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Smoking signature is superior to programmed death-ligand 1
expression in predicting pathological response to neoadjuvant
immunotherapy in lung cancer patients

Haitang Yang'**, Wenyan Ma®*, Beibei Sun*, Liwen Fan', Ke Xu', Sean R. R. Hall’,
Mohammad Faisal Al-Hurani’, Ralph A. Schmid’, Ren-Wang Peng’, Toyoaki Hida’, Zhexin Wang', Feng Yao'

'Department of Thoracic Surgery, Shanghai Chest Hospital, Shanghai Jiao Tong University, Shanghai, China; *Clinical Research Center, Shanghai
Chest Hospital, Shanghai Jiao Tong University, Shanghai, China; *Institute for Thoracic Oncology, Shanghai Chest Hospital, Shanghai Jiao Tong
University, Shanghai, China; “Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA, USA; *Department of General
and Special Surgery, Faculty of Medicine, The Hashemite University, Zarqa, Jordan; “Division of General Thoracic Surgery, Department of
BioMedical Research (DBMR), Inselspital, Bern University Hospital, University of Bern, Bern, Switzerland; 7Lung Cancer Center, Central Japan
International Medical Center, Minokamo, Gifu, Japan

Contributions: (I) Conception and design: H Yang, W Ma, F Yao; (II) Administrative support: Z Wang, F Yao; (III) Provision of study materials or
patients: B Sun, L Fan, K Xu; (IV) Collection and assembly of data: B Sun, L Fan, K Xu; (V) Data analysis and interpretation: W Ma, B Sun, L Fan,
K Xu; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

#These authors contributed equally to this work.

Correspondence to: Feng Yao; Zhexin Wang. Department of Thoracic Surgery, Shanghai Chest Hospital, Shanghai Jiao Tong University, West Huaihai
241, Shanghai 200030, China. Email: feng.yao@shchest.org; wzx1953@shchest.org.

Background: There is a paucity of biomarkers that can predict the degree of pathological response
[e.g., pathological complete response (pCR) or major response (pMR)] to immunotherapy. Neoadjuvant
immunotherapy provides an ideal setting for exploring responsive biomarkers because the pathological
responses can be directly and accurately evaluated.

Methods: We retrospectively collected the clinicopathological characteristics and treatment outcomes
of non-small cell lung cancer (NSCLC) patients who received neoadjuvant immunotherapy or chemo-
immunotherapy followed by surgery between 2018 and 2020 at a large academic thoracic cancer center.
Clinicopathological factors associated with pathological response were analyzed.

Results: A total of 39 patients (35 males and 4 females) were included. The most common histological subtype
was lung squamous cell carcinoma (LUSC) (n=28, 71.8%), followed by lung adenocarcinoma (LUAD) (n=11,
28.2%). After neoadjuvant treatment, computed tomography (CT) scan-based evaluation showed poor agreement
with the postoperatively pathological examination (weighted kappa =0.0225; P=0.795), suggesting the poor
performance of CT scans in evaluating the response to immunotherapy. Importantly, we found that the smoking
signature displayed a better performance than programmed death-ligand 1 (PD-L1) expression in predicting the
pathological response (area under the curve: 0.690 vs. 0.456; P=0.0259), which might have resulted from increased
tumor mutational burden (TMB) and/or microsatellite instability (MSI) relating to smoking exposure.
Conclusions: These findings suggest that CT scan-based evaluation is not able to accurately reflect
the pathological response to immunotherapy and that smoking signature is a superior marker to PD-L1

expression in predicting the benefit of immunotherapy in NSCLC patients.
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Introduction

Immune checkpoint inhibitors (ICIs), either alone or in
combination with platinum doublet-based chemotherapy,
have shown survival benefits for patients with metastatic
non-small cell lung cancer (NSCLC) (1,2). Currently, three
biomarkers, namely programmed death-ligand 1 (PD-
L1), tumor mutational burden (TMB), and microsatellite
instability (MSI), have been clinically approved to guide
the management of ICIs for patients with various cancer
types. In particular, PD-L1 is routinely and widely used
due to its clinical practicability. Despite these biomarkers
being available for patient stratification, clinical responses
vary substantially among patients, suggesting that additional
biomarkers are needed to identify patient subsets that can
truly and precisely benefit from ICI treatment. Concerning
another two clinically-approved biomarkers TMB and
MSI, the determination of TMB/MSI was complicated
and did not reach a good consensus in terms of the clinical
application (3). Moreover, ICIs incur high costs and show
selective and heterogeneous efficacy (4). Therefore, the
identification of biomarkers that can predict response
to ICIs and enable the selection of the most suitable
subpopulations is of critical importance.

