented by the nodes sTIM3-IL13 and sPD-L2-IL6.

We highlighted the most connected nodes for each edge class of the OS differential
correlation network, i.e., nodes with a class-specific degree higher than the 90th percentile
of the entire class-specific degree distribution (Figure 5b and Supplementary Table S7). This
highlighted ICAM in the class 0/+ and sPD-L1, IL1a, sCD28, and sLAGS3 for the class +/0.
We only observed a positive connection for the patients in the poor survival group among
the soluble factors. All positive connections were found in the group with OS > 3 months,
except for sPD-L2-IL6 and IL13-TIM3, which were negatively correlated.
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Figure 5. Connectivity network evaluation concerning Overall Survival (OS) in the entire NSCLC
population (a) and dividing the analysis into patients with OS < 3 months and OS > 3 months (b).
In each network, nodes represent the immune factors (soluble cytokines/chemokines/adhesion
and checkpoint molecules and CD137* T-cell subsets); the link between two nodes is established
when the absolute value of Spearman correlation between their expression levels is statistically
significant (p-value < 0.05). Node volume depends on the number of connections. The color of
the connection depends on the class described. The green connections and histogram identify the
+/0 class that corresponds to the presence of positive correlations among patients with OS < 3
months, not present in patients with OS > 3 months; the orange links and histogram correspond to
the presence of negative correlations among patients with OS > 3 months, not present in patients with
OS < 3 months; the violet links and histogram are associated with the 0/+ class that corresponds
to the presence of positive correlations among patients belonging to the OS > 3 months group, not
present in the patients with OS < 3 months.

4. Discussion

The immune network is a dynamic system that remodels the tumor microenvironment.
It consists of various components (cellular and soluble factors) that continuously interact,
shaping the immune response and, ultimately, the clinical outcome for cancer patients.
Identifying these dynamic interactions is crucial for determining specific molecular profiles
that can more accurately define the complex scenario characterizing each NSCLC patient.
These profiles represent selected pathways of biomarkers for describing patients with
similar clinical outcomes and potential multiple immune factors for combined therapies.

In this study, we evaluated the immune network of metastatic non-oncogene-addicted
NSCLC patients before the beginning of immunotherapy to identify immunological con-
nections associated with a better response, better performance status, and longer survival
(see Supplementary Table S8).

149



Cancers 2025, 17,922

We demonstrated that non-responding patients with PS > 0 exhibited elevated serum
levels of multiple soluble activating immune checkpoints (sPD1 and sCD80) and suppres-
sive immune checkpoints (sBTLA4, sCD137, sLAG3, and sPD-L2). Despite the beneficial
effects of sPD1 and sCD80 [21,37], their activity was counteracted by the presence of various
immunosuppressive factors that simultaneously inhibited T-cell activation [17,22,25,38]
and contributed to treatment resistance. Among these parameters, sCD137 uniquely serves
as an immunosuppressor in its soluble form while acting as an immune activator when
located on the plasma membrane [8]. The other parameters induce the suppression of T-cell
functions in their soluble form and associate with the plasma membrane through ligand
binding [39].

Moreover, the analysis of the immune network highlighted that patients who benefited
from immunotherapy had optimal performance status and longer survival, and exhibited a
low number of connections compared to other conditions (NR, PS > 0, and OS < 3 months).
These connections were primarily positive and mainly included checkpoint inhibitors
rather than cytokines. As noted in another of our analyses on various solid tumors [40], this
phenomenon was particularly evident when examining the group of responding patients,
where we observed interactions solely among checkpoints, except for the correlations
between IFNy-IFN« and IL17-IL13. The IFNy pathways shared the downstream IRF1
and STAT1 molecules that bound with the promoters of PD-L1 and CXCL10, enhancing
the efficacy of anti-PD1/PD-L1 inhibitors and boosting T-cell infiltration in the tumor
microenvironment [41]. Additionally, [IFN« exerted immunomodulatory functions on the
activities of dendritic cells (DCs) and lymphocytes [42]. Simultaneously, IFNy operated
through several mechanisms, including the inhibition of angiogenesis, the suppression of
proliferation, and the induction of regulatory T-cell apoptosis [43]. The roles of IL17 and
IL13 were more controversial. However, their influence became more significant during
tumor progression, contributing to the spread of metastasis and tumor growth in lung
cancer and inducing the shift of Thl-cytokine release toward Th2, respectively [44,45].
Furthermore, the responder group displayed a distinct profile of the most connected nodes
compared to the non-responders. Indeed, sSBTLA, sCD80, IFN«, and IL12 were the most
interacted nodes among the non-responders, while SLAG3, sCTLA4, and sCD28 charac-
terized the responding group. These results indicated that these two patient groups were
distinguished by distinct networks of molecules and pathways that defined two specific
soluble signatures capable of identifying different responsiveness profiles to therapy.