Another critical issue is that previous studies have mainly
relied on the radiographic evaluation [e.g., computed
tomography (CT)] of the therapy response to IClIs,
although this cannot truly reflect the pathological response,
as evidenced by research in neoadjuvant chemotherapy (5).
This leads to the inability to identify those subsets that
would most benefit from ICIs, subsequently affecting
treatment decision making. Given this, patients may
not receive optimal treatment regimens. Given the poor
performance of traditional radiographic-based evaluation, a
more complex system has been recently proposed, such as
quantitative immune-related pathological response criteria
[e.g., (I) immune activation-dense tumour-infiltrating
lymphocytes with macrophages and tertiary lymphoid
structures (TLSs); (IT) massive tumor cell death-cholesterol
clefts; and (III) tissue repair-neovascularization and
proliferative fibrosis] (6) or a rigorous protocol for tissue
sample harvesting and processing [e.g., (I) viable tumor,
(IT) necrosis, and (III) stroma (including inflammation
and fibrosis)] (7). Notably, neoadjuvant immunotherapy
provides an ideal setting for exploring predictive biomarkers
because the pathological responses can be directly and
accurately evaluated. Recent attention has been focused on
exploring ICIs as a neoadjuvant treatment strategy, followed
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by surgery, in locally advanced NSCLC, and this strategy
has demonstrated early clinical promise (8-12). Despite
these advances, there is still a lack of actionable biomarkers
that can predict the pathological response to ICls (13).

In this retrospective study, we analyzed the
clinicopathological data of locally advanced NSCLC
patients who had received surgery after neoadjuvant
immunotherapy or chemo-immunotherapy. Our data
showed that CT had a poor performance in evaluating the
treatment response in neoadjuvant settings. Of note, we
found that smoking history but not PD-L1 expression is
associated with a high pathological response to ICIs, which
might be due to a smoking-related increase in TMB and/
or MSI. Thus, we identified the smoking signature as an
additional reasonable and actionable biomarker for the
management of immunotherapy for lung cancer patients.

We present the following article in accordance with the
STARD reporting checklist (available at https://dx.doi.
org/10.21037/tlcr-21-734).

Methods
Study design and patients

Clinical records of NSCLC patients undergoing surgery
between 2018 and 2020 at Shanghai Chest Hospital were
retrospectively reviewed. Clinical data (demographic
data, clinical and pathological characteristics, therapeutic
regimens, and clinical outcomes) of lung cancer patients
who received neoadjuvant immunotherapy or chemo-
immunotherapy were retrieved for further analysis. This
study was approved by the institutional review board of
Shanghai Chest Hospital [#KS(Y)21039]. All patients had
signed informed consent for inclusion of their clinical data
and specimens in our Lung Biobank and use in research
projects, according to the recommendation of the ethical
committee of Shanghai Chest Hospital. The study was
conducted in accordance with the Declaration of Helsinki (as
revised in 2013).

Preoperative examinations

Patients received preoperative assessment including brain
magnetic resonance imaging (MRI), contrast-enhanced
chest CT scan or positron emission tomography (PET)/
CT scan, bronchoscopy, abdominal CT or ultrasonography
examination, and/or whole-body bone scan. The
pathological confirmation based on tumor biopsies, PET-
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CT, or invasive mediastinoscopy [or endobronchial
ultrasound-guided transbronchial needle aspiration (EBUS-
TBNA)] was used to evaluate mediastinal nodal staging.
All patients had an Eastern Cooperative Oncology Group
performance status (ECOG PS) of 0 to 1, normal organ
function, and sufficient lung function for resection.

NSCLC with targetable driver mutations, such as
epidermal growth factor receptor (EGFR), echinoderm
microtubule-associated protein-like 4-anaplastic lymphoma
kinase fusion oncogene (EML4-ALK), repressor of silencing
1 (ROSI), or mesenchymal-epithelial transition factor
(MET), were routinely excluded for immunotherapy.
Cancer serum biomarkers, including carcinoembryonic
antigen (CEA), squamous cell carcinoma (SCC) antigen,
fragment of cytokeratin subunit 19 (CYFRA 21-1), and
neuron-specific enolase (NSE), were clinically and routinely
used in our medical center for the diagnosis of lung cancer.
Given that neutrophil to lymphocyte ratio (NLR) has been
associated with the response to immunotherapy and survival
(14), we also included NLR in our analysis.

Neoadjuvant immunotherapy

Neoadjuvant therapy-related information, such as
agents, courses, doses, and duration of final neoadjuvant
treatment to surgery, was collected. For patients receiving
ICI alone, one of the following approved ICIs was
administered: (I) pembrolizumab [Keytruda (Merck), anti-
programmed cell death protein 1 (PD-1), at a dose of 200
mg intravenously every 3 weeks]; (II) nivolumab [Opdivo
(Bristol-Myers Squibb), anti-PD-1, at a dose of 240 mg
intravenously every 2 weeks]; (III) sintilimab [anti-PD-1;
(jointly developed by Innovent Biologics and Eli Lilly),
at a dose of 200 mg intravenously every 3 weeks]; (IV) or
ipilimumab [Yervoy (Bristol-Myers Squibb), anti-cytotoxic
T-lymphocyte-associated protein 4 (anti-CTLA-4),
at a dose of 3 mg per kilogram, intravenously every
3 weeks]. For patients receiving chemo-immunotherapy,
a single ICI plus platinum doublets were given. Patients
received the first dose of immunotherapy concurrently
with chemotherapy, and the subsequent doses were
administered every 2 or 3 weeks (according to the
corresponding indications) in a total of 2 to 5 cycles,
and chemotherapy was given every 3 weeks in a total of
2 to 3 cycles. For patients receiving ICIs alone, PD-L1
expression with tumor proportion score (ITPS) >50% was
routinely applied, while chemo-immunotherapy was given
irrespective of the PD-L1 TPS expression.
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Operation

Posterolateral thoracotomy (open) or video-assisted
thoracic surgery (VATS) with systemic lymphadenectomy
was performed based on the patient’s conditions, patients’
informed consent, and surgeons’ preference. The operative
approach, the extent of resection, operative time, hospital
length of stay, postoperative morbidity, and other details
related to the operative experience, were recorded in detail.
Clinical and pathological staging of patients were evaluated
according to The American Joint Committee on Cancer
(AJCC) Lung Cancer Staging (8th edition) (15). Surgical
complications were documented according to the criteria
defined by the Society of Thoracic Surgeons and the
European Society of Thoracic Surgeons general thoracic
surgery databases (16).

All patients received postoperative adjuvant immunotherapy
or chemotherapy (with or without radiation) after discussion
with the multidisciplinary tumor board was carried out.

Treatment response assessments

After completion of neoadjuvant treatment, PET/CT or
CT scan was performed to evaluate therapeutic response
and resectability, preferably 2 weeks after the last dose of
therapy. The response was assessed based on the Response
Evaluation Criteria in Solid Tumors (RECIST; version
1.1) (17). Later, patients who did not have disease progress
underwent surgery in 5 to 6 weeks. Pathological complete
response (pCR) was defined as the absence of viable tumor
cells (ypTONOMO) in the surgical resection specimen;
pathological major response (pMR) was defined as 10% or
less viable tumor cells in the surgical resection specimen;
pathological partial response (pPR) was defined as 10-
50% viable tumor cells in the surgical resection specimen;
pathological small response (pSR) was defined as more than
50% viable tumor cells in the surgical resection specimen.
The pathological response was graded according to the
Junker criteria and assessed in all resected specimens (18).

Smoking and PD-L1 subgroups

Cumulative smoking exposure was determined in terms
of pack-years by multiplying the number of years smoked
with the average number of packs per day (19). Based on
pack-years of smoking, participants were classified as never
smokers (0.0 pack-years), light smokers (0.1-20.0 pack-
years), moderate smokers (20.1-40.0 pack-years), and heavy
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smokers (>40 pack-years) (19).

Tumoral PD-L1 expression was scored by a senior
pathologist according to the PD-L1 tumor proportions
score before neoadjuvant immunotherapy, and samples were
divided into 3 subgroups: high (250%), moderate (1-50%),
and low (<1%) PD-L1.

Immunobistochemistry

Serial 5-um tissue sections from biopsies and the
matched resected primary tumors were deparaffinized,
rehydrated, pretreated for antigen retrieval, and then
stained with hematoxylin and eosin and subjected to
immunohistochemical staining following a standard
protocol (20). The following primary antibodies were
used: anti-human PD-L1 (Dal.o, monoclonal mouse anti-
human, clone 22C3), cytokeratin 5/6 (CK5/6), P40, thyroid
transcription factor 1 (T'TF-1), Napsin A, and CD56.

Public databases

Clinical and genomic data of The Cancer Genome Atlas
(TCGA) NSCLC cohort were extracted from the publicly
available cBioPortal (https://www.cbioportal.org/) and were
then integrated to analyze TMB (defined as the number
of somatic, coding, base substitution, and indel mutations
per megabase of genome examined) and MSI [based on the
MANTIS method (21)]. For NSCLC patients receiving IClIs,
the Memorial Sloan Kettering Cancer Center (MSKCC)
(T'MB and immunotherapy) cohort was mined (22).

Follow-up

The first follow-up visit was scheduled 4 weeks after
discharge. Adjuvant therapies were then typically started
1 month postoperatively. Later, follow-up visits were
scheduled every 3 months with chest CT scans, brain
MRI, abdominal sonography or CT, and serum tumor
markers (23). Other examinations were performed
according to the oncologists when necessary. Follow-
up information was obtained from patients by telephone
calls or clinic revisit records.