The immune network excluded the CD137* T-cell (total, CD8*, and CD4%) interactions
in the responding group and in patients with PS = 0. These cellular subsets are identified
as tumor-specific [11], and we demonstrated their role as predictive and prognostic factors
in metastatic NSCLC patients [12] and in other solid tumors [46,47]. These data support
the hypothesis that these cells independently exert their anti-tumor activity and are not
positively associated with an inflammatory or immunosuppressive network. Conversely, in
non-responders, CD137* T cells are positively linked to the inhibitory molecule sCD28, and
in patients with PS > 0, CD137" T cells are negatively correlated with the cytokines IL1j3,
IL12, and IFN«. Surprisingly, in the analysis performed on OS, the nodes related to CD137*
T cells were absent, confirming the role of these cells as independent prognostic factors.

The DGCA's performance, according to the PS, also indicated that the BTLA molecule
was the most connected node in both the PS = 0 and PS > 0 groups. However, when we
analyzed the BTLA-linked molecules in these two groups, we found that their connection
profiles differed significantly. In patients with PS > 0, sSBTLA was correlated with several
cytokines, such as TNF«, IL1§3, and IL17, contributing to a proinflammatory environment,
along with sPD-L1 and sCCL2. These molecules negatively affect the cancer microenviron-
ment [15,48]. Specifically, sPD-L1 inhibited T lymphocyte activation, while CCL2 recruited
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monocytes, dendritic cells (DCs), and other cells to the site of inflammation, thereby con-
tributing to cancer pathogenesis [48]. Conversely, in patients with PS = 0, sSBTLA exhibited
fewer interactions and was connected only with checkpoint molecules. The connection
with the sPD-L2 node was the only common link between patients with PS > 0 and PS = 0.
Moreover, SPD-L2 was positively correlated with sIL6 and sIL10 cytokines in the PS > 0
group, while it was negatively associated with these cytokines in the PS = 0 group. The
negative interaction between sPD-L2 and sIL6 was also observed in patients with longer
overall survival (OS). These results align with the functions of these molecules. Patients
with a poorer PS showed positive interactions among nodes that favored tumor growth, as
they were closely correlated with the generation of a proinflammatory environment (IL6), a
suppressive microenvironment (IL10), and resistance to immune checkpoints (PD-L2) [22].

The analysis of the immune network conducted based on survival revealed that the
most connected node in the early progressors was sPD-L1. In the group with longer
survival, all connections of sPD-L1 disappeared, except for the positive correlation with
the checkpoint molecule sCD28. These two biomarkers have been proposed as negative
predictive indicators of clinical response and prolonged survival in cancer patients with
high levels of PD-L1 and low levels of sCD28, thereby confirming our data [49]. Further-
more, in patients with poor survival, sPD-L1 interacted with several proinflammatory
and immunosuppressive cytokines, confirming that the immune connections in patients
with the worst survival were also based on a proinflammatory network that supported
tumor progression.

5. Conclusions

In conclusion, this pilot study analyzed the immunological network of several immune
soluble factors and T-cell subsets that have been described as predictive and prognostic
factors when evaluated individually, aiming to understand the complex immunological
scenario of each NSCLC patient. We proposed several immune profiles to identify re-
sponding patients and those with longer survival, which could be utilized to optimize
personalized therapeutic strategies. Despite the limited number of patients, it was ev-
ident that non-responding patients with poor clinical status and survival exhibited an
inflammatory-specific signature, which was switched off in patients who responded to
therapy and had improved performance status. Patients with a more favorable prognosis
were characterized by a network based on checkpoint molecules, likely less conducive to
promoting tumor growth. This study reported significant findings in the field of precision
medicine, where identifying immune profiles and their connectivity represents a new
challenge for further investigation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cancers17060922/s1, Figure S1: Schematic representation of inclusion
and exclusion criteria during NSCLC enrollment Figure S2: Cytofluorimetric analysis of CD137 T
subsets; Figure S3: Kaplan Meier curves of Progression-Free Survival (PFS) and Overall Survival
(OS) of NSCLC patients; Table S1: Median values and SEM of Cytokine and Chemokines/Adhesion
molecules evaluated in 27 NSCLC patients; Table S2: Median values and SEM of checkpoint molecules
evaluated in 27 NSCLC patients; Table S3: Differential expression analysis of circulating checkpoints
induced clusters; Table S4: Differential expression analysis of circulating cytokines induced clusters;
Table S5: Differential correlation analysis between NR vs R patients; Table S6: Differential correlation
analysis between Performance Status (PS) > 0 vs PS = 0 patients; Table S7: Differential correlation
analysis between Overal Survival (OS) < 3 months vs OS > 3 months; Table S8: Summury of the
main results.
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The following abbreviations are used in this manuscript:

NSCLC  Non-small cell lung cancer

PS Performance status

oS Overall survival

TPS Tumor proportional score
IDO Indoleamine 2,3-deoxygenase

FoxO3  Forkhead Box O3

EOCG  Eastern Cooperative Oncology Group
FDR False discovery rate

DGCA  Different gene correlation
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