Recurrence-free survival (RFS) was defined as the
interval between the day of pathological diagnosis and
the date of detected tumor relapse by any cause or the
last follow-up date. Overall survival (OS) was defined as
the interval between the day of pathological diagnosis
and the date of death by any cause or the last follow-up
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date (March 2021).

Statistical analysis

Normally distributed continuous variables are presented as
mean = SD; otherwise, they are presented as median and
range (23). Categorical variables are shown as numbers and
percentages. Baseline characteristics were compared between
tumors with pCR/pMR or non-pCR/pMR cohorts by using
chi-square or Fisher’s exact test (expected frequencies <5)
for categorical data. Multivariate logistic regression [by
generalized linear model (GLM)] function in R (The R
Foundation for Statistical Computing)] was used to identify
predictors for pCR. Survival analysis was performed using
“survminer” and “survival” R packages. Tumor samples were
divided into 2 groups based on the best-separation cutoff
value of TMB to plot the Kaplan-Meier survival curves.
Kappa test was performed for agreement between CT-
based evaluation and final histopathological examination of
treatment response using the function “kappa2” from the
package “irr” in R. Data summary and statistical analysis were
performed using R software (version 3.6.3). A P value <0.05
was considered statistically significant.

Results
Clinical characteristics

A total of 39 patients who received neoadjuvant
immunotherapy or chemo-immunotherapy were included
in this study. The clinical characteristics of patients and
tumors included in this study cohort are shown in Table 1.
The patients’ mean age at the time of the diagnosis was
60.49+7.58 years, with 35 of the patients being males (89.7%)
and the other 4 being females (10.3%). The majority (28
of 35) of males but not females had a smoking history, with
20.5% of males being heavy smokers.

The most common histological subtype was lung
squamous cell carcinoma (LUSC) (n=28, 71.8%), followed
by lung adenocarcinoma (LUAD) (n=11, 28.2%). Overall,
the majority of the patients had a clinical stage (c-stage) ITIA
disease (22, 56.4%), followed by stage IIIB (n=8, 20.5%),
stage IIB (n=5, 12.8%), stage IIA (n=2, 5.1%), and stage 1B
(n=1, 2.6%) disease at the initial diagnosis.

Neoadjuvant immunotherapy or chemo-immunotberapy

None of the patients received preoperative radiotherapy.
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Table 1 Clinicopathological characteristics

Patient characteristics Factor N=39 (%)
Sex (%) Female 4 (10.3)
Male 35 (89.7)
Age, mean (SD) 60.49 (7.58)
Smoking history, pack-years (%) Heavy (>40) 8 (20.5)
Moderate (20-40) 10 (25.6)
Light (0.1-20) 10 (25.6)
Never (0-0.1) 11 (28.2)
Diagnostic approach (%) EBUS 6 (15.4)
PNB 14 (35.9)
TBB 19 (48.7)

Location (%) LL 2 (5.1)
LU 10 (25.6)
RL 7(17.9)
RU 20 (51.3)
Histology (%) LUAD 11 (28.2)
LUSC 28 (71.8)
Surgical approach (%) Open 11 (28.2)
VATS 28 (71.8)
Cancer serum biomarkers (%) High 26 (66.7)
Normal 13 (33.3)
PD-L1 expression (%) High (>50%) 17 (43.6)
Moderate (1-50%) 6 (15.4)
Low (<1%) 16 (41.0)
Pretreatment NLR, mean (SD) 3.20 (1.61)
Treatment regimens (%) Immunotherapy alone 8 (20.5)
Chemo-immunotherapy 31 (79.5)

Clinical stage (%) B 1(2.6)

A 2(5.1)
1B 5(12.8)
A 22 (56.4)
1B 8 (20.5)

e 1(2.6)

Resection types

Standard lobectomy 26 (66.7)
Sleeve 7(17.9)

Bilobectomy 3(7.7)

Pneumonectomy 3(7.7)

Table 1 (continued)
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Patient characteristics Factor N=39 (%)

Resection margin (%) Negative 36 (92.3)
Positive 3(7.7)

Pathological response (%) pCR 13 (33.3)

PMR 8 (20.5)

pPR 12 (30.8)

PSR 6 (15.4)

EBUS, endobronchial ultrasound; PNB, percutaneous needle biopsy; TBB, transbronchial biopsy; LL, left lower; LU, left upper; RL, right
lower; RU, right upper; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; VATS, cideo-assisted thoracoscopic surgery;
pCR, pathological complete response; pMR, pathological major response; pPR, pathological partial response; pSR, pathological small
response; NLR, neutrophil to lymphocyte ratio; PD-L1, programmed death-ligand 1.

The treatment regimens involving immunotherapy are
summarized in Table S1. Patients received a median of
3 doses before resection (range, 2-5 doses), 8 patients
(20.5%) received neoadjuvant immunotherapy alone,
including single (n=7) and double (n=1) ICIs, and
31 patients (79.5%) were managed with neoadjuvant
chemo-immunotherapy.

Immunotherapy/chemo-immunotherapy related adverse
events occurred in 15 patients with grade 3 (n=5) or higher
(n=1) pneumonia, liver dysfunction (n=3), slight-to-
moderate bone marrow suppression (n=2), and others (n=4).
The median interval between final treatment to surgery
was 36 days (range, 27-93 days), without treatment-related
delay in surgery.

After neoadjuvant treatment, posttreatment CT scans
showed that 29 patients (74.4%) had a partial response and
10 patients (25.6%) had stable disease.

Surgical resection and postoperative course

The most common resection type was standard lobectomy
(26, 66.7%), followed by sleeve lobectomy (7, 17.9%),
bilobectomy (3, 7.7%), and pneumonectomy (3, 7.7%).
Minimally invasive approaches were performed in
28 (71.8%) patients. Finally, radical surgery was achieved in
36 of 39 (92.3%) patients. The positive surgical margin was
mainly due to the limited lung function.

The median hospital postoperative stay was 7 days
(range, 2-29 days). One or more postoperative manageable
complications occurred in 18 out of 39 patients. The most
common complication was prolonged air leak (n=14),
followed by arrhythmia (n=4), pneumonia (n=2), chylothorax
(n=1), wound infection (n=1), and bronchopleural fistula

(n=1). There was one surgery-related patient death on day
29 postoperatively, which occurred due to bronchopleural
fistula.

Factors associated with pathological response

Final pathological examination indicated that 8 of 39 patients
(20.5%) experienced MPR and that 13 patients (33.3%)
experienced pCR without residual viable tumor (Zable ).

In an attempt to identify the baseline characteristics that
were associated with the high response (pCR plus pMR)
to immunotherapy or chemo-immunotherapy, we found
that, intriguingly, a heavy smoking history but not PD-
L1 expression or NLR was significantly related to a high
pathological response (Tuable 2; Figure 14-1E). Detailed
analysis revealed that all the tumors from heavy smokers
had a pCR or pMR in response to neoadjuvant treatment
(Figure 14-1C). Currently, PD-L1, TMB (24), and MSI (25)
represent the only clinically approved biomarkers predicting
the therapeutic benefits of ICIs. Smoking could induce an
increased rate of mutated proteins or neoantigens in lung
cancer (26-28). In support of this, mining of TCGA lung
cancer cohort showed that heavy smoking is associated with
high TMB (26-28) and MSI (29,30) (Figure 1F), which could
partially explain the high degree of response in the heavy
smokers. Along the same lines, univariate and multivariate
analyses showed that high TMB was significantly associated
with immunotherapy in NSCLC patients (Figure 1G).
Additionally, we observed that there was no significant
difference in the response rate between neoadjuvant
immunotherapy and chemo-immunotherapy (Tzble 2).
Furthermore, multivariate logistic regression analysis also
identified heavy smokers as a significant predictor for pCR
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Table 2 Association between clinical characteristics and CR/MPR

Patient characteristic Level pCR/pMR Non-pCR/pMR P value
n 21 18
Sex (%) Female 2 (9.5) 2(11.1) 1
Male 19 (90.5) 16 (88.9)
Age, mean (SD) 62.33 (6.65) 58.33 (8.20) 0.101
Smoking (%) Heavy 8 (38.1) 0(0.0) 0.016
Moderate 3(14.3) 7 (38.9)
Light 5 (23.8) 5 (27.8)
Never 5 (23.8) 6 (33.3)
Histology (%) LUAD 3(14.3) 8 (44.4) 0.084
LUSC 18 (85.7) 10 (55.6)
Clinical stage (%) | 0(0.0 1(5.6) 0.418
[ 5 (23.8) 2(11.1)
Il 16 (76.2) 15 (83.3)
NLR, mean (SD) 3.34 (1.97) 3.04 (1.11) 0.568
Cancer serum biomarkers (%) High 14 (66.7) 12 (66.7) 1
Normal 7 (33.3) 6 (33.3)
PD-L1 expression (%) High 10 (47.6) 7 (38.9) 0.911
Low 8 (38.1) 8 (44.4)
Moderate 3(14.3) 3(16.7)
Treatment (%) ICI 4(19.0) 4(22.2) 1
Chemo_ICl 17 (81.0) 14 (77.8)

pCR, pathological complete response; pMR, pathological major response; LUAD, lung adenocarcinoma; LUSC, lung squamous cell
carcinoma; NLR, neutrophil to lymphocyte ratio; PD-L1, programmed death-ligand 1; ICI, immune checkpoint inhibitor; Chemo_IClI,
chemo-immunotherapy.
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Figure 1 Smoking signature but not PD-L1 expression predicts pathological response to neoadjuvant immunotherapy. (A-C) Distribution
of smoking history in NSCLC patients with different pathological responses to neoadjuvant immunotherapy. (D) The association between
PD-L1 expression and pathological responses to neoadjuvant immunotherapy. (E) The association between NLR and pathological responses
to neoadjuvant immunotherapy. (F) The association of smoking history with TMB and MSI in TCGA stage-III NSCLC. **, P<0.01; ****,
P<0.0001 by one-way Anova test. ns, not significant (P>0.05). (G) Univariate (left) and multivariate (right) analyses showing the association
between TMB level and survival in patients receiving ICIs. Data were mined from the MSKCC TMB and immunotherapy cohort (Samstein
RM, Nat Genet 2019). (H) ROC curve analysis the ability of heavy smoking exposure to identify responders (pMR/pCR). Sensitivity refers
to the proportion of true positive subjects with the disease among all subjects with the disease. Specificity refers to the proportion of true
negative subjects without the disease among subjects without the disease. PD-L1, programmed death-ligand 1; NSCLC, non-small cell lung
cancer; NLR, neutrophil to lymphocyte ratio; TMB, tumor mutational burden; MSI, microsatellite instability; TCGA, The Cancer Genome
Atlas; ICI, immune checkpoint inhibitor; MSKCC, Memorial Sloan Kettering Cancer Center; ROC, receiver operating characteristic; pCR,
pathological complete response; pMR, pathological major response; pPR, pathologic partial response; pSR, pathological small response.
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Table 3 Multivariate logistic regression identifies predictors for pCR

Coefficients Estimate Std. error z value Pr (>|z])
Intercept -1.85427 4.16146 -0.446 0.6559
Sex (male vs. female) 0.25224 1.36456 0.185 0.8533
Age 0.01850 0.05504 0.336 0.7367
Smoking (nonheavy vs. heavy) 2.58906 1.14587 2.259 0.0239 *
Histology (LUSC vs. LUAD) -0.89408 0.98441 -0.908 0.3637
PD-L1 expression (low vs. high) 0.73116 0.92063 0.794 0.4271
PD-L1 expression (moderate vs. high) 1.02457 1.28047 0.800 0.4236
Treatment regimens (chemo-immunotherapy vs. immunotherapy) -0.67624 1.13767 -0.594 0.5522

*, P<0.05. pCR, pathological complete response; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PD-L1,

programmed death-ligand 1.

Table 4 Agreement analysis between CT and histopathological examination in evaluating pathological response to immunotherapy

Response CT scan Pathology Outcome

SD 10 (25.6%) 0 Weighted kappa =0.0225
PR 29 (74.4%) 26 (66.7%) P value =0.795

CR 0 13 (33.3%)

CT, computed tomography; SD, stable disease; PR, partial response: CR, complete response.

(Table 3). Finally, receiver operating characteristic (ROC)
analysis revealed that smoking signature was associated with
a greater response to immunotherapy, compared with that
of PD-L1 expression [area under the curve (AUC) 0.690,
95% confidence interval (CI): 0.584-0.797 vs. AUC 0.456,
95% CI: 0.286-0.627; P=0.0259; Figure 1H|.

CT scan performance

CT scan is routinely used to evaluate the treatment
response. However, we observed a dramatic difference
between CT scan assessment and the final histological
examination in patients who received neoadjuvant
immunotherapy (weighted Kappa =0.0225; P=0.795; Table 4;
Figure 2; Figure S1). In patients with pCR, 11 out of
13 still had a mass in the original tumor bed; however,
postoperative pathological examination showed an absence
of tumors being replaced with massive necrosis and
infiltrative lymphocytes (Figure 2). These observations
suggest that CT scan-based evaluation cannot accurately
reflect the real treatment response and that biomarkers that
can accurately predict the therapeutic response to ICIs are
urgently needed.

© Translational Lung Cancer Research. All rights reserved.

Survival

The median follow-up time was 537 days (range, 217-
984 days). At the end of follow-up, 7 (59.2%) patients
had tumor relapse and 2 patients died. Two-year RFS and
OS were 81.5% and 94.1%, respectively (Figure 3).

Discussion

Despite the considerable success of immunotherapy in lung
cancer, there is a lack of responsive biomarkers that can
predict which patients will show pathological responses.

The rationale of neoadjuvant immunotherapy for lung
cancer

The cytolytic activity of host cluster of differentiation (CD)8
and CD4 T cells occurs following recognition of the tumor
antigen presented on major histocompatibility complexes
(MHC) I or MHC 1I, respectively. Thus, the neoantigen
burden is regarded as a fundamental determinant of
response to immunotherapy (31). In support of this, TMB
has been approved as a PD-L1-independent biomarker
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Patient #1: pCR

Pretreatment

Posttreatment
(Surgically-resected)

Pretreatment

Posttreatment
(Surgically-resected)

Figure 2 Poor performance of CT scans in evaluating pathological response to immunotherapy. (A,B) Two representative cases with pCR.
Preoperative contrast-enhanced CT scan (within 1 week before surgery) and hematoxylin and eosin staining (magnifications: 50x and 200x)
of the resected samples are shown. CT, computed tomography; pCR, pathological complete response.
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Figure 3 Survival analysis of patients receiving neoadjuvant immunotherapy in this cohort. (A,B) RFS and OS of patients receiving

neoadjuvant immunotherapy in this cohort. RFS, recurrence-free survival; OS, overall survival.

predictive of the responsiveness to ICIs (24). Locally
advanced NSCLC is typically detected as a large tumor that
normally presents a high antigen burden with considerable
clonal diversity, providing a rationale for immunotherapy in
the neoadjuvant setting, in which a large tumor mass often
does not allow for a complete resection by surgery alone.

In a preclinical study, Cascone and colleagues reported
that in syngeneic NSCLC (344SQ) mouse models, mice
were randomized to receive 3 doses of neoadjuvant
immunoglobin g (IgG), anti-PD-1, anti-CTLA-4, anti-
PD-1 plus anti-CTLA-4, or observation alone (32). After
treatment, primary tumors were resected. Subsequently,
the observation group received 3 doses of adjuvant anti-
PD-1, anti-CTLA-4, or anti-PD-1 plus anti-CTLA-4.
Final results showed that single ICI and combined ICI
administration significantly improved survival as compared
with the observation group in both neoadjuvant and
adjuvant settings. More interestingly, further analysis
showed that the combined therapy in the neoadjuvant
setting produced longer survival than did combined therapy
in the adjuvant setting (32), highlighting the importance of
the neoadjuvant strategies in treating lung cancer.

Apart from the preclinical data, a recent single-arm clinical
study conducted by Forde ez 4. (18) enrolled 20 patients with
stage I-IITA NSCLC who received 2 doses of neoadjuvant
nivolumab every 2 weeks. The data showed that neoadjuvant
nivolumab caused few side effects, did not delay surgery, and
induced MPR in 45% of resected tumors. Interestingly, TMB
was also found to be predictive of the pathological response
to the PD-L1 antibody, nivolumab. More recently, based on

© Translational Lung Cancer Research. All rights reserved.

preclinical evidence (32), Cascone et a/. (33) conducted the first
phase 2 randomized NEOSTAR trial to report on neoadjuvant
nivolumab or nivolumab plus ipilimumab followed by surgery
in 44 patients with stage I-1II operable NSCLC. They found
that combination therapy produced a significant clinical
benefit, as assessed by the MPR rate (38% vs. 22%). The
evidence highlighted the superiority of neoadjuvant combined
immunotherapy over single immunotherapy, which gives hopes
for further investigation into operable NSCLC. However, in
our study, we did not observe this tendency, which might be
explained by the small sample size.

Biomarkers predicting responses to immunotherapy

Despite the promising results, biomarkers that predict
the pathological responses to immunotherapy alone or
chemo-immunotherapy are still lacking (9,34-36). This
is a critical issue because the subsequent invasive surgery
can be obviated in patients who have a pathological CR
after ICI therapy. Neoadjuvant immunotherapy is an ideal
setting for exploring predictive biomarkers, given that the
pathologic responses can be directly and accurately assessed.
By contrast, radiographic evaluation after ICI therapy is not
reliable, while the radiographic mass can be still observed in
some cases with pMR or pCR.

Currently, PD-L1, TMB, and MSI are the only 3 clinically
approved biomarkers that can predict benefit from ICI
administration (24,25). However, in this study, we found that
PD-L1 expression evaluated by pretreatment biopsies was
not associated with pathological response to ICIs (7able 2),
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which is in line with the results from clinical trial-based
cohorts (2,18,37). Interestingly, we found that smoking is an
actionable biomarker to predict the pathological response
to ICIs. Similar results have been reported (2,38,39). In a
retrospective analysis of NSCLC patients treated with any
PD-1 inhibitor, the overall response rate was higher in heavy
smokers (20.6%) than in light or never smokers (4.2%) (40).
However, in another cohort involving 315 NSCLC patients
with PD-L1 TPS >50% in 5 American academic medical
centers, there were no significant differences in the objective
responses among the never, light, and heavy smokers [never
(27%) vs. heavy (40%), P=0.180; light (40%) vs. heavy;
P=1.000] (41). Moreover, in one study, survival benefit
favored ICIs in previously treated patients, but favored
nonsmokers in treatment-naive patients (42). More recently,
increased smoking exposure had a significant association with
improved clinical outcomes in metastatic NSCLC treated
with ICI monotherapy independent of PD-L1 TPS (43).
The inconsistency might be due to the response rates being
evaluated via radiographic-based RECIST vl1.1, which was
shown to have a poor capacity to reflect the real pathological
responses in our study (Figure 2).

PD-L1 represents the most commonly used clinical
biomarkers to predict patients’ response to immunotherapy.
Previous evidence showed that smoking history was associated
with increased PD-L1 expression in lung tumors (38).
However, in this study, we did not observe this pattern.
Instead, we found out that the smoking was likely to
increase TMB/MSI, another two approved biomarkers
for immunotherapy response, consequently increasing the
response to immunotherapy (Figure 1F1G). Supporting
this notion, recent evidence also revealed the association
between heavy smoking and TMB (26-28) and MSI (29,30)
in the corresponding tumors (Figure 1), since clinical trial-
based evidence has demonstrated that TMB is linked to the
pathological response to ICIs (18). Despite this, TMB is
complex, and its related data are not available in real-time for
decision-making in the first-line setting. By contrast, a heavy
smoking history is much easier and more practical to use
for stratifying NSCLC patients. These results highlight the
possibility that heavy smokers may be prioritized for ICI or
chemo-immunotherapy, which warrants further investigation.

There are some other factors within the tumor immune
microenvironment that are closely associated with response
to immunotherapy, suggesting involvement of complex
mechanisms. Among those, TLSs, ectopic lymphoid
organs that develop in non-lymphoid tissues at sites of
chronic inflammation including tumours represent highly
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interesting components that could robustly predict the
response to ICIs (44-46). In our study, we also examined the
histopathology and observed some TLSs-like compartments
in the samples with pCR (Figure 2).

The performance of CT in the assessment of pathological
response

CT is routinely applied to assess the response to
neoadjuvant treatment in patients with advanced NSCLC.
Previous evidence has revealed that CT response in
accordance with RECIST criteria could accurately predict
OS in NSCLC patients after neoadjuvant chemotherapy (5).
However, the discordance rate between histopathologic and
CT scan-based response evaluation was more than 40%
(5,18). Moreover, it is difficult to judge the histopathologic
response with a complete response by CT criteria. In the
setting of neoadjuvant immunotherapy, we observed a high
discrepancy between CT-based assessing therapy response
after neoadjuvant immunotherapy versus histopathologic
response after surgery, which might have been due to
the mixture of infiltrative lymphocytes; stromal, fibrotic
components; and tumor cell death within the tumor bed
(Figure 2); leading to the inability of CT to accurately
predict histopathologic response after neoadjuvant therapy
(47,48). In contrast, a heavy smoking history might be a
promising predictor for high-degree (pCR/pMR) response
to immunotherapy in the neoadjuvant setting (Tables 2,3;

Figure 1) and should be studied further with a larger cohort.

The role of surgery in the setting of neoadjuvant
immunotherapy

Neoadjuvant immunotherapy has just been investigated
in patients with locally-advanced lung cancer. Despite the
early promising response, whether the following surgery
could provide additional benefits remains unknow. A well-
designed trial with long-term follow-up is required.

The combined treatment with immunotherapy

Despite the promises of immunotherapy alone for treating
patients, highly heterogeneous response exists. Also,
therapy resistance is common after ICIs treatment (49).
Thus, combined systematic chemotherapy or other
targeted therapies to synergize with immunotherapy has
emerged recently (50). In this study cohort, some patients
received chemo-immunotherapy; however, whether
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additional chemotherapy could provide synergistic efficacy
remains to be defined due to the small sample size and
short-term follow-up. Combined targeted therapies,
such as CD73-adenosine (51,52), HDAC (epigenetic
modulation) (53), tumor microenvironment (cancer-
associated fibroblasts) (54), and metabolism (55) have
been widely investigated, which, however, their clinical
applications still have a long way to go.

Limitations

This study has some limitations, including inherent bias of a
retrospective study with small sample size. Also, the patients
were highly selected. Furthermore, we did not have the
whole-genome sequencing data regarding other mutations
(e.g., KEAPI, STK11) (56,57) that relate to the response to
ICIs. Validation with independent, multicenter cohorts and
prospective studies is warranted.

Conclusions

In this lung cancer patient cohort receiving neoadjuvant
immunotherapy plus surgery, the clinical outcomes favor
lung cancer patients with a heavy smoking history, suggesting
a smoking signature may be able to identify patient subsets
that are highly responsive to neoadjuvant ICIs.
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